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Preface and Acknowledgments

The intent of this book is very similar to that described
in the Preface to the first edition-a text primarily for
undergraduate students majoring in food science, cur
rently studying the analysis of foods. Comments from
users of the first edition have convinced me that the
book also is a valuable text for persons in the food
industry who either do food analysis or interact with
analysts. Most of the chapter authors are those from the
first edition, but authors have sought to update chap
ters with new information and techniques, delete less
relevant information, and make chapters more useful
and readable.

A major change in the second edition is the inclu
sion of analyses for physical properties. It is recognized
that physical properties and chemical composition and
characteristics all are important for food quality. Chap
ters on both chemical and physical properties are not
intended as detailed references, but as general intro
ductions to the topics and the teclutiques. Course
instructors may wish to provide more details on a par
ticular topic to students. Chapters focus on principles
and applications of techniques. Procedures given are
meant to help explain the principles and give some
examples, but are not meant to be presented in the
detail adequate to actually conduct a specific analysis.
As in the first edition, all chapters have summaries and
study questions, and key words or phrases are in bold
type, to help students focus their studies. Chapters
included in the first edition have been updated with
new techniques and approaches.

A major effort has been made in revising and
adding chapters for the second edition to obtain and

utilize input from users of the book. Comments about
this second edition from students, instructors, and
food industry professionals would be greatly appreci
ated, so any later edition can better meet their needs.

Of great help to me in editing this edition was an
opportunity to work at General Mills, Inc. in Min
neapolis, MN on a short sabbatical leave from my
teaching and research responsibilities at Purdue Uni
versity. That experience in the food industry has con
tributed to making the book more relevant to student
training needs. I am indebted to the individuals who
made that experience for me possible, and to those
who offered suggestions on topics and content to bet
ter bring food industry relevance to the book.

I am grateful to new and second-time chapter
authors for agreeing to be a part of this project. Many
authors have drawn on their experience of teaching
students to give chapters the appropriate content, rele
vance, and ease of use. In addition to those authors, I
want to acknowledge the contribution of the previous
chapter authors who are now deceased, Drs. Jorg
Augustin, Genevieve Christen, Eugenia Davis, and
Dick Kleyn. Their contributions to the first edition
were of great value to several chapter authors in this
second edition. I wish to thank the authors of articles
and books, as well as the publishers and industrial
companies, for their permission to reproduce materials
used here. Special thanks is extended to Melanie King
for providing exceptional word processing assistance
in the preparation of this book.

S. Suzanne Nielsen
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Chapler 1 • IntrOduction 10FOOd AnalysIs

1.1 INTRODUCTION

Investigations in food science and technology, whether
by ~7 food industry, governmental agencies, or uni
versrnes, often require determination of food cornpo
sition and characteristics. Trends and demands of
consumers, the food industry, and national and inter
national regulations challenge food scientists as they
work to monitor food composition and to ensure the
quality and safety of the food supply. All food products
require analysis as part of a quality management pro~
gram throughout the development process, through
production, and after a product is in the market. The
chemical composition and physical properties of foods
are used to determine the nutritive value, functional
characteristics, and acceptability of the food product.
The nature of the sample and the specific reason for
the analysis commonly dictate the choice of analytical
methods. Speed, precision, accuracy, and durability
often are key factors in this choice. Validation of the
method for the specific food matrix being analyzed
is necessary to ensure usefulness of the method. The
success of any analytical method relies on the proper
selection and preparation of the food sample, carefully
performing the analysis, and doing the appropriate
calculations and interpretation of the data. Methods of
analysis developed and endorsed by several nonprofit
scientific organizations allow for standardized com
parisons of results between different laboratories, and
for evaluation of less standard procedures. Such offl
cial methods are critical in the analysis of foods, to
ensure that they meet the legal requirements estab
lished by governmental agencies. Government regula
tions and international standards most relevant to the
analysis of foods are mentioned here but covered in
more detail in Chapter 2, and nutrition labeling regula
tions in the United States are covered in Chapter 3.
Internet addresses for many of the organizations and
government agencies discussed are given at the end of
this chapter.

1.2 TRENDS AND DEMANDS

1.2.1 Consumers

Consumers have many chokes regarding their food
supply, so they can be very selective about the products
t~ey purchase. They demand a wide variety of prod
ucts that are of high quality, safe, nutritious, and offer
a good value. Many consumers are interested in the
relationship between diet and health, so they use nutri
ent content and health claim information from food
labels to make purchase choices. These factors create a
challenge for the food industry and for its employees.
For example, the demand for foods with lower fat con
tent challenges food scientists to develop food prod
ucts that contain fat content claims (e.g., free, low,
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reduced) and certain health claims (e.g., the link
between dietary fat and cancer; dietary saturated fat
and cholesterol and risk of coronary heart disease).
Analytical methods to determine and characterize fat
content provide the data necessary to justify these
statements and claims. Use of fat substitutes in product
formulations makes possible many of the lower fat
foods, but these fat substitutes can create challenges in
the accurate measurement of fat content (1,2).

1.2.2 Food Industry

To compete in the marketplace, food companies must
produce foods that meet the demands of consumers as
described previously. Management of product quality
by the food industry is of increasing importance, begin
ning with the raw ingredients and extending to the final
product eaten by the consumer. Analytical methods
must be applied across the entire food supply chain to
achieve the desired final product quality. Downsizing
in response to increasingcompetition in the food indus
try often has pushed the responsibility for ingredient
quality to the suppliers. Many companies have select
suppliers, on whom they rely to perform the analytical
tests to ensure compliance with detailed ingredient
specifications.

Traditional quality control and quality assurance
concepts are only a portion of a comprehensive quality
management system. Food industry employees re
sponsible for quality management work together in
teams with other individuals in the company responsi
ble for product development, production, marketing,
and regulatory and consumer affairs.

Analytical information must be obtained, assessed,
and integrated with other relevant information about
the food system to address quality-related problems.
Making appropriate decisions depends on having a
knowledge of the analytical methods and equipment
utilized to obtain the data on quality characteristics. To
design experiments in product and process develop
ment, one must know the operating principles and
capabilities of the analytical methods used to assess
results of the experiments to be conducted. Upon com
pletion of these experiments, one must critically evalu
ate the analytical data collected to determine whether
product reformulation is needed or what parts of the
process need to be modified for future tests. The situa
tion is similar in the research laboratory. where knowl
edge of analytical techniques is necessary to design
experiments, and the evaluation of data obtained
determines the next experiments to be conducted.

1.2.3 Government RegUlations and
International Standards and Policies

To market safe, high quality foods effectively in a
national and global marketplace, food companies must
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Adapted a'ld updated from (8, 91

1.4.2 Perlorm the Assay

._.. Typesot Samples Analyzed in a Quality
~ Assurance Program for Food Products

1.4.3 Calculate and Interpret the Results

To make decisions and take action based on the results
obt:>.iIH'd {1C'm performing the assay that determined

Criticsl Questions

Do they meet your specifications?
Do they meet required legal specifica

tions?
Will a processing parameter have to

be modified because of any change
in the composition of raw materials?

Are the quality and composition the
same as lor previous deliveries?

How does the material from a potential
new supplier compare to that from
the current supplier?

Did a specific processing step result
in a product of acceptable composi
lion or characteristics?

Does a further processing step need
to be modified to obtain a final prod
uct of acceptable quality?

Does it me!;!t the legal requirements?
What is the nutritive value, so that

label information can be devel
oped? Or is the nutritive value as
specified on an existing label?

Does it meet product claim require-
ments (e.g., "low fat")?

Will it be acceptable to the consumer?
Will it have the appropnate shelf life?
What are its cornposmon and charac-

teristics?
How can we use this in!::>rmationto

develop new products?
How do the composiuon and cnarac

teristics of a compiaint sample sub
mitted by a customer diHer from a
sample with no problems?

Sample Type

Raw materials

Process control
samples

Finished product

Competitor'S
sample

Complaint sample

Performing the assay is unique for each component or
characteristic to be analyzed and may be unique to ;,
specific type of food product, Single chapters in this
book address sampling and sample r'r,:,pnr8ticm
(Chapter 5) and data handling (Chapter a), while the
remainder of the book addresses the stC? of actually
performing the assay. The descriptions of the various
specific procedures are meant to be overviews of the
methods, For guidance in actually performing the
assays, details regarding chemicals, reagents, appara
tus, and step-by-step instructions are found in the ref
erenced bocks and articles.

1.3TYPES OF SAMPLES ANALYZED

pay increasing attention to government regulations.
and guidelines, and to the policies and standards of
international organizations. Food scientists must be
aware of these regulations, guidelines, and policies
related to food safety and quality, and know the impli
cations for food analysis. Government regulations and
guidelines in the United. States relevant to food analy
sis, include nutrition labeling regulations (Chapter 3),
Good Manufacturing Practice (GMP) regulations
(Chapter 2), and Hazard Analysis Critical Control
Point (HACCP) systems (Chapter 2). The HACCP con
cept has been adopted not only by the United States
Food and Drug Administration (FDA) and other fed
eral agencies in the United States but also by the Codex
Alimentarius Commission, an international organiza
tion that has become a major force in world food trade.
Codex is described in Chapter 2, along with other orga
nizations active in developing international standards
and safety practices relevant to food analysis that affect
the import and export of raw agricultural commodities
and processed food products.

Chemical analysis of foods is an important part of a
quality assurance program in food processing, from
ingredients and raw materials, through processing, to
the finished products (3-7). Chemical analysis also is
important in formulating and developing new prod
ucts, evaluating new processes for making food prod
ucts, and in identifying the source of problems with
unacceptable products (Table 1-1). For each type of
product to be analyzed, it may be necessary to deter
mine either just one or many components. The nature
of the sample and the way in which the iniormation
obtained will be used may dictate the specific method
of analysis. For example, process control samples are
usually analyzed by rapid methods, whereas nutritive
value information for nutrition labeling gener.:.lly
requires the use of more time consuming methods of
analysis endorsed by scientific organizations. Critical
questions, including those listed in Table 1-1, can be
answered by analyzing various types of samples in a
food processing system. '

1.4 STEPS IN ANALYSIS

1.4.1 Select and Prepare Sample

In analyzing food samples of the types described pre
viously, all results depend on obtaining a representa
tive sample and converting the sample to a form that
can be analyzed. Neither of these is as easy as it
sounds! Sampling and sample preparation are C()\'

ered in detail in Chapter 5.
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the composition or characteristics of a food product,
one must make the appropriate calculations to int~r·

pret the data correctly. Data handling is covered 10

Chapter 4.

1.5 CHOICE AND VALIDITY OF A METHOD

1.5.1 Characteristics of the Method

Numerous methods often are available to assay food
samples for a specific characteristic or component. To
select or modify methods used to determine the chem
ical composition and characteristics of foods, one must
be familiar with the principles underlying the proce
dures and the critical steps. Certain properties of meth
ods and criteria described in Table 1-2 are useful to
evaluate the appropriateness of a method in current
use or anew method being considered.

1.5.2 Objective of the Method

Selection of a method depends largely on the objective
of the measurement. For example, methods used for
rapid on-line processing measurements may be less
accurate than official methods (see section 1.6) used for
nutritional labeling purposes. Methods referred to as
reference, definitive, official, or primary are most
applicable in a well equipped and staffed analytical
lab. The more rapid secondary or field methods may be
more applicable on the manuiacturing floor in a food
processing facility. For example, refractive index may
be used as a rapid, secondary method. for sugar analy
sis (see Chapters 8 and .11), with results correlated to
those of the primary method, high performance liquid
chromatography (HPLC) (see Chapters 11 and 32).
Moisture content data for a product being developed in
the pilot plant may be obtained quickly with a mois
ture balance unit that has been calibrated using a more
time-consuming hot air oven method. (see Chapter 8).

1.5.3 Consideration of Food Composition
and Characteristics

The performance of many analytical methods is
affected by the food matrix, i.e., its chemical composi
tion. For example, high fat or high sugar foods can
cause different types of interferences than low fat or
low sugar foods. Digestion procedures and extraction
steps necessary for accurate analytical results can be
very dependent on the food matrix. The complexity of
various foochystems often requires having not just one
technique available for a specific food component, but
multiple techniques and procedures, as well as the
knowledge about which to apply to a specific food
matrix.
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A task force of AOAC International, formerly
known as the Association of Official Analytical
Chemists (AOAq, suggested a "triangle scheme" for
dividing foods into matrix categories (10-12) (Fig. 1-1).
The apexes of the triangle contain food groups that
were either 100% fat, 100% protein, or 100% carbohy
drate. Foods were rated as "high," "low," or "medium"
based on levels of fat, carbohydrate, and proteins,
which are the three nutrients expected to have the
strongest effect on analytical method performance,
This created nine possible combinations of high,
medium, and low levels of fat, carbohydrate, and pro
tein. Complex foods were positioned spatially in the
triangle according to their content of fat, carbohydrate,
and protein, on a normalized basis (i.e., fat, carbohy
drate. and protein normalized to total 100%). General
analytical methods ideally would be geared to handle
each of the nine combinations, replacing more numer
ous matrix-dependent methods developed for specific
foods. For example, using matrix-dependent methods,
one method might be applied to potato chips and
chocolates, which are both low protein, medium fat,
medium carbohydrate foods, but another might be
required for a high protein, low fat, high carbohydrate
food such as nonfat dry milk (11).

1.5.4 Validity of.the Method

Numerous factors affect the usefulness and validity of
the data obtained using a specific analytical method.
One must consider certain characteristics of any
method, such as specificity, precision, accuracy, and
sensitivity (see Table 1-2 and Chapter 4). However, one
also must consider how the Variability of data from the
method for a specific characteristic compares to differ
ences detectable and acceptable to a consumer, and the
variability of the spedfic characteristic inherent in pro
cessing of the food. One must consider the nature of the
samples collected for the analysis, how representative
the samples were of the whole, and the number of sam
ples analyzed (Chapter 5). One must ask whether
details of the analytical procedure were followed ade
quately, such that the results are accurate, repeatable,
and comparable to data collected previously. For data
to be valid, equipment to conduct the analysis must be
standardized and appropriately used, and the perfor
mance limitations of the equipment recognized.

A major consideration for detennining method
validity is the analysis of materials used as controls,
often referred to as standard reference materials or
check samples. Standard reference materials can be
obtained in the United States hom the National Insti
tute of Standards and Technology (NIST), in Canada
from the Center for Land and Biological Resource
Research, and in Belgium from the Community Bureau
of Reference (BCR). Numerous organizations offer
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~. Crlterla 10rChoice Food AnalysIs Methods

Characteristic CriticaJ Questions Characteristic

Pal11 •. GenerallnlOrmation

Critical OUBStions

InbBrenr properties

• Specificity

• Precision

• Accuracy

Applicability of method
to laboratory

• Sample size

• Reagents

Fal67%
Cho 33";"

Fal33%
Cho 67%

Is the property being measured the
same as that claimed to be mea
sured?

What steps are being taken to ensure
a high degree 01 specificity?

Whal is the precision of the method?
Is there within-batch, balch-to

balch, or day-to-day variation?
What step in the procedure

contributes the greatest variability?
How doesthe new method compare

in accuracy to the old or a
standard method?

What is the percent recovery?

How much sample is needed?
Is it too large or too small to fit your

needs?
Does it fit your equipment and/or

glassware?
Can you property prepare them?
What equipment is needed?
Are lhey stable? For how long and

under what conditions?

Fa1100%

Fa1670/..
Prot JJ%

Fat33%
Prot 67%

• Equipment

• Cost

Usefuloess

• Time required

• Reliability

• Need

Personnel

• Safety
• Procedures

Fa167"1o
ella 33"10

Fal33%
Cho 67%

Is the method very sensitive to slight or
moderate changes in the reagents?

Do you have the appropriate equip
ment?

Are personnel competent to operate
equipment?

What is the cost in terms of equipment,
reagents. and personnel?

Howfasl is it? How fast does it need to
be?

How reliable is it from the standpoints of
precision and stabllity?

Does it meet a need or better meet a
need?

Is any change in method worth the trou
ble of the change?

Are special precautions necessary?
Who will prepare the written description

of the procedures and reagents?
Who will do any required calculations?

Fat100%

1000/.
Carbohydrate

Cho67%
Prot33%

Cho 33°/.
Prot 57%

100%
Protein

100%
Carbohydrale

Cho 67·/.
Prot 33-;.

Cho 33"/..
Prot 67%

'00"/..
Protein

Schematic layout of food matrixes bcsed on protein. fat. and carbohydrate content, excluding moisture and ash.
Reprinted with pcrmission from (12), Inside Labomtor» MI/tIQscmml. September 1997, p. 33. Copyright 1997, by
AOAC International.
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check sample services that provide test samples to eval
uate the reliability of a method (13). For example, the
American Association of Cereal Chemists (AACC) has
a check sample service in which it subscribing labora
tory receives specifically prepared test samples from
AACC. The subscribing laboratory performs the speci
tied analyses on the samples and returns the results to
AACC. The AACC then provides a statistical evalua
tion of the analytical results and compares the sub
scribing laboratory's data with those of other laborato
ries to inform the subscribing laboratory of its degree of
accuracy. The AACC offers checksamples such as flours
and semolina for the analysis of vitamins and minerals,
sugars, sodium, total dietary fiber, soluble and insolu
ble dietary fiber, ~-glucan, near infrared analyses, sani
tation, and microbiology.

The American Oil Chemists' Society (AOCS) has
a check sample program for oilseeds, oilseed meals,
marine oils, aflatoxin, trans fatty acids, oils/fats, and
various oil and fat constituents. Laboratories from
many countries participate in the program to check the
accuracy of their work, their reagents, and their labo
ratory apparatus against the statistical norm derived
from the group data.

Standard reference materials are important tools to
ensure reliable data. However, such materials need not
necessarily be obtained from outside organizations.
Control samples internal to the laboratory can be pre
pared by carefully selecting an appropriate type of
sample, gathering a large quantity of the material, mix
ing and preparing to ensure homogeneity, packaging
the sample in small quantities, storing the samples
appropriately, and routinely analyzing the control
sample when test samples are analyzed. Whatever the
standard reference materials used, these should match
closely the matrix of the samples to be analyzed by a
specific method.

1.6 OFFICIAL METHODS

The choice of method for a specific characteristic or
component ofa food sample is often made easier by the
availability of official methods. Several nonprofit sci
entific organizations have compiled and published
these methods of analysis for food products, which
have been carefully developed and standardized. They
allow for comparability of results between different
laboratories that follow the same procedure, and for
evaluating results obtained using new or more rapid
procedures.

1.6.1 AOAC International

AOAC International (formerly the Association of
Official Analytical Chemists) is an organization begun
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in 1884, to serve the analytical methods needs of gov
enunent regulatory and research agencies. The goal of
AOAC International is to provide methods that will be
fit for their intended purpose, i.e., will perform with the
necessary accuracy and precision under usual labora
tory conditions.

This volunteer organization functions as follows:

1. Methods of analysis from published literature
are selected or new methods are developed by
AOAC International volunteers.

2. Methods are collaboratively tested using multi
laboratory studies in volunteers' laboratories.

3. Methods are given a multilevel peer review by
expert scientists, and if found acceptable, are
adopted as official methods of analysis.

4. Adopted methods are published in the Official
Methods ofAnalysis, which covers a wide variety
of assays related to foods, drugs, cosmetics, agri
culture, forensic science, and products affecting
public health and welfare.

S. AOAC International publishes manuals, meth
ods compilations in specific areas of analysis,
monographs, and the monthly magazine, Inside
CAboratary Man.agement.

6. AOAC International conducts training courses
of interest to analytical scientists and other lab
oratory personnel.

Methods validated and adopted by AOAC Inter
national and the data supporting the method valida
tion are published in the Journal ofAOAC International.
Such methods must be successfully validated in a for
mal interlaboratory collaborative study before being
accepted as an official first action method by AOAC
International. Details of the validation program (e.g.,
number of laboratories involved, samples per level of
analyte, controls, control samples, and the review
process) are given in the front matter of the AOAC
International's Official Methods of Analysis. First action
methods are subject to scrutiny and general testing by
other scientists and analysts for at least two years
before final action adoption. Adopted first action and
final action methods are compiled in books published
and updated every four to five years as the Official
Methods of Analysis (14) of AOAC International. Sup
plements to the book are published yearly and contain
new'methods and revisions to current methods. The
Official Methods of Analysis of AOAC International
includes methods appropriate for a wide variety of
products and other materials (Table 1..3). These meth
ods:often are specified by the FDA with regard to legal
requirements for food products. They are generally the
methods followed by the FDA and the Food Safety and
Inspection Service (FSIS)of the USDA (United States
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Chapter

1
2
3
4
5
6
7
8
9

10
12
13
14
15
16
17
18
19
20
21
22
23

o 24
25

TrtIe

Agriculture liming Materials
Fertilizers
Plants
Animal Feed
Drugs in Feeds
Disinfectants
PesticideFormulations
HazardousSubstances
Metals and Other Elements at Trace Levels in Foods
Pesticide and Industrial Chemical Residues
Microchemical Methods
Radioactivity
Veterinary AnalyticalToxicology
Cosmetics
Extraneous Materials: Isolation
Microbiological Methods
Drugs: Part I
Drugs: Part II
Drugs: Part III
Drugs: Part IV
Drugs: Part V
Drugs and Feed Additives in AnimalTissues
Forensic Sciences
Baking Powdersand Baking Chemicals

Chapter Tit/8

26 Distilled Liquors
27 Malt Beverages and Brewing Materials
28 Wines
29 Nonalcoholic Beverages and Concentrates
30 Coffeeand Tea
31 Cacao Bean and Its Products
32 Cereal Foods
33 Dairy Products
34 Eggs and Egg Products
35 Fishand Other Marine Products
37 Fruitsand Fruit Products
38 Gelatin. Dessert Preparations.and Mixes
39 Meatand Meat Products
40 Nutsand Nut Products
41 Oils and Fats
42 Vegetable Products, Processed
43 Spices and Other Condiments
44 Sugarsand Sugar Products
45 Vitamins and Other Nutrients
46 Color Additives
47 Food Additives: Direct
48 Food Additives: Indirect
49 NaturalToxins
50 InfantFormulas and Medical Diets

Department of Agriculture} to check the nutritional
labeling information on foods and to check foods for
the presence or absence of undesirable residues or
residue levels.

1.6.2 American Association of
Cereal Chemists

The American Association of Cereal Chemists
(AACq publishes a set of approved laboratory meth
ods, applicable mostly to cereal products (Table 1-4).
The AACC process ci adopting the Approved Methods 0/
Allaly~is (15) is consistent with the process used by the
AOAC International and American Oil Chemists'
Society (AOCS). Approved methods of the AACC are
continuously reviewed, critiqued, and updated. They
are printed in a looseleaf format, contained in ring
binders. Supplements containing new and revised pro-
cedures are provided annually

1.6.3 American Oil Chemists' Society

The American Oil Chemists' Society (AOCS) pub
lishes a set of official methods and recommended prac
tices, applicable mostly to fat and oil analysis (Table
1-S) (16). AOCS is a widely used methodology source
on the subjects of edible fats and oils, oilseeds and
oilseed proteins, soaps and synthetic detergents,

industrial fats and oils, fatty acids, oleochemicals, glyc
erin, and lecithin.

1.6.4 Other Endorsed Methods

Standard Methods for the Examination of Dairy Products
(17), published by the American Public Health Associ
ation, includes methods for the chemical analvsis of
products (Table 1-6). Standard Methods for the E;(w;i!;i!
lion a/Water and Wastewater (I8) is published jCJ!11l1y by
the American Public Health Association, American
Water Works Association, and the Water Environment
Federation. Food Chemicals Codex (19), published t-y l~l.O

Food and Nutrition Board of the National' Research
Council/National Academy of Science, contains n.L·::'
ods for the analysis of certain food additives. The
American Spice Trade Association (20), the Infant For
mula Council (21), and the Com Refiners Association
(22) are among the organizations that publish star-dad
methods for the analysis of their respective products.

1.7 SUMMARY

Food scientists and technologists determine the chem
ical ~omposjtion and physical characteristics of foods
routinely as part of their quality management. product
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als to ensure quality results. Rapid methods used for
quality assessment in a production facility may be less
accurate but much faster than official methods used for
nutritional labeling. Endorsed methods for the chemi
cal analyses of foods have been compiled and pub
lished by AOAC International, American Association
of Cereal Chemists, American Oil Chemists' Society,
and certain other nonprofit scientific organizations.
These methods allow for comparison of results be-
tween different laboratories and for evaluation of new
or more rapid procedures.

A Vegetable Oil Source Materials
B Oilseed By-Products
C Commercial Fats and Oils
D Soap and Synthetic Detergents
E Glycerin
F Sulfonated and Sulfated Oils
G Soap Stocks
H Specifications for Regents, Solvents, and

Apparatus
I Lecthin
M Evaluation and Design of Test Methods
R Official Listings
S Recommended Practices for Testing Industrial Oils

and Derivatives
T Test Methods for Industrial Oils and Derivatives

Titla

Table of Contents of 1996 Official Methods
and ~9comm9ndedPractices 0' the
Amerlcon 011Chemists' Society (16)

Section

Chapter1 . Introduction to FoodAnillysis

m Table 0' Contenb 01 1995 Approved
MethOds 01 the American Association ot
Cereal Chemists (15)

Chapter Title Chapter Titls

2 Acidity 48 Oxidizing, Bleach-
4 Acids ing. and Matur-
6 Admixture of ingAgents

Flours 50 Particle Size
7 Amino Acids 54 Physical Dough
8 Total Ash Tests

10 Baking Quality 55 Physical Tests
12 Carbon Dioxide 56 Physicochemical
14 Color and Pig- Tests

menls 58 Special Properties
16 Cooking Charac- of Fats. Oils. and

teristics Shortenings
18 Drugs 60 Residues
20 Egg Solids 61 Rice
22 Enzymes 62 Preparation of
26 Experimental Sample

Mil1ing 64 Sampling
28 Extraneous 66 Semolina Quality

Matter 68 Solids
30 Crude Fat 70 Solutions
32 Fiber 71 Soybean Protein
33 Ravor 72 Specific Volume
36 Glossary 74 StalenessfTexture
38 Gluten 76 Starch
39 Infrared 78 Statistical

Analysis Principles
40 Inorganic Con- 80 Sugars

stituents 82 Tables
42 Microorganisms 86 Vitamins
44 Moisture 88 Waler Hydration
45 Mycotoxins Capacity
46 Nitrcgen 89 Yeast

1.8 STUDY QUESTIONS

development, or research activities. For example, the
types of samples analyzed in a quality management
program of a food company can include raw materials,
process control samples, finished products, competi
tors' samples, and consumer complaint samples. Con
sumer, food industry, and government concem for
food quality and safety has increased the importance of
analyses that determine composition and critical prod
uct characteristics.

To successfully base decisions on results of any
analysis, one must correctly conduct all three major
steps in the analysis: (1) select and prepare samples, (2)
perform the assay, and (3) calculate and interpret the
results. The choice of analysis method is usually based
on the objective of the analysis, characteristics of the
method itself (e.g., specificity, accuracy, precision,
speed, cost of equipment, and training of personnel),
and the food matrix involved. Validation of the method
is important, as is the use of standard reference materi-

1. Identify six reasons you alight need to determine certain
chemical Characteristics of a food product as part of a
quality management program.

2. You are considering the use of a new method to measure
Compound X in your food product. List six factors you
will consider before adopting this new method in your
quality assurance laboratory.

3. In your work at a food company, you mentioned to a co
worker something about the Official Method$ of AlUIlysis
published by AOAC International. The coworker asksyou
what the tenn "AOAC" refers to, what AOAC Interna
tional does, and what the q(ficull Methods of Analysis is.
Answer your coworker's questions.

4. For each type of product listed below, identify a publica
tion in which you can find standard methods of analysis
appropriate for the product:
a. iceaeam
b. enriched flour
c. wastewater (from food processing plant)
d. margarine
e. ground cinnamon
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-I-. Contents of Chapter 15 on Chemical and PhYsical Method$ln standard Methods for the Examination ofr::;m' Dairy Products (17)

15.1 Introduction
15.2 Acid Degree Value (Hydrolytic Rancidity)
15.3 Acidity

Acidity: titratable
Acidity: potentiometric, pH
Acidity: titratable, potentiometric endpoint
Acidity: pH. gold electrode/quinhydrone method

15.4 Ash and Alkalinity of Ash
Ash gravimetric
Alkalinity of ash

15.5 Chloride (Salt)
Mohr method
Volhard method
Coulometric titration

15.6 Chloride. Available
15.7 Extraneous Material

Cheese
Milk. quantitative, laboratory analysis
Milk. qualitative. Sani-guide

15.8 Fat
Babcock method
Pennsylvania modified Babcock method
Roccal Babcock method
Gerber method
Ether extraction (Roese-Gottlieb) method
Mojonnier method
Automated turbidimetry
Vegetable oil in milkfat (~-sitosterol)

15.9 Lactose in Milk
Polarimetric melhod
HPLC method
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1.10 RELEVANT INTERNET ADDRESSES

American Association of Cereal Chemists
http://www.scisoc.org:80/aacc/

American Oil Chemists' Society
http://www.aocs.org/

American Public Health Association
http://www.apha.org/

AOAC International
http://www.aoac.org
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Code of Federal Regulations
http://W\,,w.access.gpo.govI naraleft/ cfr-table

search.htrnl
Codex Alimentarius Commission

http://www.fao.org/waicent/faoinfo!eco
nomic!esn I codex!codex.htm

Food Chemicals Codex
http://www2.nas.edu!codex

Food and Drug Administration
http://www.fda.gov . ,
Center for Food Safety & Applied Nutrition

http://vm.cfsan.fda.gov/list.html
Current Good Manufacturing Practices
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2.1 INTRODUCTION

Knowledge of government regulations relevant to the
chemical analysis of foods is extremely important to
persons working in the food industry. Federal laws and
regulations reinforce the efforts of the food industry to
provide wholesome foods, to inform consumers about
the nutritional composition of foods, and to eliminate
economic frauds. In some cases, they dictate what
ingredients a food must contain, what must be tested,
and the procedures used to analyze foods for safety
factors and quality attributes. This chapter describes
the United States federal regulations related to the
composition of foods. The reader is referred to refer
ences 1-6 for comprehensive coverage of United States
food laws and regulations. Many of the regulations
referred to in this chapter are published in the various
Titles of the Code of Federal Regulations (CFR) (7).
This chapter also includes information about food
standards and safety practices established by interna
tiona Iorganizations. Internet addresses are given at the
end of this chapter for many of the government agen
cies, organizations, and documents discussed.

2.2 UNITED STATES FEDERAL
REGULATIONS AFFECTING
FOOD COMPOSITION

2.2.1 United States Food and
Drug Administration

The Food and Drug Administration (FDA) is a United
States govemment agency within the Department of
Health and Human Services (DHHS). The FDA is
responsible for regulating, among other things, the
safety of foods, cosmetics, drugs, medical devices, bio
logicals, and radiological products. It acts under laws
passed by the United States Congress to monitor the
affected industries and ensure the consumer of the
safety of such products.

2.2.1.1 Legislative History

2.2. 1.1.1 Food and Drug Act of 1906 The Food and
Drug Act of 1906, reenacted in 1907 to extend the pro~

visions for an indefinite period, was the first federal
law governing the food supply in the United States. It
made illegal the interstate commerce of misbranded or
adulterated manufactured or natural foods, beverages,
drugs, medicines, or stock feeds. It stated that only
substances not likely to render a food injurious to
health could be added to foods.

The United States Department of Agriculture
(USDA) was responsible for administering the 1906
Act until 1931, when the FDA was created to adminis
ter it. Although the FDA was originally a part of the

USDA, it now operates within the DHHS. The USDA
and then the FDA were both ineffective in enforcing the
1906 Act because the Act lacked fines or other penalties
for violators. This led to eventual passage of the Fed
eral Food, Drug, and Cosmetic (FD&C) Act of 1938.

2.2. 1. 1.2 Federal Food, Drug, and Cosmetic Act of
1938 The FD&C Act of 1938 broadened the scope of
the 1906 Act, intending to assure consumers that foods
are safe and wholesome, produced under sanitary con
ditions, and packaged and labeled truthfully. The law
further defined and set regulations on adulterated and
misbranded foods. The FDA was given power to seize
illegal products and to imprison and fine violators. An
important part of the 1938 Act relevant to food analysis
is the section that authorizes food definitions and stan
dards of identity, as further described below.

2.2.1.1.3 Amendments and Additions to the 1938
FD&C Act The 1938 FD&C Act has been amended
several times to increase its power. The Miller Pesti
cide Amendment was added in 1954 to specify the
acceptable amount of pesticide residues an fresh fruits,
vegetables, and other raw agricultural products when
they enter the marketplace. This Amendment, then
under the authority of the FDA, is now administered
by the Environmental Protection Agency (EPA).

The Food Additives Amendment to the 1938 Act
was enacted in 1958. It was designed to protect the
health of consumers by requiring a food additive to be
proven safe before addition to a food and to permit the
food industry to use food additives that are safe at the
intended level of use. The highly controversial Delaney
Clause, attached as a rider to this amendment, prohibits
the FDA from setting any tolerance level as a food addi
tive for substances known to be carcinogenic.

The Color Additives Amendment, passed in 1960,
defines color additives, sets rules for both certified and
uncertified colors, provides for the approval of color
additives that must be certified Orare exempt from cer
tification, and empowers the FDA to list color additives
for specific uses and set quantity limitations. Similar to
the Food Additives Amendment, the Color Additives
Amendment contains a Delanev Clause.

The Nutrition labeling and Education Act of 1990
(NLEA), described further in Chapter 3, made nutri
tion labeling mandatory on most food products under
FDAjurisdiction, and established definitions for health
and nutrient claims. The NLEA. emphasized the rela
tionship between diet and health, and provided con
sumers a means to choose foods based on complete
and truthful label information.

The Dietary Supplement Health and Education
Act (1994) (OSHEA) changed the definition and regu
lations for dietary supplements from those in the
FD&C Act and in acts relevantto dietary supplements
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passed prior to 1994. The OSHEAdefined supplements
as "dietary ingredients" (defined in specific but broad
terms), set criteria to regulate claims and labeling, and
established government agencies to handle regulation.
Oassified now as "dietary ingredients" rather than by
the previously used term "food additives," dietary
supplements are not subject to the Delaney Oause of
the FD&C Act. Regulations for dietary supplements
permit claims not allowed for traditional foods, Con
trol and regulation of dietary supplements have been
separated from those for traditional foods.

The Food Quality Protection Act (1996) amended
both the FD&C Act and the Federal Insecticide, Fungi
ode and Rodenticide Act (FlFRA), as further described
in section 2.2.51.

2.2.1.1.4Other FDA Regulations The FDA has devel
oped many administrative rules, guidelines, and
action levels, in addition to the regulations described
above, to implement the FD&C Act of 1938. Most of
them are published inTitle 21 of the CPR They include
the Good Manufacturing Practice (GMP) regulations
(21 CFR 110), regulations regarding food labeling (21
CFR 101), recall guidelines (21 CFR 7.40), and nutri
tional quality guidelines (21 CPR 104). Tne food label
ing regulations include nutritional labeling require
ments and guidelines, and specific requirements for
nutrient content, health claims, and descriotive claims
(discussed in Chapter 3). .

The FDA administers several other federal statutes
related to foods. The Fair Packaging and Labeling Act
of 1966 requires that the net weight of a food product,
among other information, be accurately stated on the
label in a specific manner. Among the provisions
enforced by the FDA in the Public Health Service Act
of 1944 are the safety of pasteurized milk and shellfish,
as discussed in sections 2.3 and 2.4, respectively. The
importation of milk and Cream into the United States is
regulated by the Import Milk Act of 1927 fer economic
and public health considerations. Certain aspects of the
amended Federal Meat Inspection Act of 1967 and the
amended Poultry Products Inspection Act of 1957
(discussed in sections 2.2.2.1.1 and 2.2.2.2.3) are adrnin
istcred br t~c FDA.

A comprehensive collection of federal laws, guide
lines, and regulations relevant to foods and drugs has
been published by the Food and Drug Law Institute
(2). The 5~aff of Feed Chemical News has prepared the
"FDA Food Enforcement Handbook," a compilation of
FDA enforcement guides relevant to food processors
(3). With increasing responsibility being placed on food
processors and regulatory agencies to ensure the safetv
of fOOds eaten bv consumers, FDA has placed consic
C~~le emphasis'on Good Manufacturing Practice reg
u i1hons and on Hazard Analysis Critical Control
Point (liACCP) systems. HACCP is an important corn-
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ponent of an interagency initiative to reduce theinci
dence of foodbome illness, and. includes the FDA,
USDA, Environmental Protection Agency (EPA), and
the Centers for Disease Control (CDC) (8). Both GMP
and HAACP systems emphasize the importance of
preventing hazards, to avoid problems associated with
detecting hazards in foods.

TheGMP regulations, legally based on the FD&C
Act, but not established as a proposed rule until 1969,
are designed to prevent adulterated food in the mar
ketplace (9). The GMP regulations define requirements
for acceptable sanitary operation in food plants and
include the following relevant to food processing:

1. General provisions that define and interpret the
detailed regulations;

2. Requirements and expectations for maintaining
grounds, building, and facilities;

3. Requirements and expectations for design, con
struction, and maintenance of equipment;

4. Requirements for production and process con
trols; and

5. Defect .action levels (DALs) for natural and
unavoidable defects.

In addition to general GIv1Ps (21 CFR 110), specific
GMPs exist for thermally processed low-acid canned
foods (21 CFR 113), acidified foods (21 CFR 114), and
bottled drinking water (21 CPR 129).

Unlike GMP regulations, HACCP is a system
developed and implemented by a food processor, orig
inally designed to produce zero defect (no hazard)
food for astronauts to consume on space flig;"ts (10).
The FDA and USDA have adopted the HACCP concep t
in certain of their inspection programs. An effective
HACCP program has the following components:

1. Determine potential hazards in each proce~s.

2. Identify critical control points.
3. Establish control limits for each critical control

point.
4. Establish procedures to monitor contrc.l Foin::,.
5. Establish corrective actions when limits of co:"

trol point are exceeded.
6, Establish appropriate system of record keeping.
7. Establish program to verify efficacy of progr.1r:~,

While GMPs and HACCP programs are based largelv
on microbiological concerns, certain chemical and
physical tests (e.g., inactivation of toxic constituents,
pre~cnce of extraneous matter, metal detection) are
often necess t.:ry to ensure the safety of foods.

2.2.1.2 Food Definitions and Standards

Tile Ioo.I definitions and standards established by the
FOll, arc fubJished in 21 CFI\ 100-i69 and include sran-
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dards of identity, quality, and fill. The standards of
identity, which have been set for a wide variety of food
products, are most relevant to the chemical analysis of
foods because they specifically establish which ingre
dients a food must contain. Thev limit the amount of
water permitted in certain products. The m.in.imum
levels for expensive ingredients are often set, and max
imum levels for inexpensive ingredients are sometimes
set. The kind and amount of certain vitamins and min
erals that must be present in foods labeled "enriched"
are specified. The standards of identity for some foods
include a list of optional ingredients. The standard of
identity for sour cream (21CFR 131.160) is given in Fig.
2-1.Table 2-1 summarizes the standards of identity rel
evant to food analysis for a number of other foods.
Note that the standard of identity often includes the
recommended analytical method for determining
chemical composition.

Although standards of quality and fill are less

1131.160 Sour cream.

(a-) Descripticm. Sour cream resul ts
from the souring. by lactic acid produc
ing bacteria.. of paateurized cream.
Sour cream contains not Iess tha.n 18
percent m!lkfat; except that when the
food is cha.racteri%ed by the add1tion of
nutritive sweeteners or bulky fla-voring
ingredIents, the weight of the milkfat
is not less than 18 percent of the re
madnder- obtained by subtracting the
weight of such optional" iiJ.gredients
!rom the weight of the food; but in no
case does the Cood contain less than
14.4 percent milkfat. Sour cream haa a.
titra.table acidity of Dot less than 0.5
percent, calculated aa lactic acid.

(b) Optional ingredient3. (1) sate and
suitable ingredients that improve tex
ture, prevent syneresis, or extend the
shelf life of the product.

(2) Sodium citrate in an amount. not
more than 0.1 percent may bo added
prior to culturing aa a. Oavor precursor.

(3) Rennet.
(4) Sate and suitable nutritlve sweet

eners.
(5) Salt.

(6) FlAvoring ingredients, with or
without we and suitable coloring, as
(ollows:

(1) Fruit. and !rult luice (including
concentrated frult and !ruit Juice).

(11) Sate and swtable natunJ. and ar
tHlcial food flavoring.
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related to the chemical analysis of foods than are stan
dards of identity, they are important for economic and
quality control considerations. Standards of quality,
esta blished by the FDAfor some canned fruits and veg
etables, set minimum standards and specifications for
factors such as color, tenderness, weight of units in the
container, and freedom from defects. The standards of
fill established for some canned fruits and vegetables,
tomato products, and seafood state how full a con
tainer must be to avoid consumer deception.

2.2.1.3 Inspection and Enforcement

The FDA has broadest regulatory authority over most
foods (generally, all foods other than meat, poultry,
eggs; water supplies; imported foods). However, the
FDA shares responsibilities with other regulatory
agencies for certain foods, as described in later sections
of this chapter. The FDA has responsibility for enforc-

(c) MethodJ 01 analJ/ns. Referenced
methods in paragraph (c) (1) and (2) of
t~ section an from "OCficia.l Methods
of AnaJysls or the AaBOCiatiOD of om
cial Analytical Chemiets." 13th Ed.
(1980), which Is lncoI'POrated by ref
erence. Copies may be obtained from
the A8aocla.tion or OUiclal Analytical
Chemists. %200 Willlon Blvd.. Suite 400.
Arlington. VA mcJl-3301. or may be ex
amined a.t the Omee or the FederaJ.
Register. 800 North Ca.pitol Street.
NW., euite 700, Wuhington, DC.

(I) MUkfat conten~"Fal;-Qmcial

Final Action,'" section 16.1TJ.
(2) Titra.table acld1ty-"Acldit.y--of

!lela.! Final Action," section 16.023.
(d) Nomenclature. The name or the

food Is "Sour cream" or alterna.tive!Y
"Cultured sour cream". The !u11 name
o C the tood shall appeu on the prin
cipaJ d1splay panel of the label in type
or uniform size. style, a.nd color. The
came or the food 8haJ.l be accompanied
by a- declara.tion 1Ddicating the pra-o
enee oC &D3' flavoring that character
izes the product. u speclned. In '101.22
of this chapter. If nutritive sweetener
in an amount sumcient. to characterize
the food is added wit.hout a.ddition of
cha.rs.cteri.z1Dr Oavoring, the" name or
the Cood shall be preceded by the word
"sweetened".

(e) Label da::laratlan. Each of the in
gredienta uaed in the food shall be de
cla.red on the label aa required by the
applicable sections or ps.rt.s 101 and 130
or this chApter.

[42 FR li3fJQ., Mu. 15, 1m. as &mended at 4'1
FR 11824. H&r. 19. 19112; 49 FR 10092. Mar. 19,
1964: 54 PR :&4893. JWle 12. 1989: sa FR 2891
J'a.lI. a.19831 "

Standard of identity for sour cream. [From 21 CFR 131.160 (1997).)
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~-Selee.... a-_CoRIP_~ 01 Sam. Foodswith Slandard. oIldonllly

AOACMethexP

Section;n
21 CFR' Food Product

Numberin
13t1lEd.

Numberin
16thEd. NameIDescription

131.'10 Milk

137.165 Enriched flour

135.110 Ice cream and
frozen custard

131.125 Nonfat dry milk

133.113 Cheddar cheese

Total solids, by hot air
oven

Roese-Gottfieb

Dry ashing

Kjeldahl, for nitrate-free
samples

Ether extraction
Vacuum over.
Refractometer
Hydrometer (Brix

spindle)
Titration With hiaOH\ ;

Calculatec <
Calculated from volume

of sedim~n!':J
Extract witt"· atcono:

soletion: C'V nsolu:;;;':'
material" .

Extraction w;lh petro
leum ether

Ether extraction with
Soxhlet unit

923.03

925.23A

905.02

925.15

948.22

9S5.04C

952.06,953.08D Roese-Gottlieb

925.09.925.098 Vacuum oven

936.14 Bioassay line test with
rats .

927.05 Vacuum oven
932.06A, 932.068 Roese-Gottlieb

933.05 Digest with Hel,
Roese-Gottlieb

926.08 Vacuum oven
946.03-946.03C Residual phosphatase

945.38A. 945.380 Crude fiber
(modified)

945.36A,945.38F
945.38A. 945.388

932.12
932.14A

27.W6(a)

16.032

16.059

2.057

14.006

43.195-43.208

16.192
16.199-16.200

16.255

16.233
16.275-16.277

16.287, 16.059

14.002. 14.003

14.062, 14.065

, 4.062, 14.067
14.062, 14.063

22.024
31.009

Milk;solidS nonfat
It 8 1/4""

Mllkfallt 3 1/4%
Vitamin A (if added)

a 2000 IU3/qt4

VitaminD (if added)--400
IIP/qt4

Moisture ~ 5% by wt.
Milkfat s 1 1/2% by wt.
Milkfat :II: 50% by wt. of

solids
Moisture ~ 39% by wt.
Phosphatase level s 3 119

phenol equivalen!l
0.25 g5

Total solids lI: 1.6lb/gal
Milkfat lI: 10%
Nonfat milk solids:t. 10%6
Moisture s 15%
Ascorbic acid :II: 200 ppm

(if added as dough con
ditioner)

Ash 7 s (0.35 + 1/2001 the
percent of protein, cal
culated) 0fI dWb8)

(Protein)

Thiamine. 2.9 mgllb
Riboflavin, 1.8 mg/lo
Niacin, 24 mg/lb
Iron, 20 mgllb
Calcium (if added), 960

mgllb
Crude fiber s 1.2% dwbB

Cocoa fat s 22% and
:to 10%

Fat s 55%

Corn grits

Peanut butter

Fat s 2.25%
(Moisture)

Canned applesauce Soluble soucs s 9%9
Pineapple juice Soluble solids

lI: 10.So8rix 10

TOlal acidity s 1.359/100
ml (as anhydrous citric
acid)

BrixJacid ratio lI: 12
Insoluble solids lI: 5 and

:II: 30%
Frozen peas Alcohol insoluble solids

s19%

Cocoa

137.230

145.110
146.1B5

15B.170

163.113

164.150
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Selected Chemical ComposiHon Requirements of Some Foods with Standards 0' Identity (continued)

AOAC Method2

Section in
21 CFR' Food Product Requirement

168.20 Glucose syrup TOlal solids :t 70%
mass/mass (mlm)

Reducing sugar :t 20%
m/m (dextrose eouiva
lent, dwb)

Sulfated ash" 1% m/m,
dWb

Sulfur dioxide :s 40 mgJkg

169.175 Vanilla extract Ethyl alcohol ~ 35% by
volume

Vanilla constituent
:l: 1 unit'5JgaJ

Number in Number in
13th Ed. 16th Ed. NameIDescription

31.208-31.209 941.14A.941.148 Vacuum oven. with
diatomaceous earth

31.22C(a) 945.66(a) Lane-Eynon

31.216 945.636 Dry ashing

20.106-20.111 962. 16A-963.20C Modified Monier-
Williams

'CFR, Code of Federal Regulations (1997).
20fficisl Methods of Analysisot AOAC Internalional.
31U ,. Inlernational Unils.
"within limits 01 good manufacturing practice.
slf pasteurized dairy ingredients are used.
6Exceptions clarified.
TExcluding ash resulting from any added iron or salts of iron or calcium or wheat germ.
sdwb ,. moisture-free or dry weight basis.
~clusive of the solids of any added optional nutritive carbohydrate sweeteners: expressed as % sucrose. °Brix. with correction fOt tempera
ture to the equivalent at 2O"C.
'°Exclusive of added sugars. without added water. As determined by refractometer at 20"C uncorrected for acidity and read as ·Srix on Inter
national Sucrose Scales. Exception slated for juice from concentrate.
1'Detailed titration method given in 21 CFR, 145.180 (b)(2)(ix).
I%Calculated from "Srix and totat acidity values. as described in 21 CFR 146.185 (b)(2)(ii).
13Detail&d method given in 21 CFR 146.185 (b)(2)(iv).
'tletailed method given in 21 158.170 (b)(3). ' , '
ISOelined in 21 CFR 169.3(e); requires measurement of moisture content. according to modification of AOAC Method 7.004 and 7.005.

ing the 1938 FD&C Act as amended, which prohibits
adulteration and misbranding of food products. Rele
vant to food analysis and for FDA~regulated foods, the
FDA inspects food processing facilities for compliance
with GMF reguJations and for any mandatory HACCP
inspection programs. The FDA monitors appropriate
foods for composition and characteristics relevant to
the standards of identity, standards of quality, stan
dards of fill,nutrition labeling, and other labeling reg
ulations. It regulates color additives and the use of
food additives for all foods.

Working with the National Marine Fisheries Ser
vice to ensure seafood safety, the FDAsets and enforces
allowable levels of contaminants and pathogenic
microorganisms in seafood. The FDA has jurisdiction
over some alcoholic beverages and cooking wines, and
handles questions ofdeleterioussubstances in alcoholic
beverages. Regulations on tolerance levels of pesticide
residues in foods and agricultural commodities set by
the Environmer.tal Protection Agency are enforced
by the FDA. Imported food products regulated by the
FDA are subject to inspection upon entry through

United States Customs, and products must comply
with United States laws and regulations. The FDA
works with individual states and the United States
Department of Agriculture to ensure the safety and
wholesomeness of dairy products. Also, the FDA has
regulatory power over shellfish sanitation for products
shipped interstate.

When violations of the FD&C Act are discovered
by the FDA through periodic inspections of facilities
and products and through analysis of samples, the
FDA can use warning letters. seizures, injunctions, or
recalls, depending on the circumstances. The FDAcan
not filecriminal charges, but rather recommends to the
Justice Department that court action be taken that
might result in fines or imprisonment of offenders.
Details of these enforcement activities of the FDA are
given in references (1-3).

2.2.2 United States Department of AgriCUlture

The USDA, created in 1862, is now one of the cabinet
level federal agencies within the executive branch of
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the United States government, The USDA administers
several federal statutes relevant to food composition
and analysis; some programs are mandatory and oth
ers voluntary.

2.2.2.1 Mandatory Inspection Programs for
Fresh and ProcessedFood CommodItIes:
Standards and Composition

2.2.2.1.1 Meat and Poultry The Meat and Poultry
Inspection Program. (MPIP) administered by the
USDA provides for inspection of the slaughter of cer
tain domestic livestock and poultry and the processing
of meat and poultry products. Such inspection applies
to all meat and poultry products in interstate or foreign
commerce, to prevent the sale and distribution of adul
terated or misbranded products. The MPIP reviews
foreign inspection systems and packing plants that
export meat and poultry to the United States. Imported
products are reinspected at ports of entry.

The MPIP derives its authority from the Federal
Meat Inspection Act of 1906, updated in 1967; the Poul
by Products Inspection Act of 1957; the Agricultural
Marketing Act of 1946; the Humane Slaughter Act of
1958; and the Imported Meat Act (a part of the 1930
Tariff Act).

The regulations relating to the inspection and cer
tification of meat and poultry products are published
in Title 9 of the CFR. Comprehensive inspection manu
als, such as the Meat and Poultry Inspection Manual (11),
have been developed to assist MPIP and industry per
sonnel to interpret and utilize the regulations. Stan
dards of identity have been established by the Food
Safety and Inspection Service (FSIS) of the USDA for
many meat products (9 CFR 319)", commonly specify
ing percentages of meat, fat, and water. Analyses are to
be conducted using AOAC methods, if available.

The FSIS of the USDA announced in 1996 the
implementation of new rules for improving the safety
of meat and poultry. A major component of the rules is
a HACCP system to be required of all slaughter and
processing plants. Phasing in of the HAeCp require
ment is based on size of the establishment with verv
small plants having the latest date for required irnple
mentation of January 25, 2000.

2.2.2.1.2 Grains The Federal Grain Inspection Pro
gram Service, a program of the Grain Inspection,
Packers and Stockyard Administration (G:PSf.l,
within the USDA administers the mandatory requi:c
ments of the U.S. Grain Standards Act 0: 1~76 .1:;

amended. The regulations to enforce this act and ?TO
vide for a national inspection system for gmin are pub
lished in 7 CFR 800. Mandatory official grade standard
exist for a number of grains, including barley, oats,
wheat, corn, rye, flaxseed, sorghum, soybeans, and trit
icale. GIPSA has issued many handbooks and instruc-
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lions for its inspectors, such as the Grain lnspeaion
Handbook-Book11 (12). Grades are determined by fac
tors such as test weight per bushel and percentages
of heat-damaged kernels, broken kernels, and foreign
material A grade limit is commonly set for moisture,
which is as specified by contract or load order grade. '

2.2.2.2 Voluntary Grading and Inspection
Programs for Fresh and Processed Food
Commodities: Standards and Composition

2.2.2.2.1 General Information on Grade Standards
Although grade standards developed for foods by the
USDA are not mandatory requirements, they are
widely used, voluntarily, by food processors and dis
tributors as an aid in wholesale trading, because the
quality of a product affects its price. The USDA has
issued grade standards for more than 300 food. prod
ucts under authority of the Agricultural Marketing Act
of 1946 and related statutes. Grade standards exist for
many types of meats, poultry, dairy products, fruits,
vegetables, and grains, along with eggs, domestic rab
bits, certain preserves, dry beans, rice, and peas. Addi
tional information about each of these is given in the
next several sections, except for dairy products, which
is given in section 2.3. While complete information
regarding the standards was published previously in
the CFR,currently only some standards are published
in the CFR because they are USDA Agricultural Mar
keting Service (AMS) Administrative Orders. AD grade
standards are available as pamphlets from USDA and
also are accessible on the Internet.

The Science and Technology Division, AMS,
USDA, has analytical laboratories that perform analv
ses related to food grade standards and general quali ty
control. These analytical services are available for a fee
to governmental agencies, outside companies, and
individuals. Laboratory tests available include proxi
mate, lipid-related, food additive, chemical and rhy~i.

cal component, microbiological, and aflatoxin 2..nalvse
(7 CFR 91.37). These analyses can help ensure th ..,t food
products meet grade standard specifications.

Grade standards, issued by the AMS of the USDA
for agricultural products and by the uc,r)" rt:: .c: it lJ
Commerce fOT fishery products, must not be confused
with standards of quality set bv the FDA or st.'.n~:;,rcs

of identity set by the FDA Or FSIS of the USDA, ;;s (;is'
cussed previously, A standard of identity esl;,bL!-iIC:
or defines what a given food product is; it establishes
{or some foods which ingredients they must contain.
Standards of quality are the minimum standards for
some canned fruits and vegetables. Standards for
grades may c);:ss:fy products in a range from substan
dard to 7xcellcnt in quality Standards for grades are
not required to be stated on the label, but if they arc
s.t:ltcd, the product must comply with the spccifica
lIOnS of the declared grade. Official USDA grading ser-
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vices are provided, for a fee, to pickers, processors, dis
tributors, and others who seek official certification of
the grades of their products. Such grade standards
often are used as quality control tools. Consumers are
familiar generally with grade standards for beef, but
ter, and eggs, but buyers for the retail market utilize
grade standards for 3 wide variety of foods. Major
users of standards include institutions such 3S schools,
hospitals, restaurants, prisons, and the Department of
Defense (see also section 2.5).

2.2.2.2.2 Fruits and Vegetables The USDA is respon
sible for ensuring the quality of fruits, vegetables, and
related products sold in the United States. The Fresh
Products Branch and the Processed Products Branch of
the Fruit and Vegetable (FV) Program of the USDA
standardize, grade, and inspect fruits and vegetables
under various voluntary programs. The standards pro
mulgated for some fresh fruits and vegetables are
given in 7 CPR 51 and those for some processed fruits
and vegetables are given in 7 CFR 52. Standards for cer
tain other fresh and processed fruits and vegetables are
available as AMS pamphlets and on the Internet. Stan
dards for grades of processed fruits and vegetables
often include factors such as color, texture or consis
tency, defects, size and shape, tenderness, maturity, fla
vor, and a variety of chemical characteristics. Sampling
procedures and methods of analysis are commonly
given. As an example, partial information about the
standards for grades of frozen concentrated orange
juice (13) is given in Table 2-2.

A new quality assurance inspection service, based
on HACCp, is in the pilot phase and is being offered to
the fruit and vegetable industry. The voluntary pro
gram is fee-based and is designed to facilitate market
ing. The HACCP concept is considered to be a more
scientific, analytical, economical approach to food
wholesomeness than traditional inspection systems.
Once a HACCP plan has been reviewed and accepted
by the FV Program, an objective third-party validation
audit and series of systems audits are conducted to
determine the applicant's effective adherence to the
plan. Companies in good standing under this service
can use a new official mark for recognition by con
sumers that they are in the program.

2.2.2.2.3 Meat and Poultry The Livestock and Seed
Program of the USDA provides voluntary grading and
certification services, as described in 7 CFR 53 (Live
stock) and 54 (Meat, Prepared Meats, and Meat Prod
ucts). The Poultry Program of the USDA provides vol
untary inspection and grading services for egg
products (TCFR 55), voluntary grading of shell eggs (7
CFR 56), voluntary grading of poultry products and
rabbit products (7 eFR 70), voluntary inspection of
poultry (9 CFR 362), and voluntary inspection of rab
bits and their edible products (9 CPR 354).
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The voluntary inspection and grading program for
egg products covers services such as laboratory analy
ses required but not covered by the mandatory inspec
tion program that exist for eggs and egg products (7
CFR 59) under the Egg Products Inspection Act. Simi
lady, the voluntary poultry inspection program exists
for poultry products not covered by the mandatory
regulations of the Poultry Products Inspection Act (9
CFR381).

2.2.2.2.4 Other Agricultural Commodities GIPSA im
plements voluntary regulations and standards for
inspection and certification of certain agricultural com
modities and their products. Such regulations and
standards for rough, brown, and milled rice are given
in 7 CPR 868. Standards for beans, peas, and lentils are
given in GIPSA publications. Grade standards for these
products are commonly determined by factors such as
defects, presence of foreign material, and insect infes
tation. The standard for beans also specifies that beans
with more than 18% moisture are graded. as "high
moisture." The regulations state that moisture is to be
determined by the use of equipment and procedures
prescribed by the GIPSA, or by any method that gives
equivalent results. Laboratory test services are made
available (Table 2-3), at a fee, for these agricultural
commodities, as they are for other food. products
through inspection and grading programs.

2.2.3 United States Department of Commerce

2.2.3.1 Seafood Inspection Service

The National Oceanic and Atmospheric Administra
tion (NOAA) and the National Marine Fisheries Ser
vice (NMFS) are agencies under the United States
Department of Commerce that have provided a
seafood inspection service since the administration's
Reorganization No.4 of 1970 moved the service from
Department of Interior to Commerce. The NOAA
Seafood Inspection Program ensures the safety and
quality of seafoods consumed in the United States and
certified for export through voluntary grading, stan
dardization, and inspection programs, as described in
50 CFR 260-267. NOAA Handbook 2S is comprehen
sive manual on these subjects entitled Fishoy Products
Inspection Manual (14). The U.S. Standards for Grades
of Fishery Products are intended to help the fishing
industry maintain and improve quality and to thereby
increase consumer confidence in seafoods. Standards
are based on attributes such as color, size, texture, fla
vor, odor, workmanship defects, and consistency.

2.2.3.2 HACCP-Based Program

The NOAA Seafood Inspection Program has an
expanding voluntary HACCP-based program avail
able to all aspects of the fishery products industry. Ini-
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Factors

Appearance
Reconstitution
Color

Score points
Defects

Score points
Flavor

SCore points
Total score points

Grade A

Freshorange juice
Reconstitutes properly
Very good (Equal to or better than USDA

OJ 5)
36-40
Practically free
18-20
Very good
36-40
Minimum. 90

GradeS

Fresh orange juice
Reconstitutes property
Good (Not as good as USDA OJ 5. but not

off color)
32-35
Reasonably free
16-17
Good
32-35
Minimum, 80

ANALYTICAL.~

Unsweetened Sweetened Unsweetened Sweetened
Concentrate:

42.~ 41.82 42.~Brix value: Minimum 41.82-

Brix value/acid ratio: Min Max Min Max Min Max Min Max

California/Arizona 11.5:1 19.5:1 12.0:1 19.5:1 10.0:1 10.0:1
OUtside California/Arizona 12.5:1 19.5:1 13.0:1 19.5:1 10.0:1 10.0:1

Reconstituted juice:
, 1.82 11.S2Brix: Minimum

Soluble orange solids, exclesive of 11.8 t 1.8
sweetener (percent by weight of
finished product):
Minimum

Recoverable oil (percent by volume): 0.035 0.040
Maximum

Adapted trom (13).
'Reconstituted priOr to grading.
'T.,ma delcrlbing quality and analytical Characteristics are detined in the standards, and in some cases AOAC methods are S~f<ciflec.

tiaDy established in 1992 for processors, participants
now also include fishing vessels. food service facilities,
and retail establishments. The NOAA HACCP·based
program includes wholesomeness, labeling and qual
ity factors, in addition to control of the basic food
safety hazards. as required by 21 CFR123. NOAA tech
nical experts also offer consultative services to any in
the industry requesting assistance to meet the require
ments of the mandatory FQA HACCP regulation. Spe
cialized training beyond HACCP principles and imple
mentation now also includes auditing and sensory
workshops.

2.2.3.3 Interaction with FDA and EPA

The FDA and the EPA work with the l\.TMFS for the
assurance of seafood safety. The FDA, under the FD&C
Act, is responsible for ensuring that seafood shipped or
received in interstate commerce is safe, wholesome,
and not misbranded or deceptively packaged. The
FDA has primary authority in setting and enforcing
allowable levels of contaminants and pathogenic

microorganisms in seafood, The EPA assists the FDAin
identifying the range of chemical contaminan ts tha l

pose a human health risk and are most likely :0 accu
mulate in seafood. A tolerance of 2.0 parts per million
(ppm) for total polychlorinated biphenyls (PCBs) (:!j

eFR 109.30) is the only formal tolerance specu.cd by
the FDA to mitigate human health impacts in seafood.
However. the EPA has established tolerances fnr ((".
tain pesticide residues and the FDA has ('sti!":lh,<;~d

guidance levels for the toxic elements arsenic, C:l,~

mium, chromium, lead. and nickel (15).

2.2.4 United States Bureau of Alcohol,
Tobacco, and Firearms

2.2.4.1 RegUlatory Responsibility for
Alcoholic Beverages

Beer.wines, liquors, and other alcoholic beverages are
termed "food" according to the FD&C Act of 1938
However, regulator)' control over their quality. stan
dards. m~nllfacturc, and other related aspects is spec'
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Laboratory Test Services Available Through Federal Grain Inspection Service

1. Alpha manoglycerldes
2. Atratoxin test (other than TLC or rmrncolumn method)
3. Atratoxin (TLC)
4. Aflatoxin (minicclumn method)
5. Appearance and color
6. Ash
7. Bacteria count
8. Baking lest (cookies)
9. Bostwick (cooked)

10. Bostwick (uncooked/cook tesl/dispersibility)
11. Brix
12.Calcium
13. Carotenoid color
14. Cold test (oil)
15. Color lest (syrups)
16. Cooking test (other than corn soy blend)
17. Crude fat
18. Crude fiber
19. Dough handling (baking)
20. E. coli
21. Falling number
22. Fat (acid hydrolysis)
23. Fat stability (AOM)
24. Flash point (open and close up)
25. Free fatty acid
26. Hydrogen ion activity (pH)
27. Iron enrichment
28. Iodine number/Value
29. Linolenic .acid (fally acid profile)
30. Lipid phosphorus
31. Lovibond color
32. Margarine (nonfat solids)
33. Moisture
34. Moisture average (crackers)

From 7 CFR 868.90--.S68.91 (1997).

ified by the Federal Alcohol Administration Act,
which is enforced by the Bureau of Alcohol, Tobacco,
and Firearms of the U.S. Department of the Treasury.
Issues regarding the composition and labeling of most
alcoholic beverages are handled by the Bureau. How
ever, the FDA has jurisdiction over certain other alco
holic beverages and cooking wines. The FDAalso deals
with questions of sanitation, filth, and the presence of
deleterious substances in alcoholic beverages.

2.2.4.2 Standards and Composition of Beer,
Wine, and Distilled Beverage Spirits

Information related to definitions, standards of iden
tity, and certain labeling requirements for beer, wine,
and distilled beverage spirits is given in 27CFR1-296.
Standards of identity for these types of beverages stip
ulate the need for analyses such as percent alcohol by
volume, total solids content, volatile acidity,and calcu
lated. For example, the fruit juice used for the produc
tion ofwine isoften specified by its °Brixand total solids
content. The maximum volatile acidity (calculated as

35. Moisture and volatile matter
36. Performance lest (prepared bakery mix)
37. Peroxide value
38. Phosphorus
39. Popcorn kernels (total defects)
·m. Popcorn ratio/value popcorn
41. Potassium bromate
42. Protein
43. Rope spore count
44. Salmonella
45. Sail or sodium content
46. Sanitation (filth light)
47. Sieve test
48. Smoke point
49. Solid tat index
50. Specific volume (bread)
51. Staphylococcus sureus
52. Texture
53. Tilletia conlroversia kuhn (TCK) (Qualitative)
54. Tilletia controversa kuhn (TCK) (Quantitative)
55. Unsaponifiable matter
56. Urease activity
57. Visual exam (hops pellet)
58. Visual exam (insoluble impurities, oils. and shortening)
59. Visual exam (pasta)
60. Visual exam (processed grain products)
61. Visual exam (tolal foreign material other than cereal grains)
62. Vitamin enrichment
63. Vomitoxin (TLC)
64. Vomitoxin (Qualitative)
65. Vomiloxin (Quantitative)
66. Water activity
67. Wiley melting point
68. Other laboratory tests

acetic add and exclusive of sulfur dioxide for grape
wine must not be more than 0.14 g/loo ml (20°e) for
natural red wine and 0.12 g/ 100 ml for other grape
wine (27 CFR4.21). The percent alcohol by volume is
often used as the criterion for class or type designation
of alcoholic beverages. For example, dessert wine is
grape wine with an alcoholic content in excess of 14%
but not in excess of 24%by volume, while table wines
have an alcoholic content not in excess of 14%alcohol
by volume (27 CFR 4.21). No product with less than
0.5% alcohol by volume is permitted to be labeled
"beer," "lager beer," "lager," "ale," "porter," "stout," or
any other class or type designation normally used for
malt beverages with higher alcoholic content (27 CFR
7.24).

2.2.5 United States Environmental
protection Agency

The EPAwas established as an independent agency in
1970through a reorganization plan to consolidate cer-
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From 40 cr:G '5:>.3~2 (t997).
'Chlorop,·r;iJ:: ,:; aIS;). known ::IS Dunsban'w and Lorsban".
2M9YP • I"'.ea: by.;>r0!:1uC1S
JR s re?ion;,I'vlcrar.::e.

an additional safety factor of up to lQ..fold, ifnecessary,
to account for uncertainty in data relative to children.
The 1996 law requires that all existing tolerances be
reviewed within 10 years to make sure they meet the
requirements of new health-based safety standards
established by law.

Regulations regarding pesticide tolerances in raw
agricultural chemicals are given in 40 CFR 180, and for
processed foods in 40 CFR 185. The 40 CFR 180 speci
fies general categories of products and specific com
modities with tolerances or exemptions, and in some
cases which part of the agricultural product is to be
examined. Agricultural products covered include a
wide variety of both plants (e.g., fruits, vegetables,
grains, legumes, nuts) and animals (e.g., poultry, cattle,
hogs, goats, sheep, horses, eggs, milk). Unless other
wise noted, the specific tolerances established for the
pesticide chemical apply to residues resulting from
their application prior to harvest or slaughter. Toler
ances are expressed in terms of parts by weight of the
pesticide chemical per 1 million parts by weight of the.
raw agricultural conunodity (i.e., ppm). For example,
the residue. tolerance for the pesticide chloropyrifos
ranges from 0.01 to 13 ppm, depending on the com
modity (40 CFR 180.342) (Table 2-4). Tolerance levels
for selected pesticides and insecticides permitted in
foods as food additives are given in Table 2-5.

The analytical methods to be used for determining
whether pesticide residues are in compliance with the
tolerance established are identified among the meth
ods contained or referenced in the Pesticide Analytical
Manual (16) maintained by and available from the

Parts per Miflion

0;
1
1
0.3
O.;:'j
O r t:.,,-'
OOf
e.
oC1
0.25
0.0'1
OOS(R):·
0.2
0.01

Tolercnces lor Residues of Chloropyrifos on
Selected Commodities1

.

Commodity

Alfalfa hay
Bananas. whole
Broccoli
Cabbage
Callie. lat
Callie. meal
Caltle. M6Vp2

Corn. field. grain
Corn. forage
Eggs
Mi:kfat
Milk, whole
Supote (Calilornia)
Str2w~e[:ie~

SL:Q<lrC8:"1e

tain fedual g8vemment environmental ac~itie6.The
EPA regulatory activities' most relevant to.this book are
control of pestldde residUes in foods. clrinJdng water
safety, and the composition of effluent'hom food'pro
cessing plants.

2.2.5. 1 Pesticide Reglstrstlon and
Tolerance Levels

Pesticides are chemicals intended to protect our food
supply by controlling harmful insects, diseases, ro
dents, weeds, bacteria, and other pests. However, most
pesticide chemicals can have harmful effects on people,
animals, and the envirorunent if the}' are improperly
used. The three Iederallaws relevant to protection of
food from pesticide residues are certain provisions of
the Federal FD&CAct, the Federal Insecticide, Fungi
cide, and Rodenticide Act (FIFRA), as amended, and
the food Quality Protection Act of 1996. FIFRA, sup·
plemented by the FD&C Act, authorizes a comprehen
sive program to regulate the manufacturing, distribu
tion, and use of pesticides, along wi th a research effort
to determine the effects of pesticides.

The Food Quality Protection Act amends both the
FD&C Act and FIFRA, to take pesticides out of the sec
tion of the FD&C Act that includes the Delaney Clause.
This was done by changing the definition of a "food
additive" to exclude pesticides. This redefinition leaves
the Delaney Clause greatly reduced in scope and thus
less relevant.

The EPAregisters approved pesticides and sets tol
erances lor pesticide residues. Both areas 01 responsi
bility arc described in Chapter 20, section 20.1.1.1, and
the setting of tolerance levels is described here. The
EPA is authorized to establish an allowable limit or
tolerance for any detectable pesticide residues that
might remain in or on a harvested food or feed crop.
The tolerance level is often many times less than the
level expected to produce undesirable health effects in
humans or animals. Tolerances are established based
on factors that include registration data, consumption
pattern, age groups, mode of action, chemistry of the
compound, toxicological data, plant and animal phyg
iolobT, efficacy date, and risk assessment. While the
EPA establishes the tolerance levels, the FDA enforces
the regulations by collecting and analyzing food sam
ples, mostly agricultural commodities, Livestock and
poultry samples arc collected and analyzed by the
USDA. Pesticide residue levels that exceed the estab
lished tolerances are considered in violation of the
FD&CAct.

The Food Quality Protection Act of 1996 requires
an explicit determination that tolerances are safe Ior
children, and consideration of children's special scnsi
tivityand exposure to pesticide chemicals. It includes
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Tolerance tor Selected Insecticides (I), Fungicides (F).and Herbicldes (H) Classified as Food Additives
Permitted In Foods tor Human Consumption

Section

1BO.350

lBO.l050

180.1580
185.4850

FoodAdditive

Benomyl (F)

Chlorpyrifos-rnethyl (I)

Oellamethrin (I)
Piclorarn (H)

Chemical Classification

Carbamate

Organophosphate

Pyrethroid
Chloropyridine

carboxylic acid

Food

Apple pomace. dried
Citrus pulp. dried
Grape pomace, dried
Raisin waste
Raisins
Rice hulls
Iomato products, cone.
Barley. milling fractions
Oats, milling fractions I

Rice. milling fractions '
Sorghum, milling fractions 1

Wheat. milling fractions 1

Tomato products. cone.
Barley. flour
Barley, milled fraclion
Oats. milled fraction 1

Wheat, flour
Wheal, milled/fraction 1

Tolerance

70
50

125
125
50
20
50
90

130
30
90
30

1.0
1.0
3.0
3.0
1.0
3.0

Adapted frem 40 CFA 185 (1997).
'Except flour.

FDA. The EPA also publishes methods books for pesti
cides (17, 18). The methods must be sensitive and reli
able at and above the tolerance level. Pesticides are
generally detected and quantitated by gas chromato
graphic or high performance liquid chromatographic
methods (see Chapters 20, 32, and 33).

2.2.5.2 Drinking Water Standards
and Contaminants

The EPA administers the Safe Drinking Water Act of
1974, which is to provide for the safety of drinking
water supplies in the United States and to enforce
national drinking water standards. The EPAhas identi
fied potential contaminants of concern and established
their maximum acceptable levels in drinking water. The
EPA has primary responsibility to establish the stan
dards, while the states enforce them and otherwise
supervise public water supply systems and sources of
drinking water. Primary and secondary drinking
water regulations have been established; enforcement
of the former is mandatory, whereas enforcement of the
latter is optional. The national primary and secondary
drinking water regulations are given in 40CFR141and
143, respectively. Recently, concerns have been ex
pressed regarding the special standardization of water
used in the manufacturing of foods and beverages.

Maximum contaminant levels (MeL) for primary
drinking water are set for certain inorganic and or
ganic: chemicals, turbidity, certain types of radioac-

tivity, and microorganisins. Sampling procedures and
analytical methods for the analysis of chemical conta
minants are specified, with common reference to Stan
dard Methodsfor theExamination ofWate andWastewater
(19)published by the American Public Health Associa
tion; Methods of Chemical Analysis of Water and Wastes
(20), published by the EPA; and Annual Book ofASTM
Standards (21), published by the American Society for
Testing Materials. Methods commonly specified for the
analysis of inorganic contaminants in water include
atomic absorption (direct aspiration or furnace tech
nique), inductively coupled plasma (see Chapter 28),
ion chromatography (see Chapter 32), and ion selective
electrode (see Chapter 10) (Table 2-6).

2.2.5.3 Effluent Composition from Food
Processing Plants

In administering the Federal Water Pollution and
Control Act,. the EPA has developed effluent guide
lines and standards that cover various types of food
processing plants. Regulations promulgated under 40
CFR 403-471 prescribe effluent limitation guidelines
for existing sources, standards of performance for new
sources, and pretreatment standards for new and exist
ing sources. Point Sources of discharge of pollution are
required to comply with these regulations, where ap
plicable. Regulations are presaibed for specific foods
under the appropriate point source category: dairy
products processing (40 CFR 4(5), grain mills (40 CFR
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~. Del_an llm.. ,.".~ConIamInanls In Drlttldng Water

MCL' Detection
Contaminant (mgAlter) AnalyticalM,#hod Umit (mg/liter)

Antimony 0.006 Atomic absorption; furnace technique 0.003
Atomic absorption; platform o.oooe'
ICP-mass spectrometry 0.0004
Hydride-atomic absorption 0.001

Asbestos 7 MFL3 Transmission electron microscopy 0.01 MFL
Barium 2 Atomic absorption: furnace technique 0.002

Atomic absorption; direct aspiration 0.1
Inductively coupled plasma 0.002(0.OO1}

Beryllium 0.004 Atomic absorption; furnace technique 0.0002
Atomic absorption: platform O.OOOO~
Inductively coupled plasma" 0.0003
ICP-mass spectrometry 0.0003

Cadmium 0.005 Atomic absorption: furnace technique 0.0001
Inductively coupled plasma 0.001

Chromium 0.1 Atomic absorption: furnace technique 0.001
Inductively coupled plasma 0.OO7{0.D01 )

Cyanide 0.2 Distillation, spectrophotometric'' 0~02

Distillation, automated, spectr~hotometricS 0.005
Distillation, selective electrode 0.05
Distillation, amenable, spectrophotornetrtc'' 0.02

Mercury 0.002 Manual cord vapor technique 0.0002
Automated cold vapor technique 0.0002

Nickel Atomic absorption: furnace technique 0.001
Atomic absorption; platform 0.00062

Inductively coupled plasma" 0.005
ICP-mass spectrometry 0.0005

Nitrate 10 (as N) Manual cadmium reduction 0.01
Automated hydrazine reduction 0.01
Automated cadmium reduction 0.05
Ion selective electrode 1
Ion chromatography 0.01

Nitrite , (as N) Spectrophotometric technique 0.01
Automated cadmium reduction 0.05
Manual cadmium reduction 0.01
Jon chromalography 0.004

Selenium 0.05 Atomic absorption; hlrnace 0.002
Atomic absorption; gaseous hydride 0.002

Thallium 0.002 Alomic absorption; furnace 0.001
Atomic absorption: platform 0.00072

ICP-mass spectrometry 0.0003

From.o:O CFR 141.23 (1997).
'Mel. maximum con;aminant level; maximum permissible level of a contaminant in water as specified
in4QCFA 141.2(19961.
'Lew;:" ~,1DLs are rep"';,,,;j using stabilizeo temperature gra;>hile lurnace alomic absorption.
3MFL • million fibersper lilar.> '0 p.m.
·USing a 2X preconcentration step as noted in Method 200.7. Lower MDLs may be achieved when
usinG 8 4X preconcentralion.
sSC,eenJngmethod lor total cyanides.
6Measures "Iree"cyanides.

406), canned and preserved fruits and vegetables pro
cessing (40 CFR 4Oi), canned and preserved seafood
processing (40 CFR 408), sugar processing (40 CFR
409), and meat products (40 CFR 432). Effluent char..c
teristics commonly prescribed for food processing
plants are biochemical oxygen demand (BOD) (see
Chapter 24), total soluble solids (TSS) (st-e Chapter S),
and pH (see Chapter 7), as shown in Table 2-7 for efflu-

ent from a plant that makes natural and processed
cheese>. The test procedures for measurement of efflu
ent cl.aracteristlcs are prescribed in 40 CFR 136.

2.2.6 United States Customs Service

Over 100 countries export [000, beverages, and related
edible products to the United States. The U.S. Customs
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Effluent Umitaflons for Plants Processing Notural and Processed Cheese

Effluent limitations

Processing more than 1.000,000 lb/day 01 milk equivalent
-Maximum for any 1 day
Avg of daily values for 30 consecutive days shall not exceed

Proce~sjng less than 100.000 lb/day of milk equivalent
MaxImum for any 1 day
Avg of daily values for 30 consecutive days shall not exceed

Effluent Characteristics

Metric Units' English Units 4

80052 TSsJ pH BOD5 TSS pH

0.716 1.088 (5) 0.073 0.109 (5)
0.290 0.435 (5) 0.029 0.044 (5)

0,976 1.462 (5) 0.098 0.146 (5)
0.488 0.731 (5) 0.049 0.073 (5)

~dap[ed from 40 CFR 405.62 (1997).
Kilograms per 1000 Ibs of BODS input,

ze005 refers 10biochemical oxygen demand measurement after 5 days of incubation.
;rSS refers to total soluble solids.
Pounds per 100 lbs of 8005 input.

SWilhinIhe range 6.0 to 9.0.

Service (Uses) assumes the central role in ensuring
that imported products are taxed properly, safe for
human consumption, and not economically deceptive.
The uses receives assistance from the FDA and USDA
as it assumes these responsibilities. The major regula
tions promulgated by the uses are given in TItle 19 of
theCFR. "

2.2.6.1 Harmonized Tariff Schedule of the
United States (TSUSA)

All goods imported into the United States are subject to
duty or duty-free entry according to their classification
under applicable items in the Harmonized Tariff
Schedule of the United States (TSUSA). The TSUSA
can be purchased annotated looseleaf edition from the
U.S. Government Printing Office (22). The United
States tariff system has official tariff schedules for over
400 edible items exported into the United States. The
TSUSA specifies the food product in detail and gives
the general rate of duty applicable to that product com
ing from most countries and any special higher or
lower rates of duty for certain other countries.

2.2.6.2 Food Composition and the TSUSA

The rate of duty for certain food products is deter
mined by their chemical composition. The rate of duty
on, some dairy products is determined in part by the,
fat content, as shown fer milk and cream in Table 2-8.
The tariff for some syrups is detennined by the fruc
tose content, for scme chocolate products by the sugar
or butterfat content, for butter substitutes by the but
terfat content, and for some wines by their alcohol con
tent (percent by volume).

2.2.7 United States Federal
Trade Commission

The Federal Trade Commission (FTC) is the most
influential of the federal agencies that have authority
over various aspects of advertising and sales promo
tion practices for foods in the United States. The major
role of the FIC is to keep business and trade competi
tion free and fair.

2.2.7.1 Enforcement Authority

The Federal Trade Commission Act of 1914 authorizes
the fie to protect beth the consumer and the business
person from anticompetitive behavior and unfair or
deceptive business and trade practices. The FIC peri
odically issues industry guides and trade regulations .
and rules that tell businesses what they can and cannot
do. These issuances are supplemented with advisory
opinions given to corporations and individuals upon
request. The proposal of any new rules, guidelines, or
regulations is preceded by widespread notice or
announcement in the Federal Register and comments
are invited. The FTC not only has guidance and pre-
ventive functions but is also authorized to issue com
plain~ or,shutdown orders and sue for civil penalties
for violation of trade regulation rules. The Bureau of
Consumer Protection is one of theFrC bureaus that
enforce and develop trade regulation rules.

2.2.7.2 Food Labels, Food Composition, and
Deceptive Advertising

While the Fair Packaging and Labeling Act of 1966 is
administered by the ITC, that agency does not have
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~ U.S.Harmonized Tariff SChedule for Milk and Cream
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Rates of Duty

1

Article Description Units of Quantity SpeciaF

Milk and cream. not concentrated or containing
added sugar or other sweetening matter:

Of a fat content, by weight, not exceeding 1%
Of a fat content, by weight. exceeding 1%
but not exceeding 6%:

For not over 11.356.236 liters entered in
any calendar year
Other

Of a fat content, by weight exceeding 6%:
Of a fat content, by weight. not exceeding 45%:

Described in general note 15

Described in additional U.S. note 5

Other

Liters

Liters

Liters

Liters

Liters

Liters

O.37¢/1iter Free (CA. E. IL. J, MX) O.5rtlliter

O.47¢lIiter Free (Ca. E. IL, J, MX) 1.7¢lIiter
O.3¢/Iiter (GA)

1.7¢/Iiter Free (IL,MX) 1.7¢lIiter
1¢lIiter (CA)

3.2¢lIiter Free (E. IL. J. MX) 1Srt/liter
0.3¢/Iiter (CA)

3.2¢/Iiter Free (E. It.:) 15¢/Iiter
9¢lIiter (CA)

84¢/Iiter See subheading 90.8¢/Iiter
9906.04.01-9906.03
(MX)

Adapted from (22) (Section 0401).
'GeneraJ tariff rate thaI applies 10most countries.
2Special lower tariff treatment, with symbols reierring to specific programs.
3gpec:ial tariff rate applying to certain countries.

specific authority over the packaging and labeling of
foods. The FrC and FDA have agreed upon responsi
bilities: FtC has primary authority over advertising of
foods and FDA has primary authority over labeling of
foods.

Grading, standards of identity, and labeling of
foods regulated by several federal agencies as de
scribed previously have eliminated. many potential
problems in the advertising of foods. Such federal reg
ulations and voluntary programs have reduced the
scope of advertising and other forms of product differ
entiation. Misleading. deceptive advertising is less
likely to be an issue and is more easily controlled. For
example, foods such as ice cream, mayonnaise, and.
peanut butter have standards of identity that set mini
mum ingredient standards, If these standards are not
met, the food must be given a different generic desig
nation (e.g., salad dressing instead of mayonnaise) or
be labeled "imitation." Grading, standards, and label
ing of food aid consumers in making price-quality
comparisons. Once again, analyses of chemical com po
sition play an important role in developing and setting
these grades, standards, and labels. In many cases in
which the FIC intervenes, data from a chemical analy
sis become central evidence for all parties involved.

2.3 REGULATIONS AND
RECOMMENDATIONS FOR MILK

The safety and quality of milk and dairy products in
the United States are the responsibility of both federal
(FDA and USDA) and state agencies. The FDA has reg
ulatory authority over the dairy industry in interstate
commerce, while the USDA involvement with the
dairy industry is voluntary and service oriented. Each
state has its own regulatory office for the dairy indus
try within that state. The various regulations for milk
involve several types of chemical analyses.

2.3.1 FDA Responsibilities

The FDA has responsibility under the FD&C Act, the
Public Health Service Act, and the Import Milk ACI to
assure consumers that the United States milk supply
and imported dairy products are safe, wholesome, and
not economicallv deceptive. Processors of both Grade
A and Grade 8 ~ilk ,l're required under FDA regula
tions to take remedial action when conditions exist that
could jeopardize the safety and wholesomeness of milk
and dairy products being handled. As described in sec
tion :!::!.1.:?, the FDA :1150 promulgates standards of
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identity and labeling, quality, and 6J1-of-con.tain~r
requirements for milk and dairy products moving In

interstate commerce.
For Grade A milk and dairy products, each state

shares with the FDA the responsibility of ensuring
safety, wholesomeness, and economic integrity. This is
done through a Memorandum of Underst311ding with
the National Conference on Interstate Milk Ship
ments, which is comprised of nllSO states. In coopera
tion with the states and the dairy industry, the FDA has
also developed for state adoption model regulations
regarding sanitation and quality aspects of producing
and handling Grade A milk. These regulations are con
tained in the Grade A Pasteurized Milk Ordinance
(PMO) (23), which all states have adopted as minimum
requirements.

The standards for Grade A pasteurized milk and
milk products and bulk-shipped heat-treated milk
products under the PMO are given in Table 2-9. The
PMO specifies that "all sampling procedures and
required laboratory examinations shall be in substan
tial compliance with the ... Edition of Standard Methods
for the Examination of Dairy Products of the American
Public Health Association, and the ... Edition of Offi
cial Methods of Analysis of the Association of Official
Analytical Chemists. (Insert edition number current at
time of adoption.)" (~25).

The FDA monitors state programs for compliance
with the PMO and trains state inspectors. To facilitate
movement of Grade A milk in interstate commerce, a
federal-state certification program exists: the Inter
state Milk Shippers (IMS) Program. This program is
maintained by the National Conference on Interstate
Milk Shipments, which is a voluntary organization
that includes representatives from each state, the FOA,

the USDA, and the dairy industry. In this program, the
producers of Grade A pasteurized milk are required to
pass inspections and be rated by cooperating state
agencies, based. on PMO sanitary standards, require
ments, and procedures. The ratings appear in the IMS
List (26), which is published by the FDA, and made
available to state authorities and milk buyers to ensure
the safety of milk shipped from other states.

2.3.2 USDA Responsibilities

Under authority of the Agricultural Marketing Act of
1946, the Dairy Quality Program of the USDA offers
voluntary grading services for manufactured or
processed dairy products (7 CFR 58). If USDA inspec
tion of a dairy manufacturing plant shows that good
sanitation practices are being followed to meet the
requirements in the General Spedfications for Dairy
PlantsApprovedfor USDA Inspection and Grading SnviCl
(27), the plant qualifies for the USDA services of grad
ing, sampling, testing, and certification of its products.
A product such as nonfat dry milk is graded based on
flavor, physical appearance, and various laboratory
analyses, the last of which is given in Table 2-10.

As with the USDA voluntary grading programs for
other foods described. in section 2.2.2.2, the USDA has
no regulatory authority regarding dairy plant inspec
tions and cannot require changes in plant operations.
The USDA can only decline to provide the grading ser
vices, which are available to the dairy plants for a fee.
The USDA, under an arrangement with the FDA,
assists states in establishing safety and quality regula
tions for manufacturing-grade milk. Much as de
scribed previously for the FDA with Grade A milk, the
USDA has developed model regulations for state adop
tion regarding the quality and sanitation aspects of

Pasteurized Milk Ordinance Standards for
Grade A PClsteurlzed Milk and Milk
Products and Bulk6Shipped HeoHreated
Milk Products ~

U.S. Standards for G.rades of Nonfat Ory
I Milk (Spray Process): CIQS$Jflcatfon

tabl. AccordIng to Laboratory AnalysIs

Adapted from (23).
I Not applicable 10culluted produCIS.
2Not applicable 10bulk-shipped heat-treated milk products.
3Reference 10specific laboralOf'y techniques.

Phosphatase''

Drugs3

Requirement

From7 CFR 58.2528(1997).
I All values are maximumallowed.

U.S. Extra U.S. Standard
Grade Grade

40,000 75.000
1.25 1.50
4.0 5.0

15.0 22.5
1.2 2.0
2.0 2.5

0.15 0.17

Bacterial estimate. stan
dard plate CCunl per
gram

Milk/at content. percent
Moisture content. percent
SCOtChed particle content.

mg
Solubility index. ml

U.S. High Heat
ntratable acidity (lactic

acid). percent

Laboratory Testsl
Cooled to 7°C (45QF) or less and main

tained thereat
20,000 per ml
Not to exceed 10 per ml:Provided

that, in the case of bulk milk trans
port tank shipments. shall not
exceed 100 per ml

Less than 1 I1gper ml by the Scharer
Rapid Method

No positive results on drug residue
detection methods

Criteria

Temperature

Bacterial limits 1

Colilorm
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producing and handling manufactutihg,-gradt milk.
These regulations are given in the Mflk-forMllnufilctur
ingPu~.and Its Producticm and~ng, IUcom
meruhd RequlTe77lrnts (28). The states that have Grade B
~ have essentially adopted these model regula
tions.

2.3.3 State Responsibilities

As described previously, individual states have en
acted safety and quality regulations for Grade A and
manufacturing-grade milk that are essentially identical
to those in the PMO and the USDA Recommended
Requirements, respectively. The department of health
or agriculture in each state normally is responsible for
enforcing these regulations. The states also establish
their own standards of identity and labeling require
ments for milk and dairy products, which are generally
similar to the federal requirements.

2.4 REGULATIONS AND
RECOMMENDATIONS FOR SHELLFISH

Shellfish include fresh or frozen oysters, clams, and
mussels. They may transmit intestinal diseases such as
typhoid fever or act as carriers of natural or chemical
toxins. This makes it very important that they be
obtained from unpoUuted waters and handled and
processed in a sanitary manner.

2.4.1 State and Federal Shellfish
Sanitation Programs

The growing, handling, and processing o! shellfish
must comply not only with the general requiremer.rs of
the FD&C Act but also with the requirements 0: 5:;:1:(:

health agencies cooperating in the National Shellfish
Sanitation Program (NSSP) administered by the :-"DA
(29). The FDA has no regulatory power over shellfish
sanitation unless the product is shipped interstate.
However, the Public Health Service Act authorizes the
FDA to make recommendations and to cooperate with
state and local authorities to ensure the safety and
wholesomeness of shellfish. Under special agreement,
Canada, Japan, Korea, Iceland, Mexico, Australia, En
gland, and New Zealand are in the NSSP and are sub-

.jeer to the same sanitary controls as required in the
United States. Through the NSSP, state health person
nel continually inspect and survey bacteriological
conditions in shellfish-growing areas. k',y contarni
nated location is supervised or patrolled so that shell
fish cannot be harvested from the area. State inspectors
check harvesting boats and shucking plants before
issuing approval certificates, which serve as operari.~;
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licenses. The certification number of the approved
plant is placed on each shellfish package shipped.

2.4.2 Natural and Environmental Toxic
Substances In·Shellfish

A major concern is the ability of shellfish to concentrate
radioactive material, insecticides, and other chemicals
from their environment. Thus, one aspect of the NSSP
is to ensure that shellfish-growing areas are free from
sewage pollution and toxic industrial waste. Pesticide
residues in shellfish are usually quantitated by gas
chromatographic techniques, and heavy metals such
as mercury are commonly quantitated by atomic
absorption spectroscopy (e.g.,AOAC Method 977.15).
Another safety problem with regard to shellfish is the
control of natural toxins, which is a separate issue from
sanitation. The naturally occwring toxins are pro
duced by planktonic organisms and testing is con
ducted using a variety of assays. Control of this toxic
ity is achieved by a careful survey followed by
prohibition of harvesting from locations inhabited by
toxic shellfish.

2.5 VOLUNTARY FEDERAL
RECOMMENDATIONS AFFECTING
FOOD COMPOSITION

2.5.1 Food Specifications, Food Purchase,
and Government Agencies

Large amounts of food products are purchased by fed
eral agencies for use in domestic: (e.g., school lunch)
and foreign programs, prisons, veterans' hospitals. the
armed forces, and other organizations. Specilications
or descriptions developed for many food products are
used by federal agencies in procurement of foods. to
ensure the safety and quality of the product specified.
Such specifications or descriptions often include infor
mation that requires assurance of chemical composi
tion.

2.5.1.1 Federal Specifications

A Federal Specification serves as a document for all
federal user agencies to procure essential goods and
services on a competitive basis. All such specifications
for foods should include at least the following infer
marion:

1. Name of product
:. Crade or quality designation
3. Size of container or package
.;. Number of purchase units
5. Any ether pertinent information
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2.5.1.2 Commercial Item Descriptions

Commercial Item Descriptions (CIOs) are a series of
federal specifications that usually contain the same
basic components, with certain optional elements.
eIOs are used in Lieu of federal specifications to pur
chase commercial off-the-shelf products of good com
mercial quality. These products must adequately serve
government requirements and have an established
commercial acceptability. The Agricultural Marketing
Service of the USDA has management authority for all
food federal standardization documents, including
eIDs. The basic format of a eID follows:

1. Scope-name of product
2. Classification-type, grade, class
3. Salient characteristics-analytica I requirements,

procedure, and testing; preparation of sample;
. test results

4. Regulatory requirements-federal and state
mandatory requirements and regulations,
where applicable

5. Quality assurance provisions--<ontractor certi
fication clause, and inspection requirements,
when needed

6. Packaging-preservation, packaging, packing,
labeling, and case marketing

7. Notes--any special notes

2.5.1.3 Other Specifications

In addition to FederalSpeci6.cations and CIDs, federal
agencies use other terms for the specifications they use
in the purchase of foods. These include Purchase Prod
uct Description (PPD), USDA Specifications, Com
modity Specifications, and Military Specifications.

2.5.1.4 Examples of Specifications for
Food Purchase

Various CIDs, PPOs, Federal Specifications, or USDA
Specifications are used by the USDA (Commodity Pro
curement Branch, Livestock and Seed Program, Agri
cultural Marketing Service) to purchase meat products
for programs such as school lunches, For example, the
crn for canned tuna (30) specifies salt/sodium levels,
with analysis to be done by the AOAC flame photo
metric method for sodium and-potassium in seafood.
The Institutional Meat Purchase Specifications (a
USDA specification) for frozen ground pork (31) and
frozen ground beef products (32) state maximum.
allowable fat contents. In specifications for many meat
products, the purchaser may specify discount ranges
for fat content analysis below the maximum allowable
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fat content, such that a premium price is paid for a
product with a lower fat content. The Institutional
Meat Purchase Specification for lean finely textured
beef specifies minimums for protein content, protein
efficiency ratio, and essential amino acid content (32).

Commodity Specifications for a variety of poultry
products have been issued by the USDA (Commodity
Procurement Branch, Poultry Program, Agricultural
Marketing Service). Samples for analyses may be sub
mitted to USDA laboratories. Specifications generally
state how the USDA laboratory will sample the prod
uct and report the results, and in some cases what
method will be used to do the assay. For example, the
moisture content of dried egg mix (33) will be analyzed
in accordance with Laboratory Methods for Egg Products
(34). Such a dried egg mix is to consist of liquid whole
eggs, nonfat dry milk, vegetable oil, and salt. Cotton
seed com or soybean oil can be used as the vegetable
oil, with specifications given for the following, as
determined by AOCS test methods: free fatty acid
value, peroxide value, linolenic acid, moisture and
volatile matter, iodine value, and Lovibond color val
ues (see Chapter 14 for some of these tests).

Commodity Specifications have been developed
for bulk dairy products purchased by the Commodity
Credit Corporation of the USDA under the Dairy Price
Support Program (35). For example, the moisture and
vitamin A contents of nonfat dry milk are specified, as
are the moisture content of cheese and butter, and the
milkfat content and pH of butter. Pasteurized process
American cheese (36) and mozzarella cheese (37) "for
use in domestic donation programs" have specifica
tions on moisture and milk fat contents.

The Defense Personnel Support Center of the
Defense Logistics Agency, Department of Defense, uti
lizes a variety of specifications, standards, and notes in
the purchase of food for the military: USDA Notices or
Purchase Specifications (Schedules), CIDs, Military
Specifications, and Non Governmental Standards (e.g.,
Institutional Meat Purchase Specifications). For exam
ple, they use CID for syrup (38) and instant tea (39),
USDA Specification for slab or sliced bacon (40), USDA
Institutional Meat Purchase Specifications for frozen
frankfurters (41), and Military Specification for beef
stew (dehydrated, cooked) (a combat ration item) (42).

2.5.2 National Conference on Weights and
Measures: State Food Packaging Regulations

Consumers assume that the weighing scale for a food
product is accurate and that a package of flour, sugar,
meat, or ice cream contains the amount claimed on the
label. While this assumption is usually correct, city or
county offices responsible for weights and measures
need to police any unfair practices. Leadership in this
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area is provided by the National Conference on
Weights and Measures (NCWM) (43).

2.5.2.1 National Conference on Weights
and Measures

The NCWM was established in 1905 by the National
Institute of Standards and Technology (NIST) (fOr
merly the National Bureau of Standards), which is part
of the U.S. Department of Commerce. This came from
a need to bring about uniformity in state laws referring
to weights and measures and to create close coopera
tion between the state measurementservices and NISr.
The NCWM has no regulatory power, but it develops
manytechnical, legal, and general recommendations in
the field of weights and measures administration and
technology. The NCWMis a membership organization
comprised of state and local weights and measures reg
ulatory officers; other officials of federal, state, and
local governments; and representatives of manufactur
ers, industry, business, and consumer organizations. It
assembles for an annual meeting of decision making
officials and generates uniformity in the regulations
issued by these officials concerning weights and mea
sures.

2.5.2.2 NIST Handbook 133

The NIST Handbook 133, Checking the Net Contents of
PackDged Goods (oW), gives model state packaging and
labeling regulations that have been adopted by a
majority of states. The Handbook provides detailed
procedures for (1) testing packages labeledby liquid or
dry volume; length, area, count, and combinations of
labeled quantities; (2) testing certain hard-to-measure
prepackaged goods; and (3) sampling to determine
compliance with regulations. The Handbook specifies
that the average quantity of contents of packages must
at least equal the labeling quantity, with the variation
between the individual package net contents and the
labeled quantity not too "unreasonably large." Varia
tions are permitted within the bounds ofGMPs and are
due to ~nin or loss of moisture (within the bounds of
good distribution practice). For certain products (e.g.,
flour, pasta, rice) this requires careful monitoring of
moisture content and control of storage conditions by
the manufacturer.

2.6 INTERNATIONAL STANDARDS
AND POLICIES

With the need to compete in the worldwide market,
employees of food companies must be aware that
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allowed food ingredients, names of food ingredients,
required and allowedlabel information, and standards
for foods and food ingredientsdifferbetween countries.
For example, colorings and preservatives allowed in
foods differ widely between countries,.and nutritional
labeling is not universally required. To develop foods
for, and market foods in, a global economy, one must
seek such information from international organiutions
and from organizations in specific regions and coun
tries.

2.6.1 Codex Allmentarlus

The Codex Alimentarius Commission (Alimentarius
is Latin for "code concemed with nourishment") was
established in 1962 by two United Nations organiza
tions, the Food and Agriculture Organization (FAO)
and the World Health Organization (WHO), to develop
intemational standards and safety practices for foods
and agricultural products (45-47). The standards, pub
lished in the Codex Alimentarius, are intended to pro-
teet consumers' health, ensure fair business practices in
food trade, and facilitate international trade of foods
(46).

The Codex Alime7'ltariu5 is published in 13 volumes:
one on general requirements (includes labeling, food
additives, contaminants, irradiated foods, import/
export inspection, and food hygiene), nine on stan
dards and codes of practice compiled O~ a commodity
basis, two on residues of pesticides and vetcrinarv
drugs in foods, and one on methods of analysis and
sampling (Table2-11). Codex has efforts to validate ar.d
harmonize methods of food safety analysis ilr.10r'b
countries and regions, to help maintain the smooth
flow of international commerce, and ensure accror.ri
ate decisions on food exports and imports. Cr;dex jla~
adopted the HACCP concept as the preferred means te
ensure the safety of perishable foods, and is deterrnin
ing how HACCP will be implemented in Codex /sii
meniarius.

Recently Codex has strengthened it commitment
to base food standards on strong science, rather than
on social or cultural factors, economics, cr t:.:...; ... :",li
des. The setting of international standards (.n f<..,od
quality by Codex has been a high priority b wori.I
trade to minimize "nontariff" trade barriers. I:'ter;~;:·

tional trade of food and raw agricultural products h~~
increased due to reduced economic: trade restrictions
and tariffs imposed, but food standards set in the rust
by some countries created nontariff trade barriers.
Food standards developed by Codex are intended to
overcome the misuse of standards by a country, when
the standards do more to protect products in a country
from the competition of imports than to protect the
health of consumers,
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Volume

Content of the CodBx Al/m9ntoris (46)

Subject

try suppliers to be ISOcertified. Relevant to food analy
sis, ISO standards include sampling procedures and
food standards.

1A General Requirements
18 General Requirements (Feod HygIene)
2A Pesticide Resicues in Foods (General Text)
28 Pesticide Residues in Foods (MaximumResidue

Limits)
3 Residues in Veterinary Drugs in Foods
4 Foods for Special Dietary Uses
5A Processed and Quick-Frozen Fruitsand Vegeta-

bles
58 Fresh Fruits and Vegetables
6 Fruit Juices
7 Cereals, Pulses (Legumes) & Derived Products

and Vegetable Proteins
8 Fats and Oils and Related Products
9 Fish and Fishery Products
10 ·Meat and Meat Products. Soups and Broths
11 Sugars. Cocoa Products and Chocolate, and

Misc. Products
12 Milk and Milk Products
13 Methods of Analysis and Sampling

Decisions at the 1994 Uruguay Round of the Gen
eral Agreement on Tariffs and Trade (GAT!) strength
ened the role of Codex as the principal standard-set
ting group internationally for the quality and safety of
foods. The United States is among the 156 countries
that are members of Codex. The United States recog
nizes treaty obligations related to Codex that have
arisen from GArr. As a result, representatives of the
FDA, USDA, and EPA (the three United States federal
agencies that participate' in Codex) in 1995developed a
strategic: plan for Codex that included greater United
States acceptance of Codex standards. In the United
States, there is increased participation of nongovern
mental organizations (e.g., Grocery Manufacturers of
America, GlvlA) in the Codex process, with.m.anyfood
companies working through these organizations.

2.6.2 ISO Standards

In addition to food standards and policies established
by the Codex Alimentarius Commission, the Interna
tional Organization for Standardization (ISO) has a
series (9000 and beyond) of international standards on
quality performance and record keeping (48-S0). The
intent of the quality series standards for a company is to
establish quality systems, maintain product integrity,
and satisfy customers. ISO focuses on documentation of
proceduresthat ensure a systematic approach to qual
ity management. Companies can elect to become regis
tered only in the relevant parts of the ISO standards.
Some manufacturers and retailers require food indus-

2.6.3 Other Standards

Other international, regional, and country-specific
organizations publish standards relevant to food com
position and analysis. For example, the Saudi Arabian
Standards Organization (SASO) publishes standards
documents (e.g., labeling, testing methods) important
in the Middle East (except Israel), and the European
Commission sets standards for foods and food addi
tives for countries in the European Economic Commu
nity (EEC). In the United States, the food Chemical,
Codex (FCC) Committee, which operates as part of the
Food and Nutrition Board of the National Academy of
Sciences, sets standards for the identific3tion and
purity of food additives and chemicals (51). For exam
ple, a company may specify in the purchase of a spe
cific food ingredient that it be "FCC grade. H Countries
other than the United States adopt FCC standards (e.g.,
Australia, Canada). At an International level, the Joint
FAOIWHO Expert Committee on Food Additives
UECFA) sets standards fur purity of food additives
(52). The Codex Alimentarius Commission is encour
aged to utilize the standards established by JECFA.
Standards established by FCC and JECFAare used by
many countries as they develop their own standards.

2.7 SUMMARY

Various kinds of standards set for certain food prod
ucts by federal agencies make it possible to get essen
tially the same food product whenever and wherever
purchased in the United States. The standards of iden
tity set by the FDA and USDA define what certain food
products must consist of. The USDA and National
Marine Fisheries Service of the Department of Com
merce have specified grade standards to define attnb
utes for certain foods. Grading programs are voluntary,
while inspection programs may be either voluntary' or
mandatory, depending on the speci£i.c food product.

While the FDA has broadest regulatory authority
over most foods, responsibility is shared with other
regulatory agencies for certain foods. The USDA has
significant responsibilities for meat and poultry; the
National Oceanic and Atmospheric Administration
and the National Marine Fisheries Service for seafood;
and the Bureau of Alcohol, Tobacco, and Firearms for
alcoholic beverages. The FDA, the USDA, state agen
des, and the dairy industry work together to ensure
the safety, quality, and economic integrity of milk and
milk products. The FDA, the EPA, and state agencies
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work together in the Nation.,I~tionPro
gram to en5UR the safety AAd-wlto1esomeness of shell
fish. The EPA shares responsibility. with tie FDA for
control of pesticide residues in foods and has responsi
bility for drinking water safety and the composition of
effluent from food processing plants. The Customs Ser
vice receives assistance from the FDA and USDA in its
role to ensure the safety am1 economic: integrity of
imported foods. The Federal Trade Commission works
with the FDA to prevent deceptive advertising of food
products, as affected by food composition and labels.
The National Conference on Weights and Measures,
under the National Institute of Standards and Technol
ogy within the Department of Commerce, has devel
oped model packaging and labeling regulations re
lated to weights and measures of food packages.

The chemical composition of foods is often an
important factor in determining the quality, grade, and
price of a food. Government agendes that purchase
foods for special programs often rely on detailed spec
ifications that include infonnation on food composi
tion.

International organizations have developed food
standards and safety practices to protect consumers,
ensure fair business practices, and facilitate interna
tional trade. The Codex Alimentarius Commission is
the major international standard-setting group for food
safety and quality. The International Organization for
Standardization has a series of standards that focus on
documentation of procedures, with some relevant to
food analysis. Certain regional and country-specific
organizations also publish standards related to food
composition and analysis.

2.8 STUDY QUESTIONS

1. Define the abbreviations FDA, USDA, and EPA,and give
",,'0 examples for each of what they do or rE'gulate rele
vant to food analvsis.

2. DiUercntiate Msta;'dards of identity." "standards of qual
ity," '!.nd "grade standards" with regard to what the)' arc
and which federal agency establishes and regulates them.

3. GC1\'C"mment regulations regarding the composition of
foods otten state the official or standard method bv which
the food is to be analyzed. Give the full name ~f three
organizations that publish commonly referenced sources
of such methods.

4. For each rype of product listed below, identify the gov
ernmental agenc}' (or agencies) that has rcgulatcry or
other responsibility for quality assurance. Specify the
nature of that responsibility.
a. frozen fish sticks
b. contaminants in drinking water
c. dessert wine
d. Grade A milk
e. frozen oysters
f. Imported chocolate prOdUC!5
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g. residual pesticide on wheat grain
h. corned beef

5. Food products purchased by federal agencies often have
specifications that include requirements for chemical
composition. Give the names of four such specifications.

6. You are developing a food product that will be marked in
another country. What factors will you consider as you
decide what ingredients to use and what infonnation to
include on the food label? What resources should you-use
as you make these decisions?
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3.1 INTRODUCTION

Nutrition labeling regulations differ in countries
around the world. The focus of this chapter is on nutri
tion labeling regulations in the United States, as speci
fied by the Food and Drug Administration (FDA) and
the Food Safety and Inspection Service (FSrS) of the
U.S. Department of Agriculture (USDA). A major rea
son for analyzing the chemical components of foods
in the United States is nutrition labeling regulations.
The FDA was authorized under the 1906 Federal Food
and Drug Act and the 1938 Federal Food, Drug, and
Cosmetic (FD&C) Act to require certain types of food
labeling (1, 2). This labeling information includes the
amount of food in a package, its common or usual
name, and its ingredients. The 1990 Nutrition Label
ing and Education Act (NLEA) (2,3) modified the 1938
FD & C Act to regulate nutrition labeling.

The ·FDA and FSIS of the USDA (referred to
throughout chapter simply as FSIS) have coordinated
their regulations for nutrition labeling. The regulations
of both agencies strive to follow the intent of the NLEA,
although only the FDA is bound by the legislation. The
differences that exist in the regulations are due princi
pally to the inherent differences in the food products
regulated by the FDA and USDA (USDA regulates
meat, poultry, and meat and poultry products, only).
The two agencies maintain close harmony regarding
interpretation of the regulations and changes made in
regulations.

Complete details of the current nutrition labeling
regulations are available in the Federal Register and
the Code of Federal Regulations (CPR) (4-7). The 1973
regulations on nutrition labeling and the 1990 NLEA
are described briefly below, followed by select aspects
of current FDA and FSIS nutrition labeling regulations.
In developing a nutrition label for a food product, refer
to details of the regulations in the CPR and other refer
ences cited. A reference manual that explains nutri
tional labeling regulations (with continual updating)
can be purchased from the National Food Processors
Association (a nonprofit organization) (8) and several
commercial publishers (9). The FDA has available in
print and on the Intemet A Food Labeling Guide (10),
which refers to the document Food Labeling-Questians
and Answers, available from the Industrv Activities
Staff (11). This and other relevant Intemit addresses
are given at the end of this chapter.

3.1.1 1973 Regulations on Nutrition Labeling

The FDA promulgated regulations in 1973 that permit
ted, and in some cases required, foods to be labeled
with regard to thetr nutritional value (1, 2). Nutrition
labeling was required only if a food contained an
added nutrient or if a nutrition claim was made for the
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food on the label or in advertising. The nutrition label
included the following: serving size; number of serv
ings per container; calories per serving; grams of pro
tein, carbohydrate, and fat per serving; and percentage
of U.S. Recommended Dietary Allowance (USRDA)
per serving of protein, Vitamins A and C, thiamine,
riboflavin, niacin, calcium, and iron. In 1984, the FDA
adopted regulations to include sodium content on the
nutritional label (effective 1985).

3.1.2 Nutrition labeling and Education Act
(NLEA) of 1990

Since the nutrition label was established in 1973,
dietary ecommendations for better health have
focused more on the role of calories and macronutri
ents (fat, carbohydrates, etc.) in chronic diseases and
less on the role of rnicronutrients (minerals and vita
mins) in deficiency diseases. Therefore, in the early
19905 the FDA revised the content of the nutritional
label to make it more consistent with current dietary
concerns (see Table 3-1 and Fig. 3-1, which are dis
cussed more in section 3.2.1). The list of specific nutri
ents to be included on the nutrition label was only one
aspect of the Nutrition Labeling and Education Act of
1990 (NLEA) (2,3), which amended the FD&C Act with
regard to five primary changes:

1. Mandatory nutrition labeling for almost all food
products

2. Federal regulation of nutrient content claims
and health claims

3. Authority for states to enforce certain provi
sions of FD&C Act

4. Federal preemption over state laws for mis
branding provisions

:J. Declaration of ingredients

3.2 FOOD LABELING REGULATIONS

For each aspect of nutrition labeling regulations
described below, general or FDA labeling requirements
are covered, followed by, if applicable, certain FSIS reg
ulations that differ from the FDA requirements. While
the focus here is on mandatory nutrition labeling, it
should be noted that the FDA has guidelines for vol
untary nutrition labeling of raw fruit, vegetables, and
fish (21 eFR 101.45), and FSIS has guidelines for vol
untary nutrition labeling of single-ingredient raw meat
and poultry products (9 eFR 317.345, 317.445). These
FDA and FSIS guidelines for voluntary nutrition label
ing differ in issues such as source of nutrient databases
used, compliance checks, and use of claims on product
labels.
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3.2.1 Mandatory Nutrition Labeling

3.2.1.1 Basic Forma·t

The FDA regulations implementing the 1990 l\.11...EA
require nutrition labeling for most foods offered for
sale and regulated by the FDA (21 CFR 101.9 to
101.108), and FSIS regulations require nutrition label
ing of most meat or meat products (9CFR 317.300 to
317.400) and poultry products (9 em 381.400 to
381.500). Certain nutrient information is required on
the label, and other information is voluntary (Table
301). In addition, while FSISallows voluntary declara
tion of stearic acid content on the label, FDA does not,
but has been petitioned to do so.

The standard format for nutrition information on
food labels [21 CFR 101.9 (d)] is given in Fig. 3-1 and
consists of the following:

1. Serving size;
2. Quantitative amount per serving of each nutri

ent except vitamins and minerals;
3. Amount of each nutrient, except sugars and

protein, as a percent of the Daily Value (i.e., the
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new label reference values) for a 2000 calorie
diet; and

4. Footnote with Daily Values for selected nutri
. ents based on 2000 calorie and 2500 calorie diets.

The term Daily Value used on the basic label for
mat refers to the two terms, Reference Daily Intake
(RDI) and Daily Reference Value (DRV). The term RDI
has replaced the term U.S. Recommended Dietary
Allowance (USRDA). The RDI values for essential vit
amins and minerals are given in Table 3-2 in the order
in which they are to appear on nutrition labels, and the
DRVs for food components are given in Table 3-3. A
Daily Value for sugars hasnot been established. Nutri
ent content values and percent Daily Value calculations
for the nutrition label are based on serving size. Serv
ing size regulations of the FDA and FSIS differ in issues
such as product categories, reference amounts, and
serving size for units or pieces [21 CFR101.12 (b), 101.9
(b): 9 CFR 317.312 (b), 381.412 ,(b), 317.309 (b), 381.409
(b)].

Reference Dally Intakes (RDls) for
Vitamins end Minerals Essential In
Human Nutrltlon l

,2

From:!', \..:-r; 101.~ (el f£1 (i ..) (19;'7),
" ...al"...s II".' :~,~ l::1ull~ ana c~i1ld'en 4 Of more years of age. ADI vat
ves nave ., <,0 b<::t'1'l c~':aOl'f.'ed [or infants. children under 4 years of
~9E. anc ;n';ln:m! liM laC;aling women.
'RDII/aluc~ kaeCl ~y~hC FOOd Sa:"'y and Inspechon Service 10CFR
~ 1t 300 (el ttl) (iv); 9 CFR 3811;09 Ie) (8) (i"») are as above but co
r-o: ,ncl.J:le \'''Iue~ lor chlollde. Cf\fo:nium. manganese Vitamin K
~:>Iyt;~.h. ,1U:-':"'l, tnO !:e!~ntuni. I'

RD'~
Mandatory (Bold) and Voluntary

III Components for Food label Under Nutrition
fa. labeling end Education Act of 19901

Total Calories
Calories from tat
Calories ffOrr. saturated fat
Total fat

Saturated tat
Polyunsaturated lat
Monounsaturated fat

Cholesterol
Sodium
Potassium
Total carbohydrate

Dietary fiber
Soh..:t:Jle !It ct
Insoluble 'I::>er
Sug8r~

Sugar alcohols (e.g., sugar substitutes xylitol. mannitol.
ana sorc.tc.)

Othe: carbcnydrats (me difference between total carbohy
drate and the sum 01 dietary fiber, sugars. and sugar
alcohols, if declared)

Protein
Vitamin A
Vitamin C
Calcium
Iron
Other essennat vitamins and minerals

From(5).
'Nutrilion panel will have 1M heading 'Nutrilion Facts.' Only corn
ponenls lis1ed are allowt:d en the nutrition panel. and t~ey must be
in the order nsred. Compo~enls are 10 be exoresseo as a~:::::unl

and/or as percent or an established 'Daify Val"e •

Nutrient

Vitamin A
Vitamin C
Calcium
Iron
Vitamin 0
Vitamin E
Vitamin K
Thiamin
RiboflCivin
Niacin
Vitamin 8/,
Folate
Vitamin e.,
Biotin
Pantothenic acid
Phosphorus
Iodine
Magnesium
Zinc
Selenium
Copper
Manganese
Chrom~,::",

Molv~;! "':.::r,
C~llC'r~\..:.~

50aOlU
60mg
1G:lO mg
16 mg
400:U
30lU
80 JlQ
1.5 mg
1.7 mg
20mg
2mg
4001-19
6 fig
300 !!9
10mg
1000 mg
150llg
400 rr:')

15 rnc
70 !J.g'
2mg
2mg
120 119
75 llg
3400 mg
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~
Dolly Relerenee Values (DRVs) 01Food
Components Based on the Relerenee

,abl. Calorie Intake 012000 Calories

Food Component ORV

Nutrition Facts
Serving Stze 1 eup (228g)
Servings Per Container2

From 21 CFR 101.9 (e) (9) (1997). Same as in 9 CFR 317.309 (e) (9)
and 9 CFA 381.409 (e) (9).

Amount~ Serving

20%

25%

10%

Total Fat 13g

saturated Fat 5g

ChoIesterol3Omg

Calories 260 Calories from Fat 120

65 9
20 9
300mg
300g
25 9
2400 mg
3500 IT.g
SOg

Fat
Saturated fatty acids
Cholesterol
TOlal carbohydrate
Fiber
Sodium
Potassium
Protein

Calories per gram:
Fat 9 • Carbohydrate 4 • Protein 4

An example of the nutrition label, Nutrition
Labeling and Education Act of 1990. (Courtesy
of the Food and Drug Administration, Wash
ington. DC.)

10%

0%

28%

Iron 4%

Vitamin C 2%•
•

Sugars5g

Protein 5g

Sod1wn 660mg

V~amin A4%

Total Carbohydrate 31 9

Dietary Fiber Og

Calcium 15%

• PercentDaily Values are based on a 2.000
calorie diet. Your daily values may be higher
or lower dependingon your calorie needs:

calories: 2,000 2,500
Total Fat Less than 65g 80g

Sat Fat Lessttan 209 259
Cholestercl Less than 300mg 300mg
SCdlum Less than 2,400mg 2,4OOmg
TotalCatOOhydrate 300g 375g

DietaryFber 25g 30g

as specified in 21 CFR (e.g.• foods in small packages;
foods for children; game meats, shell eggs; foods sold
from bulk containers; unit containers in multiunit
packages; foods in gift packs). Infant formula must be
labeled. in accordance with 21 eFR 107, and raw fruits,
vegetables, and fish according to 21 CFR 101.45. m
etary supplements must be labeled in accordance with
21 CFR 101.36 after March 1998.

3.2.1.2 Simplified Format

A simplified format for nutrition information on FDA
regulated foods may be used if seven or more of the 13
required nutrients are present in only insignificant
amounts (but does not include calories from fat) (e.g..
soft drinks) [21 CPR 101.9 (t)]. For such foods, informa
tion on five core nutrients (calories, total fat, total car
bohydrate, protein, and sodium) must be given. How
ever, if other mandatory nutrients are present in more
than insignificant amounts they must be listed.
"Insignificant" is defined generally as the amount that
allows a declaration of zero on the nutrition label.
However, in the cases of protein. total carbohydrate,
and dietary fiber, insignificant is the amount that
allows a statement of "less than 1 gram." Footnotes to
the simplified format label are optional, except if the
complete footnote regarding percent DV is omitted, in
which case the statement "Percent Daily Values are
based on a 2000 calorie diet" must be included: The
statement "Not a significant source of __" is
optional on the simplified format label 0,£ an FDA-reg
ulated product. unless a nutrient claim is made on the
label or optional nutrients (e.g., potassium) are volun
tarily listed on the nutrition label.

For USDA-regulated foods, a Simplified nutrition
label format may be used when any nutrient other than
a core nutrient (calories. total fat, sodium, carbohy
drate, or protein) is present in an insignificant amount
[9 CFR 317.309 (f), 381.409 (f)]. Missing nutrients must
be listed in a footnote, "Not a significant source of
_." This option also exists for FDA-regulated
foods but it is known as a "shortened" format [21 CFR
101.96 (c); see listing for each non-core nutrient].

3.2.1.3 Exemptions

Certain foods are exempt from FDA mandatory nutri
tion labeling requirements [21CFR 101.9(j)] [Table 3-4),
unless a nutrient content claim or health claim is made.
Special labeling provisions apply to certain other foods



-, Foods'Exempt from Mandatory N'I.drIfion
~ LabellngRequlrements byfhe.FOAI

Food offered for sale by small business
Food sold in restaurants or other establishments in-which

food is served for Immediate human consumption
Foods similar to restaurant foods that are ready·to.eat but

are not for immediate consumption, are primarily pre
pared on site, and are not offered .for sale outside that
location

Foods that contain insignificant amounts of all nutrients
subject to this rule, e.g .. coffee and tea

Dietary supplements
Infant formula
Medical foods
Foods shipped or sold in bulk form and not for sale to con

sumers
Raw fruits, vegetables, and fish
Unit containers in a multiunit retail food package that bears

a nutrition label

Summarized from 21 eFA 101.9 (j) (1997).
'see details in regulations.

Exemptions from mandatory nutrition labeling for
USDA-regulated foods [9 CFR 317.400 (a), 381.500 (a»)
differ somewhat from those for FDA-regulated foods
regarding issues such as definitions of a small business,
small package. and retail product.

3.2.1.4 Rounding Rules

Increments for the numerical expression of quantity
per serving are specified for all mandatory nutrients
(Table 3-5, as summarized by FDA) [21 CFR 101.9 (c); 9
CFR 317.309 (e), 381.409 (e)]. For example, calories ate
to be reported to the nearest 5 calories up to and includ
ing 50 calories, and to the nearest 10 calories above 50
calories. Calories can be reported as zero if there are
less than 5 calories per serving.

3.2.1.5 Calorie Content

Caloric conversion information on the label for fat, car
bohydrate, and protein is optional. The FDA regula
tions speciry five methods by which caloric content
may be calculated, one of which uses bomb calorime
try [21 CFR 101.9 (c) (1)]:

1. Specific Ah....ater Jactors for calories per grar.'< of
protein, total carbohydrate, and total fat;

2. The general factors of 4, 4, and 9 calories per
gram of protein, total carbohydrate, and total
fat, respectively;

3. The general factors of 4, 4, and 9 calories per
gram of protein, total carbohydrate, less the
amounl of insoluble dietary fiber, and total fat,
respectively;

Part I • GenerallnfonnaUon

4. Data for specific food factors for particular
foods or ingredients approved by the FDA; or

5. Bomb calorimetry data subtracting 1.25 calories
per gram protein to correct for incomplete di
gestibility.

FSISallows only the calculation procedures 1-4 above,
and not the use of bomb calorimetry for caloric content
[9 CFR 317.309 (c) (1) (i), 381.409 (c) (1) (i)].

3.2.1.6 Protein Quality

For both FDA-regulated and USDA~reguIatedfoods,
reporting the amountof protein as a percent of its Daily
Value is optional, except if a protein claim is made for
the product, or if the product is represented or pur
ported to be used by infants or children under four
years of age, in which case the statement is required [21
CFR 101.9 (c) (7); 9CFR 317.309 (c) (7) (i), 381.409 (c) (7)
(i)]. For infants foods, the corrected amount of protein
per serving is calculated by multiplying the actual
amount of protein (g) per serving by the relative pro
tein quality value. This relative quality value is the Pro
tein Efficiency Ratio (PER) value of the subject food
product divided by the PER value for casein. For foods
represented or purported for adults and children one
year or older, the corrected amount of protein per serv
ing is equal to the actual amount of protein (g) per serv
ing multiplied by the Protein Digestibility-Cor
rected Amino Acid Score (PDCAAS). Both the PER
and PDCAAS methods to assess protein quality arc:
described in Chapter 17. The FDA and FSIS allow use
of the general factor 6.25 and food specific factors for
this calculation (described in Chapter 15).

3.2.2 Compliance

Compliance procedures of the FDA and FSIS for nutri
tion labeling differ somewhat in sample collection,
specified methods of analysis, and levels required ior
compliance [21 CFR 101.9 (g); 9 CFR 317.309 (h),
381.409 (h»).

3.2.2.1 Sample Collection

Random sampling techniques are used by the FDA to
collect samples to be analyzed for compliance with
nutrition labeling regulations. A "lot" is the basis for
sample collection by the FDA, defined as "a collection
of primary containers or units of the same size, type,
and style produced under conditions as nearly uni
form as possible, and designated by a common con
tamer code or marking, or in the absence of any com
mon container code or marking, a day's production."
The sample used by the FDA for nutrient analysis con-
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I
RoundIng RUles lor DeclarIng NutrIents on Nutrition Label

Nutrient/Serving

Calories

Calories from fat

Calories from saturated fat

Total fat.
Polysalurated fat,
Monounsaturated fat

Saturated fat

Cholesterol

Sodium,
Potassium

Total carbohydrate,
Sugars, Sugar alcohols,
Other carbohydrates

Dietary fiber,
Soluble fiber,
Insoluble fiber

Protein

Vitamins and Minerals

Beta-carotene

Increment Rounding

<5 cal-s-exoress as zero
,,50 cal~xpress to nearest 5 cal increment
>50 cal-express to nearest 10 cal increment

<5 cef--exoress as zero
"SO cal-express to nearest 5 cal increment
>50 cal-express to nearest 10 cal increment

<5 cal-e-express as zero
,,50 cal-express to nearest 5 cal increment
>50 cal-express to nearest1Q cal increment

<0.5 g---express as zero
<5 g-express to nearest 0.5 9 increment
:z:5 g-express to nearest 1 9 increment

<0.5 g-express as zero
<5 g-express to nearest 0.5 9 increment
:z:S g-expr8ss to nearest 1 9 increment

<2 mg-express as zero
2-5 mg-express as "less than 5 mg"
>5 mg-express to nearest 5 mg increment

<5 mg-express as zero
5-140 mg-express to nearest 5 mg increment
> 140 mg-express to nearest 10 mg increment

<0.5 g-express as zero
< 1 g-express as "Contains less than 1 g" OR "less than 1 g"
2:1 g-express 10nearest 1 9 increment

<0.5 g-express as zero
<1 g-express as "Contains less than 1 g" OR ·'ess than 1 g"
:z: 1 g-express to nearest 1 9 increment

<0.5 g-express as zero
<1 g-express as "Contains less than 1 g" OR "less than 1 g"
:lr:1 g-express to nearest 1 9 increment

<2% of RDJ-may be expressed as:
(1) 2% If actual amount is 1.0% or more
(2) zero
(3) an asterisk that refers to statement "Contains less than 2% of the Daily

Value of this (these) nutrient (nutrients)
(4) for Vitamins A and C, calcium, iron: statement "Not a significant source

of __ (listing the vitamins or minerals omitted)" .
..:10% of RDI--express to nearesl2% increment
> 10% to ,,50% of Vitamin A--express to nearest 5% increment
>50% of RDI-i!xpress to nearest 10% increment

.c10% of Vitamin A~xpress to nearest 2% increment
> 10% 10~O% of Vitamin A-express 10nearest 5% increment
>50% of Vitamin A-express to nearest 10% increment

Insignificant
Amount

<Seal

<Seal

<5 cal

<0.59

<0.5 9

<2mg

<5mg

<1 9

<1 9

<1 9

<2% RDI

ISwnmarizedfrcm,l8d1f'Ilcal amenclmenlS 01 mandatQtY nutritiOnallabeling.fanal rule. AI.lgllst 1993. FDA. Dec. 4, 1994. Office of Food Label
ing, Center for Food safety and Applied Nutrition, Food and DrugAdministration, Washington, DC.
1'0 express to the nearest 1 g increment, amounts exacllyhalfwaybetween twowhole numbersor higher(e.g., 2.50 to 2.99g) roundup (e.g.,
3 g), and amounlS lee. than hallway between two whole numbers (e.g., 2.01 to 2.49 g) roun<ldown (e.g .• 2 g).
3NOTES FOR ROUNDING % Oaily Value (DV) forTotal Fat. Saturated Fat, Cholesterol, Sodium, TOlal Carbohydrate. Fiber, and Protein:

(a) To caIc:uf*e-eV"dMcIe.eilher\he actual (unrcunded) quantitativeamount01 thedeclared(rounded) amountby the appropriateRDIor
DRv. Use wnicheWr'-.mounC will provide the greatestconsistency on the food label and prevent unnecessary consumerconfusion (21
CFR 101.9 (d)(7)(lii).

(b) When %DV values tall between two whole numbers. rounding snailbe as followS:
-for values exactly halfway between two whole numbers or higher (e.g•• 2.50to 2.99)ttle valuesShallrOund up (e.g.. 3%).
-lor values less than halfway between twowhole numbers (e.g., 2.01 102.49) thevalues shall round co.....n (e.g., 2%).
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lS ummarized Irom 21 CFA 101.9 (g), 9 CFR 317.309 (h). and 9 CFR
381 .409(h) (1997).
z·Unnamed class.
3Amount of nutrient required in food sample as a percentage of the
label declaration. or else product is considered misbrandec:.

:tBO%

lt100%

~'20%

% RequiretfJ

Vitamins, miner
also protein,
dietary fiber,
potassium

Nutrients
Rft(Julated

Vitamins, miner
als, protein.
total carbohy
drate, dietary
fiber, other car
bohydrates'
polyunsatu
rated or
monounsatu
rated fat,
potassium

Calories, sugar.
total fat. satu
raled fat. cho
lesterol.
sodium

Added nulri·
ents in for
tified Dr
fabricated
foods

Naturally
occurring
(indige
nous)
nutrients

Class of Purposes of
Nutrients Compliance

If

.2

Basisfor Compliance of Nutrition labeling
Regulation by Food and Drug
Administration and FoodSofety and
Inspection service 0' ff'le United state.
Department of Agriculture1 .

sists of a "composite of 12 subsamples (consumer
units), taken 1 from each of 12 diffenmt randomly cho
sen shipping cases, to be representative of a lot" [21
CFR 101.0 (g»).

The PSIS defines a "lot" similar to that of the FDA.
However, the sample used by PSIS for compliance
analysis is a composite of a minimum of six consumer
units: (1) each from a production lot, or (2) each ran
domly chosen to be representative of a production lot
[9 CRF317.309 (h), 381.409 (h»).

3.2.2.2 Methods ofAnalysis

The FDA states that unless a particular method of
analysis is specified in 21 CFR 101.9(c), appropriate
methods of AOAC Intemational published in the 0ffi~

cudMethods ofAnalysis (12) are to be used. Other reliable
and appropriate methods can be used if no AOAC
method is available or appropriate. If scientific knowl
edge or reliable databases have established that a nutri
ent is not present in a specific product (e.g., dietary fiber
in seafood, cholesterol in vegetables), the FDA does not
require analyses for the nutrients. PSIS specifies for
nutritional analysis the methods of the USDA Chemistry
lAboratory Guidebook (13). If no USDA method is avail
able and appropriate for the nutrient, methods in the
OfficiJll Methods of Analysis of AOAC International (12)
are to be used. 1£ no USDA, AOAC International, or
specified method is available and appropriate, PSIS
specifies the use of other reliable and appropriate ana
lytical procedures as determined by the Agency.

3.2.2.3 Levels for Compliance

The FDA and FSIS both monitor accuracy of nutrient
content information for compliance based on two
classes of nutrients and an unnamed third ·group, as
described in Table 3-6. For example, a product fortified
with iron would be considered misbranded if it con
tained less than 100% of the label declaration. A prod
uct that naturally contains dietary fiber would be con
sidered misbranded if it contained less than 80%of the
label declaration. A product would be considered mis
branded if it had a caloric content greater than 20% in
excess of the label declaration. Reasonable excesses
over labeled amounts (of a vitamin, mineral, protein,
total carbohydrate. polyunsaturated or monounsatu
rated fat. or potassium) or deficiencies below label
amounts- (of calories, sugars, total fat, saturated fat,
cholesterol, or sodium) are acceptable within current
Good Manufacturing Practices (cGMP).

For FDA~regulated foods, compliance with the
regulations described above can be obtained by use of
FDA-approved databases (14) [21 ern 109.9 (g) (8)J
that have been computed using FDA suidelines, and
foods have been handled under cGMP conditions to

prevent nutritional losses. For USDA~regulated foods,
compliance enforcement described previously is not
applicable to single-ingredient, raw meat products
(including those frozen previously), when nutrition
labeling is based on database values in USDA's Na
tional Nutrient Data BLink or in USDA Handbook ND.
B (most recent version on the Internet) (15). The usn.'"'
does not preapprove databases, but provides a rna nu.: J

for guidance in using them (16).

3.2.3 Nutrient Content Claims

The FDA and FSIS have defined nutrient descriptors,
which are nutrient con lent claims that characterize the
level of a nutrient but do not include nutrient labeling
information or disease prevention claims. Nutrient
descriptors are based on definitions that require certain
types 0: nutrient analyses to determine the levels of the
nutrients related to the descriptor. The terms include
"fT':t· ... "low... "lean," "light," "lite," "reduced," "less,"
"good source," "more," and "high" (21 CFR 101.13,
lOl.S·j01.67; 9 CFR 317.313,317.35+-317.363,381.413,
381";:-4-381.463) (Table~ 3-7 and 3-8 are FDA regula-



~ Food and Drug Administration: Dellnltlons or Nutrient Content Claims

Nutrients Free Low Reducedll.ess Commentsl

• Synonyms lor "Free": • Synonyms for "Low": . • Synonyms for • For "Free," "Very Low:
"Zero: "No," "Without: "Little," ("Few" for "Reduced"/"Less": or "Low": must lndlcato
"Trivial Source of: calories), "Contains a "Lower" ("Fewer" for if food meets a definition
"Negligible Source of.". Small Amount of: calories) without benefil of see-
"Dielarily Insignificant "Low Source of" • "Modified" may be cial processing, alter-
Source of" used in statement of arion, formulation, or

• Definitions for "Free' identity. reformulalion; e.g.,
for meals and main • Definilions fcr meals "broccoli. a fat free
dishes are 1M staled and main dishes aro food." or "celery, a low
values per labeled same as for individual calorie food:
serving. foods on a per 100 g

basis.

Calories • Less than 5 calories • 40 calories or less • At least 25% fewer • "Ughl" or "Lile": If 50%
§ 101.6C(b) per reference amount per reference amount calories per reference or more of the calories

and per labeled serv- (and per SO g if refer- amount than an appro- are from tat, fat must be
ing ence amount is small) priale reference food reduced by at least 50%

• Not defined for meals • Meals and main • Reference food may per reference amount. If
or main dishes dishes: 120 calor not be "Low Calorie" less than SO% 01 calo-

less per 100 9 • Uses term "Fewer" ries are from fat, fal
rather than "Less" must be reduced at

least 50% or calories
reduced at least 1/3 por
reference amount.

• "Light" or "Ute" meal or
main dish product
meets definition for
"Low Calorie" or "Low
Far meal and is labeled
to indicate which defini·
lion is met.

• For dietary supple-
ments: Calorie clairns
can only be made when
the reference product is
greater than 40 calories
per serving.

Total Fat • Less than 0.5 g per ref, • 3 9 or less per refer- • At least 25% less fat • "__% Fat Free"; OK ,f
§ 101.62(b) erence amount and per ence amount (and per per reference amount food meets Ihe require-

labeled serving (or for 50 g if reference than an appropriate ments for "Low Fat"
meals and main amount is small) reference food • "Light"; See acove
dishes, less than 0.5 9 - Meals and main • Reference food may • For dietary supple-
per labeled serving) dishes: 3 9 or less per not be "Low Fat" menls: Fat claims can.

• No ingredient that is fat 100 g and not more not be made for prod-
or understood to can- lhan 30% of calories ucts that are 40 calories
tain fat except as noted from fat or less per serving.
below'

Saturated Fat • Less than 0.5 9 satu- • 1 9 or less per refer- • At least 25% less satu- • Next to all saturated I,,"
§ 101.62{c) rated fat and less than ence amount and 15% rated fat per reference claims, must declare:.-e

0.5 trans falty acids or fewer calories from amount than an appro- amount of choleslerol f
per reference amount saturated fat priate reference tooo 2 mg or more per ref-=:-
and per labeled serv- • Meals and main • Reference food may ence amount: and the
ing (or for meals and dishes: 1 g or less per not be -Low Saturated amount of total fat if
main dishes. less than 100 g and less than Fat" more than 3 9 per reI"".
0.5 9 saturated fat and 10% of calories from ence amount (or 0.5 ';
less than 0.5 g trans saturated fat or more of lotal fat fer
fatty acid per labeled 'Saturated Fat Free").l
serving) - For dielary supple-

• No ingredient thaI is menIs: Saturated lat
understood to contain claims cannot be mao=
salurated fat except as for products thaI are "':
noted below' calories or less per ss--.-

ing.

(continusc)



~' Food and Dlug AdrnInIslralIIin0--....01-ContentC1ahns _oed)

Nutrients Free Low Reduced/Less Comments'

Cholesterol
§ 101.62{d)

Sodium
§ 101.61

• Less than 2 mg per ref.
erence amount and per
labeled serving (orror
meals and main
dishes, less than 2 mg
per labeled serving)

• No ingredient that con
tains cholesterol
exceptasnoted
below·

• If less than 2 rng per
reference amount by
special processing and
total fat exceeds 13 g
per reference amount
and labeled serving,
the amount of choles
terol must be ·Subs'a~

tially Less" (25%) than
in a reference food with
significant market
share (5% of market).

• Less than 5 mg per ref
erence amount and per
labeled serving (or for
meals and main
dishes, less than 5 mg
per labeled serving)
No ingredient that is
sodium chloride or
generally understood
to contain sodium
except as noted
below"

• 20 mger Ies& per ref
eranca amount '(and
pet' 50 g of food if ref
erenceamountIs
sman)

• If qualif-. by special
processing and total
fat exceeds 13 g per
reference amount and
labeled serving, the
amount of cholesterol
must be "Substantially
Less" {25%} than in a
reference food with
significant market
share (5% of market),

• Meals and main
dishes: 20 mg or less
per 100 9

• , 40 mg C' less per ref
erence a~,ount (and
per 50 g :1 reierence
amount is small)

• Meals and main
dishes: ~ ~n mg or less
per 100 !;

• At least 25% less cho
lesterol per refer~nce

amount than an appro
priate reference food

• Reference food may
not be "Low Choles
terol"

• At least 25% less
sodium per reference
amount than an appro
priate reference food

• Reference food may
not be "Low Sodium"

• CHOLESTEROL
CLAIMS ONLY AL
LOWED WHEN FOOD
CONTAINS 2 9 OR
LESSSATURATEDFAT
PER REFERENCE
AMOUNT, OR FOR
MEALS AND MAIN
DISH PRODUCTS, PER
LABELED SERVING
SIZE FOR "FREE"
CLAIMS AND PER
100 9 FOR "LOW" AND
-REDUCED/lESS·
CLAIMS

• Must declare the
amount of total fat next
to cholesterol claim
when fat exceeds'3 9
per reference amount of
labeled serving (or per
50 g of food if reference
amount is small). or
when the fal exceeds
19.5 9 per labeled serv
ing for main dishes or
26 9 for meal products.

• For dietary supple
ments: cholesterol
claims cannot be made
for products that are ~O

calories or less per serv
ing.

• "Light" (for sodium
reduced products): If
food is "Low Calorie"
and "Low Fat" and
sodium is reduced oy at
least 50%

• "Light in Sodium": If
sodium is reduced by at
least 50% per reference
amount Entire term
"Light in Sodium" must
be used in the same
type size, color, ant
prominence. "Ugh: in
Sodium" for meals :=.

"Low in Sodium"
• ·Very" Low Sodium" ~5

mg or less per reference
amount (and pe~ 50 9 it
reference amount is
small). For meals c:nd
main dishes: 35 mg or
less per 100 g

" "Salt Free- must meet
criterion lor -Sodium
Free-

• "No Salt Added" and
·Unsalted" must meet
conditions of use and
must declare -This is
Not A Sodium Free
Food" on information
panel Hfood is not
"Sodium Free"
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Food and Drug Admlnlstratlon: Definitions atNuttlent Content Claims (continued)

Nutrients

Sugars
§ 101.60(c)

Free

• "Sugar Free": Less
Ihan 0,5 g sugars per
reference amount and
per labeled serving (or
for meals and main
dishes, less than 0.5 9
per labeled serving)

• No ingredient thai is a
sugar or generally
understood to contain
sugars except as
noted below'

• Disclose calorie profile
(e.g., "Low Calorie").

Low

• Not defined. No basis
for a recommended
intake

Reducedltess

• At lease 25% less sugars
per reference amount
than an appropriate refer
encefood

• May not use this claim on
dietary supplements of
vitamins and minerals.

Comments'

·"lightly Salted": 50 %
less sodium than nor
mally added to refer
ence food and ifnot
"Low Sodium" so
labeled on information

• "No Added Sugars· and
"Without Added Sugars"
are allowed if no sugar
or sugar containing
ingredient is added duro
ing processing. State jf
food is nOI "Low" or
"Reduced Calorie."

• The terms "Unsweet"
ened" and "No Added
Sweeteners" remain as
factual statements.

• Claims about reducing
dental caries are
implied health claims.

• Does not include sugar
alcohols

From (10), p. 44,45, updated.
Notes: ·Except if the ingredientlisled in the ingredient statement has an asterisk thai refers to the footnote (e.g.• ·adds a trivial amount of fat").
·-Reference Amount" =reference amounl customarily consumed.
··Small Reference Amount" =reference amount of 30 g or less or 2 tablespoons or less (for dehydrated foods that are typically consumed
when rehydrated with waler or a diluent containing an insignificant amount. as defined in sss 101.9{f)(1) of all nutrients per reference amount,
the per 50 9 criterion reters 10the prepared form of Ille food).
-Statement ·See _ panel tor nutrition information" must accompany all content claims. When levels exceed: 13 9 Fat, 4 g Saturated Fat, 60
mg Cholesterol, or 480 mg Sodium per referenceamount, per labeled serving or, for foods with small reference amounts, per 50 g, disclosure
statement is required as part of claim (e.g., "See side panel for information on fat and other nutrients").

tions). The term "healthy" or its derivatives may be
used on the label or in labeling of foods under condi
tions defined by the FDA and FSIS (Table 3-9 is FDA
summary). The FDA requirements on nutrient content
claims do not apply to infant formulas and medical
foods.

Only nutrient descriptors defined by the FDA or
FSIS may be used. The terms "less" (or "fewer"),
"more," "reduced," "added" (or "fortified " and "en
riched"), and "light/lite" are relative terms and require
label information about the food product that is the
basis of the comparison. The percentage difference
between the original food and the food product being
labeled must be listed on the label for comparison.

FSIS regulations on nutrient content claims differ
from those of the FDA in that the terms "enriched" and
"fortified" are not defined in the FSIS regulations (9
CFR 317.362, 381.462). The terms "lean" and "extra
lean" are defined and approved for use on all USDA
regulated products, but only for the FDA-regulated
products of seafood, game meat, and meal products.
The term H_% Lean" is approved for USDA
regulated but not FDA-regulated products. The term

"__% Fat Free" is approved for use by both organi
zations as long as the food meets the definition for
"low fat:' Conditions for use of the term "light" or
"lite" as part of a brand name to describe sodium con
tent differ somewhat between FDA and USDA regula
tions [21 CFR 101.56 (b) (4); 9 CFR 356 (d) (3); 9 CFR
381.456 (d) (3)]. FDA and FSIS regulations also differ in
the definition of "meal product" as it relates to nutrient
content claims [21 CFR 101.13 (1) and (m); 9 CFR
317.313 (1), 318.413 (I)J.

The referral statement "See __ for" nutrition
information" (blank is filled in with identity of panel
on which nutrition labeling is located) is required by
the FDA whenever a nutrient content claim is made [21
CFR 101.13 (g) and (h)]. In addition, the FDA regula
tions specify disclosure levels that are required on
foods when the product contains fat, saturated fat, cho
lesterol. orsodium at levels greater than 20%,30%, and
40% of the DRY for individual foods, main dish items,
and meals, respectively [21 CFR 101.13 (h)]. When one
of these nutrients exceeds the disclosure level in a food
bearing a nutrient content claim, the referral statement
must be modified to say "See [appropriate panel] for
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Food and Drug Admlnlstrotlon: Nutrient Content ClaJrns

Accompanying Information for Relative. (or Comparative) Claims

Part I • General Information

• For aHrelative claims. percent (or fraction) of change and identity of reference food must be declared in immediate proximo
ity to the most prominent claim. Quantitative comparison of the amount of the nutrient in the product per labeled serving
with that in the reference food must be declared on the information panel.

• For "Light" claims: % reduction for both fat and calories must be stated out % reduction need not be specified if product is
low in the nutrient Quantitative comparisons must be stated for both fat and calories.

Reference Foods

"Ught"rUte"

"Reduced" and "Added"
(or "Fortified" and "Enriched")

"More" and "Less" (or "Fewer")

"Lean"

"Extra Lean"

"Good Source of: "Con:b1ns:
Or "Provides."

"HtCh," "Rich In: or "Excellent
Source Or"'

"More," "Added: "ExIra: ·Plus·'

"Modified"

Any Fiber Claim

(1) A food representative of the type of food bearing the claim, e.g., average value of top
three brands for representative value from valid data base;

(2) Similar food (e.g., potato chips for potato chips); and
(3) Not low calorie and low fat (except "light" or sodium reduced foods which mustbe low

calorie and low fat).

(1) An established regular product Oraverage representative product and
(2) Similar food

(1) An established regular product or average representative product and
(2) A dissimilar food in the same product category that may be generally substituted for

labeled food (e.g .. potato chips for pretzels) or a similar food:

Other Nutrient Content Claims

On seafood or game meat that contains <10 g total fat, 4.5 9 or less saturated fat, and.
<95 mg cholesterol per reference amount and per 100 9 (for meals and main dishes.
meets criteria per 100 9 and per label serving)

On seafood or game meat that contains <5 9 total fat, <2 g saturated fat, and <95 mg
cholesterol per reference amount and per 100 g (for meals and main dishes, meets cri
teria per 100 9 and per label serving)

Contains , O~ or more of Daily Value (OV) to describe protein, vitamins, minerals, dietary
fiber, or potassium per reference amount.

May be used on meals or main dishes to indicate that product contains a food that meets
definnion but rnav no: be used to describe meal or main dish itself.

May not be used tor total carbohydrates.

Contains 20% or mere c~ the Daily Value (DV) to describe protein, vitamins, minerals.
dietary fiber, or pousslurn per reference amount.

May be used on meei~ or main dishes to indicate that product contains a food thai meets
definition but may no: be used 10describe meal or main dish itself.

May not be used for total carbohydrates.

'0% or more of the DV per reference amount
May only be used for vitamins, minerals, protein, dietary fiber. and potassium.

May be used in statement of identity that bears a relative claim, e.g .. "Modified Fat
Cheese Cake. Contains 35% Less Fat Than Other Regular Cheese Cake."

If food is not low in total fat. must stale total fat in conjunction with claim such cs "M"",
Fiber."

'Dietary supplements cannot use these claims 10describe any nutrient or ingredient (e.g., fiber, protein. psyllium. bran) other than vitamins cr
minerals.

Implied Claims

• Claims about a food or ingredient that suggest that the nutrient or i.,gredien' is absen' or present in a certain amount or
claims about a tooc that suggest a food may be useful in maintainong healthy dietary practices and thaI are made with an
explicit claim (e.g., "healthy. contains 3 grams cf fen are implied ctairns and are prOhibited unless prcvided for in a regula
tion by FDA. In addition. Ihe Agency has devised a petition system whereby ~oecific additional claims may be considered.

• Claims that a food contains or is made with an ingredie:'1t :hal :5 known to contain a particular nutrient may be made if the
producl is "Low" in or a "Good Source" of the nutTier.: associated WIth the claim (e.g .. "good source of oat bran").
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Food and Drug Admlnlstra"on: Nutrient Content Claims (con"nued)

Implied Claims (continued)

• Equivalence claims: "Contains as much (nutrient] as a {foodl" may be made il both relerence tood and labeled toad are a
"Good Source" of the nutrient on a per serving basis (e.g., "Contains 3S much vitamin C as an aounce glass of orange
iuiee").

• The following label statements are generally not considered implie? claims unless they are made in a nutrition context: (1)
avoidance claims for religious, food intolerance, or other non-nutrition related reasons [e.g., "100% milk free"l; (2) stale
ments about non-outrtnve substances (e.g., "no artilicial color"]: (3) added value statements [e.g.. "made with real butter");
(4) statements 01 identity [e.g., "corn oil" or "corn oil margarine"): and (5) special dietary statements made in compliance
with a specific Part 105 provision.

Claims on Food for Infants and Children Less Than 2 YealS of Age

Nutrient content claims are not permitted on foods intended specifically tor infants and children less than 2 years of age
except:
1. Claims describing the percentage of vitamins and minerals in a food in relation to a Daily Value
2. Claims on infant formulas provided for in Part 107
3. The terms "Unsweetened" and "Unsalted" as taste claims
4. "Sugar Free" and "No Added Sugar" claims on dietary supplements only

Terms Covered That Are Not Nutrient Content Claims

"Fresh"

"Fresh Frozen"

From (10), p. 46.47, updated.

A raw food that has not been frozen, heat processed, or otherwise preserved

Food thaI was quickly frozen while still fresh

information about [nutrient requiring disclosure] and
other nutrients [21 CFR 101.13 (h) (1)]. For USDA-reg
ulated foods, no disclosure levels are defined or refer
ral statement required except in the case of health

. claims (proposed rule) [9 CFR 317.371 (aHh»).

3.2.4 Health Claims

The FDA has defined and will allow as part of the 1990
NLEA claims for certain relationships (10 claims, as of
1997) between a nutrient or a food and the risk of a dis
ease or health-related condition (21 CPR 10l.14):

1. Calcium and osteoporosis (21CFR 101.n)
2. Sodium and hypertension (21 CFR 101.74)
3. Dietary fat and cancer (21 CFR 101.73)
4. Dietary saturated fat and cholesterol and risk of

coronary heart disease (21 CFR 101.75)
5. Fiber-<:ontaining grain products, fruits, and veg

etables and cancer (21 CFR 101.76)
6. Fruits, vegetables, and grain products that con

tain fiber, particularly soluble fiber, and risk of
coronary heart disease (21 CFR 101.77)

7. Fruits and vegetables and cancer (21 CFR
101.78)

8. Folate and neural tube defects (21 CFR 101.79)
9. Soluble fiber from whole oats and coronary

heart disease [21 CFR 101.81]
10. Sugar alcohols and dental caries {21 CFR 101.80]

Such claims can be made through third-party refer
ences (e.g., National Cancer Institute), statements,
symbols (e.g., heart), and vignettes or descriptions. The
claim must meet the requirements for authorized
health claims, and it must state that other factors play
a role in that disease. The FDA is considering addi
tional claims.

The FSIS has proposed regulations on health
claims (59 FR 27144) and is considering further supple
ments to the proposed health claims that are very sim
ilar to the final rule regulations of the FDA. However,
the proposed FSIS regulations have a higher disquali
fying level for cholesterol in individual foods and
meals, and regulations on use of the term "extra lean"
with health claims differ from those of the FDA. Unlike
the FDA, FSISallows no sugar alcohol claim because it
is not applicable to USDA-regulated foods.

3.2.5 National Uniformity and Preemption
Authorized·by'NLEA

To provide for national uniformity, the 1990 NLEA
authorizes federal preemption ofcertain state and local
labeling requirements that are not identical to federal
reqwmnents.'This 'pertains to requirements for food
standards, nutrition labeling, claims of nutrient con
tent, health claims, and ingredient declaration. States
may petition the FDA for exemption of state require
ments from federal preemption..
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~. I
Conditions for U. of the Term-Healthy" In labeling of Foods

Individual Food Ssafood or Game Msat2 Mealor Main Dish

LowFat

LowSaturated Fat

,,480 mg per RA, per LS3

and per 50 9 if RA3 small

,,360 mg per RA, per LS
and per 50 9 if RA small

sDisclosure level

Total Fat
<5 9 fat per RA3 and per 100 9

Saturated Fat
<2 9 fat per RA and per 100 9

Sodium
(Before Jan. 2000)

s480 mg per RA and
per LS and per 50 9 if RA smarr3

Sodium
(After Jan. 2000)

s360 mg per RAand per LS and
per 50 9 if AA small

Cholesterol
<95 mg per RA and per 100 9

Beneficial NutrIents

Low Fat

Low Saturated Fat

,,600 mg per lS

,,480 mg per LS

,,90 mg per LS

Except raw fruits or vegetables, at least
10% of DV3 per RA of Vitamin A, Vitamin
C, calcium. iron. protein, or fiber

N/A 10% DV per LS of 2 nutrients for main
dish, 3 nutrients for mear

Per 21 CFR 104.20Per 21 CFR 104.20
Fortification

Per 21 CFR 104.20

Other Claims
Food complies with established definition ar.c declaralior. requirements for any specific nutrient content claim.

'From (10). p. 58, updated. . .. . d' h
2Raw, single Ingredient seafOOd or game meal O"lCE: ;:lrocesse::' becomes a;,\ mdJVlduaf food, meal. or mam IS .
3M. Fleterence Amount. LS • Labeled servin~. OV .. Dairy vatue. RA small., 30 g O~ less or 2 tablespoons or less.

3.2.6 Other Provisions of NLEA

The 1990 NLEA amends the FD&:C Act to allow a state

to bring, in its own name in state court, an action to
enforce the' food labeling provisions of the FD&:C Act
that arc the subject of national uniformity. Criteria are
defined {or a state to exercise this enforcement power.
The rule-making procedure for standards of identity
was modified by the 1990 Act. The FD&C Act is also
amended to impose several new requirements con
cerning ingredient labeling intended to make this
aspect of labeling more useful to consumers.

3.3 SUMMARY

information. The FDA and FSIS have described the
sample collection procedures, the method of analysis
to be used, and the nutrient levels required to ensure
compliance with nutrition labeling regulations. The
FDA and FSIS allow specific nutrient content claims
and FDA allows health claims on the nutrition label.
The NLEA provides for national uniformity in nut":
tion labeling, by preempting any existing state ref;li:,·
tions, and authorizes to states certain enforcement
power. The goal of current nutrition labeling rep.:lJ
tions is to provide consumers in all states with nutri
tion information on food in their diets consistent with
their dietary concerns.

The FDA and FSISof the USDA have coordinated their
regulations on nutrition labeling. Regulations that
implement the Nutrition labeling and Education Act
(NLEA) of 1990 require nutrition labeling for most
foods regulated by the FDA, and FSIS requires the
same label on most meat and poultry products. The
regulations define the format for the nutrition informa
tion, and sive the rules and methods to report specific

3.4 STUDY QUESTIONS

1. U:ilize the data in the table below that you obtained on the
nutrient content of your cereal product (actual amount per
serving) 10 help develop il nutrition label that meets FDA
requirements under the NLEA. Use appropriate rounding
rules to complete Ihe blank colwnns. Can you make a
"10\\' lat" claim? Explain your answer. Could you use the

term "healthy" on the label? If you wanted to report the
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3.5 REFERENCES

protein content as .1 percent of the Daily Value, what
would you need to do?

'Serving size is t cup (55 g). . .
2Percent Daily Value based on a 2000 calorie dtet,

2. The FDA and FSIS of the USDA have very similar regula
tions for nutrition labeling, with differences due primarily
to the inherent difference in the food products they regu
late. Identify the differences in regulations between FDA
and FSIS regarding nutrient content claims and health
claims that support this generalization.

1. Schultz, H.W.1981. Food LawHandbook, pp. 534-535. AVI
Publishing, Westport, CT. .

2. Vetter, J.L. 1996. History of food laws and regulations.
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320, and 381. Nutrition Labeling of Meat and Poultry
Products; Final Rule. January 6, 1993. 58(3):631~5. Part
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ment Printing Office, Washington. DC.
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mat; Nutrient Content Claims; Health Oaims; Ingredient
Labeling; State and local Requirements; and Exemp
tions; Final Rules. January 6. 1993. 58(3):2066-2941.
Superintendent ~f Documents. U.s. Government Print
ing Office. Washington, DC.

6. Code of Federal ReguJations. 1997.Nutrition Labeling of
Foods. 21 CfR 101.9-101.108, U.s. Government Printing
Office, Washington, DC.

3.6 RELEVANT INTERNET ADDRESSES

7. Code of Federal Regulations. 1997. (Animal and Animal
Products). 9 eFR 317 Subpart B 317.JOO..317.400; 9 CFR
381 Subpart Y381.-100-381.500. U.S. Government Printing
Office, Washington, DC.

8. Hildwine, R. (Ed.). 1996. Food lAbeling Manual: Complying
wi/II FDA Requirements for the Labeling ofPTOC~ Foods.
National Food Processors Association, Washington, DC.

9. Hurt, P.B. 1991. (Updated continuously) Guide to U.S.
Food lAbding Uzw, Vols. I and n. Thompson Publishing
Group. New York, NY.

10. FDA. 1994. Food lAbrling Guide. Center for Food Safety
and Applied Nutrition, Food and Drug Administration,
Ll.S. Department of Health and Human Services, Public
Health Administration, Washington. DC. http://vm.
cfsan.fda.gov/ -dms/flg-toc.html

11. FDA. 1993. 1995. Food Labding-Questions and AllsWt'Ts.
Vol. 1 (1993) and Vol. 2 (l99S). Industry Activitie., Staif
(HFS-565), Center for Food Safety and Applied Nutri
tion, Food And Drug Administration, Washington. DC.

12. AOAC International. 1995. Official Mdhods of Atullysis,
16th ed. AOAC International, Gaithersburg.. MD.

B. USDA. 1991-1996. Arraltyical Chemistry Laboratory GuiJe
book-Rt!Sidue OlCtlistry (Wmter 1991), -Food Chemulry
(Spring 1993), ..,...Residue Chemistry Supplement (Sept.
1995). Science and Technology. NutritionalAtullysisMeth
ods, Quality Assurance Branch, Chemistry and Toxicol
ogy Division, Food Safety and Inspection Service, U.S.
Department of Agriculture, Washington, DC.

14. FDA. 1993. FDA Nutrition lAbeling Manual: A Guide for
Developing and Using Databases. Office of Food Labeling,
Food and Drug Administration (HFS-1SO), Washington,
DC.

15. U.S. Department of Agriculture, Agriculture Research
Service. 1997. USDA Nutrient Database for Standard Ref
erence, Release 11-1. Nutrient Data laboratory Home
Page http://www.nal.usda.gov/fnic/foodcomp

16. USDA. February 1993. Food Safety Inspection Service
(FSI5) Mirnual on Use0/ Data Bases for Nutrition lAbeling.
FSIS Guidelines jar Effective use of Data Bases to Develop
Nutrient Declarations for Nutrition L:zbeling of Meat and
PoultryProducts. Food Safety and Inspection Service, U.S.
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Code of Federal Regulations
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search.html
Food and Drug Administration

http://www.ida.gov
Center for Food Safety & Applied Nutrition

http://vm.cfsan.Ida.gov/list.html
Food Labeling Guide
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Food Labeling and Nutrition

http://vm.dsan.fda.gov/label.html
U.S. Department of Agriculture

http://www.usda.gov .
Food Safety and Inspection Service

% Daily
Value"

Reported on
Label

Amount Per
Serving

Reported on
Label

192

1.1
1.1 9

Og
Og
268 mg
217 mg

44.3 9

3.8 9
20.2 9
3.7 9

Actual
Amount Per

Serving!

Calories
Calories

from Fat
Tctal Fat

Saturated
Fat

Cholesterol
Sodium
Potassium
Total Carbohy-

drate
Dietary

Fiber
Sugars

Protein'
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4.1 INTRODUCTION

The field of food analysis, or any type of analysis,
involves a considerable amount of time learning prin
dples, methods, and instrument operations and per
fecting various techniques. Although these areas are
extremely important, much of our effort would be for
naught if there were not some way for us to evaluate
the data obtained from the various analytical assays.
Several mathematical treatments are available that pro
vide an idea of how well a particular assay was per
formed or how well we can reproduce an experiment.
Fortunately, the statistics are not too involved and
apply to most analytical determinations.

The focus in this chapter is primarily on how to
evaluate replicate analyses of the same sample for
accuracy and precision. In addition, considerable
attention is given to the determination of best line fits
for standard curve data. Keep in mind as you read and
work through this chapter that there is a vast array of
computer software to perform most types of data eval
uation and calculations/plots.

Proper sampling and sample size are not covered
in this chapter. Readers should refer to Chapter5 (espe
cially section 5.3.4.5) for sampling in general and sta
tistical approaches to determine the appropriate sam
ple size, and to Chapter 20, section 20.2.2for mycotoxin
sampling.

4.2 MEASURES OF CENTRAL TENDENCY

Toincrease accuracy and precision, as well as to evalu
ate these parameters, thf! analysis of a sample is usu
ally performed (repeated) several times. At least three
assays are typically performed, though often the num
ber can be much higher. Because we are not sure which
value is closest to the true value, we determine the
mean (or average) using all the values obtained and
report the results of the mean. The mean is designated
by the symbol ~ and calculated according to the equa
tion below.

.f =Xl + X2 + x3 +... + X" = Lxi [IJ
n n

where:

.f = mean
Xl' %2' etc, =individually measured values (Xj)

n = number of measurements

For example, suppose we measured a sample of
uncooked hamburger for percent moisture content
four times and obtained the following results: 64.53%,
64.45%,65.10%, and 64.78%.

64.53 + 64.45 + 65.10 + 64.78 01 [2J
.f = 4 =64.n'D
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Thus, the result would be reported as 64.72% mois
ture. When we report the mean value, we are indicat
ing that this is the best experimental estimate of the
value. We are not saying anything about how accurate
or true this value is. Some of the individual values may
be closer to the true value, but there is no way to make
that detennination, so we report only the mean.

Another determination that can be used is the
median, which is the midpoint or middle number
within a group of numbers. Basically, half of the exper
imental values will be less than the median and half
will be greater. The median is not used often, because
the mean is such a superior experimental estimator.

4.3 RELIABILITY OF ANALYSIS

Returning to our previous example, recall that we
obtained a mean value for moisture. However, we did
not have any indication of how repeatable the tests
were or how close our results were to the true value.
The next several sections will deal with these questions
and some of the relatively simple ways to calculate the
answers.

4.3.1 Accuracy and Precision

One of the most confusing aspects of data analysis for
students is grasping the concepts of accuracy and pre
cision. These terms are commonly used interchange
ably in society, which only adds to this confusion. If we
consider the purpose of the analysis, then these tenns
become much clearer. If we look at our experiments,
we know that the first data obtained are the individual
results and a mean value (0).The next questions should
be: How close were our indi vid ual measurements? and
How dose were they to the true value? Both questions
involve accuracy and precision. Now, let us turn our
attention to these terms.

Accuracy refers to how close a particular measure
is to the true or correct value. In the moisture analysis
for hamburger, recall that we obtained a mean of
64.n%. Let us say the true moisture value was actually
65.05%. By comparing these two numbers, you could
probably make a guess that your results were fairly
accurate because they were dose to the correct value.
(The calculations of accuracy will be discussed later.)

The problem in determining accuracy is that most
of the time we are not sure what the true value is. For
certain types of materials we can purchase known sam
ples hom, for example, the National Institute of Stan
dards and Technology. and check our assays against
these samples. Only then can we have an indication of
the ac~cy of the testing procedures. Another
approach 15 to compare our results with those of other
labs to determine how weU they agree, assuming the
other labs are accurate.



58 Part J • Generallnformation

where:

Depending on which of the equations above is
used, the standard deviation may be reported as SO" or

a =standard deviation
Xi =individual sample values
!! =true mean
n = total population of samples

[5]so=

entire food product. That would be difficult, if not
impossible, and VE'ry time consuming. Thus, the calcu
lations we use are only estimates of the unknown true
value.

II we have many samples, then the standard devi
ation is designated by the Greek letter sigma (0). It is
calculated according to Equation [3], assuming all the
food product was evaluated (which would be an infi
nite amount of assays).

O' J~(%i: 1">' 13]

Because we do not know the value for the true
mean, the equation becomes somewhat simplified so
that we can use it with real data. In this case, we now
call the a term the standard deviation of the sample
and designate is by SO or a. It is determined according
to the calculation in Equation [4J where £ replaces the
true mean term J!, and n represents the number of sam
ples.

SD=J!:(%':'>' [4]

If the number of replicate determinations is small
(about 30 or less), which is common with most assavs,
the n is replaced by the n -1 term, and Equation [sj is
used. Unless you know otherwise, Equation [5J is
always used in calculating the standard deviation of a
group of assays.

A term that is much easier to deal with and deter
mine is precision. This parameter is a measure of how
reproducible or how close replicate measurements
become. If repetitive testing yields similar results, then
we would say the precision of that test was good. From
a true statistical view, the precision often is called error,
when we .are actually looking at experimental varia
lion. So, the concepts of precision, error, and variation
arecloselyrelated.

The difference between precision and accuracy can
be illustrated best with Fig. 4-1. Imagine shooting a
rifle at a target that represents experimental values.
The bull's eye would be the true value, and where the
bullets hit would represent the individual experimen
tal values. As you can see in Fig. 4-1a,the values can be
tightly spaced (good precision) and close to the bull's
eye (good accuracy); or, in some cases, there can be sit
uations with good precision but poor accuracy (Fig. 4
1b). The worst situation, as illustrated in Fig. 4-1d, is
when both the accuracy and precision are poor. In this
case, because of errors or variation in the determina
tion, interpretation of the results becomes very diffi
cult. Later, the practical aspects of the various types of
error will be discussed.

When evaluating data, several tests are used com
monly to give some appreciation of how much the
experimental values would vary if we were to repeat
the test (indicators of precision). An easy way to look at
the variation or scattering is to report the range of the
experimental values. The range is simply the differ
ence between the largest and smallest observation.
This measurement is not too useful and thus is seldom
used in evaluating data.

Probably the best and most commonly used statis
tical evaluation of the precision of analytical data is the
standard deviation. The standard deviation measures
the spread of the experimental values and gives a good
indication of how dose each of the values are to each
other. When evaluating the standard deviation, one
has to remember that we are never able to-analyze the

a b c d
Comparison of accuracv and precision: (a) S:>Od accuracy and good precision. (b) good precision and poor accu
racy, (c) good accuracy and poor precision. anc (e: pon~ :\(Clr.,~~· and poor precision.
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A normal distribution curve for a population or
a group of analyses.

/<o---+-- 95%.---+--"'"

I
99.7%-+---+_.......~

·20 -1(7 TrueVah.le +111 +20' +30
(mean)

-30'

0.0361
0.0729
0.1444
0.C036

!(x,- _,?)z =
0.257

-o.is
-0.27
+0.38
+0.06

64.53
64.45
65.10
64.78

!x, =258.86

Oeterminatlon 0' the Standard Deviation of
Percent Moisture In Uncooked Hamburger

Deviation
O!:Jserved % from the Mean

Measurement Moisture (x, - i)·

,
2
3
.t

~ _ :£x, = 258.86 =64.72
., - n 4

SD = l:(x, - i)2 = J0.257 ~ 0.2927
n-l 3

.,,;~.-&JI Velues for Z for Checking Both Upper and
.~ Lower Levels

0.2927
Confidence Interval (at 95%) =64.72 ::!:: 1.96)( """'ViS

=64.72 ::!:: 0.115% [9]

Confidence Interval (CI) =

standard deviation {SO) [8]x :!: Z value x '\T,i'

tion would fall outside =:3 standard deviations from
the mean value.

Another way of understanding the normal distri
bution curve is to realize that the probability of finding
the true mean is within certain confidence intervals as
defined by the standard deviation. For large numbers
of samples, we can determine the confidence limit or
in terval around the mean using the statistical parame
ter called the Z value. We do this calculation by first
looking up the Z value from statistical tables once we
have decided the desired degree of certainty. Some Z
values are listed in Table 4-2.

The confidence limit (or interval) for our moisture
data, assuming a 95% probability, is calculated accor~

ing to Equation [8). Since this calculation is not valid
for small numbers, assume we ran 25 samples instead
of four.

1.29
1.64
1.96
2.58
3.29

ZValueDegree of Certainty (Confidence)

80%
90%
95%
99%
99.9%

all and SOn_lOr On-I' (Different brands of software and
scientific calculators sometimes use different labels for
the keys, so you must be careful.) Table 4-1 sho.w: an
example of the determination of standard deviation,
The sample results would be reported to average
64.72% moisture with a standard deviation of 0.293.

Once we have a mean and standard deviation, we
next must determine how to interpret these numbers.
One easy way to get a feel for the stan~ard devia?o~ is
to calculate what is called the coefficient of vanation
(CV), also known as the relative standard deviation.
nus calculation is shown below for our example of the
moisture determination of uncooked hamburger.

. SO
Coefficient of Variation (CV) = - x 100% [6)

~

CV = 0.293 x 100% = 0.453"1" [7} .
64.n

The coefficient of variation tells us that our stan
dard deviation is only 0.453% as large as the mean. For
our example, that number is small, which indicates .a
high level of precision or reproducibility of the repli
cates. As a rule. a CV below 5% is considered accept
able, although it depends on the type o~ analysis.

Another way to evaluate the meamng of the stan
dard deviation is to examine its origin in statistical the
ory. Many populations (in our case, sample values or
means) that exist in nature aresaid-to have a normal
distribution. If we were to measure an infinite number
of samples, we would get a distribution similar to that
represented by Fig. 4-2. In a population with a normal
distribution, 68% of those values would be within ::!::J

standard deviation hom the mean; 95% would be
within :2 standard deviations; and 99.7% would be
within :t3 standard deviations. In other words, there is
a probability of less than 1% that a sample in a popula-
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~;
Values of , tor Various levels of Probablltty1

Degreesof Levelsof Certainly
Freedom
(n - 1) 95% 99% 99.9%

1 12.7 63.7 636
2 4.30 9.93 31.60
3 3.18 5.84 12.9
4 2.78 4.60 8.61
5 2.57 4.03 6.86
6 2.45 3.71 5.96
7 2.36 3.50 5.40
8 2.31 3.56 5.04
9 2.26 3.25 4.78

10 2.23 3.17 4.59

'More extensive t·tables can be found in statistics books.

Because our example had only four values for the
moisture levels, the confidence interval should be cal
culated using statistical t tables. In this case, we have to
look up the r-value from Table 4-3 based on the degree
of freedom, which is the sample size minus one (n -1),
and the desired level of confidence.

The calculation for our moisture example with
four samples (n) and 3 degrees of freedom (n - 1) is
given below.

Confidence Interval ==

btl standard deviation (SD) [10J... ~ va ue K ;;;;

. 0.2927
Confidence Interval (at 95%) = 64.72=3.18 x~

=64.72 ::!: 0,465% [11J

To interpret this number, we can say that, with 95~o

confidence, the true mean for our moisture will fall
within 64.72 ~ 0.465% or between 65.185 and 64.255%.

TIle expression SO/V;; is often reported as the
standard error of the mean. It then is left to the reader
to calculate the confidence interval based on the
desired level of certain tv.

Other quick tests ofprecision used are the relative
deviation from the mean and the relative average devi
ation from the mean. The relative deviation from the
mean is useful when only two replicates have been
performed. It is calculated according to Equation [12J,
with values below 2% considered acceptable.

Relative deviation from the mean
Xj-X

= -- K 100 [l:j
:t

The Xi represents the individual sample value, and .e is
the mean.
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If there are several experimental values, then the
relative average deviation from the mean becomes a
usefu1 indicator of precision. It is calculated similarly
to the relative deviation from the mean, except the
average deviation is used instead of the individual
deviation. It is calculated according to Equation 113].

Relative average deviation from the mean =
1: l,r. -.t I
~ x 1000 =parts per thousand [13]

:t

Using the moisture values discussed in Table 4-1,
the Xj -:t terms for each determination are -0.19, -0.27,
+0.38, +0.06. Thus, the calculation becomes:

0.19 + 0.27 + 0.38 + 0.06
ReI. Avg. Dev, = 4 x 1000

64.72

= 0.225 x 1000
64.72 .

= 3.47 parts per thousand [14]

Up to now,our discussions of calculations have
involved ways to evaluate precision. Ii the true value is
not known, we can calculate only precision. A lew
degree of precision would make it difficult to predict a
realistic value for the sample.

However, we occasionally may have a sample for
which we know the true value and can compare our
results with the known value. In this case, we can cal
culate the error for OUI test, compare it to the known
value, and determine the accuracy. One term that COl:!

be calculated is the absolute error, which is simply the
difference between the experimental value and the true
value.

Absolute error = E"bs =.r - T (lSI

where:

x =experimentally determined value
T = true value

The absolute error term can have either a positive'
or negative value. If the experimentally determined
value is from several replicates, then the mean (0)·
would be substituted (or the x term. This is not a gooc
test (or error, because the value is not related to tlw
magnitude of the true value, A more useful measure
ment of error is relati ve error.

I 1 . E.... x - T
~e ative l'ITOr e E ,=~ =-- [16J

no. T T

The rcsult$ arc reported .1S a negative or positive value,
which represents a fraction of the true value.

If desired, the relative error can be expressed as %
relative error by multiplying by 100%. Then the rela-
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4.3.2 Sources of Errors

tionship becomes the following, where x can be either
an individual determination or the mean (0) of several
determinations.

Using the data for the % moisture of uncooked
hamburger, suppose the true value of the sample is
65.05%. The % relative error is calculated using our
mean value of 64.72% and Equation [17].

~-T
%EI'I!t + -r- x 100%

64.72 - 65.05 0 - 0' I]= 65.05 x 100Yo = -0.::107 ,0 18

Note that we keep the negative value, which indicates
the direction of our error, i.e., our results were 0.507%
lower than the true value.

" .
an analytical balance, judging the endpoint change in a
titration, and using a pipette all contribute to random
error. Background instrument noise, which is always
present to some extent, is a factor in random error. Both
positive and negative errors are equally possible.
Although this type of error is difficult to avoid, fortu
nately it is usually smalL

Blunders are easy to eliminate, since they are so
obvious. The experimental data are usually scattered,
and the results are not close to an expected value. This
type of error is a result of using the wrong reagent or
instrument or from sloppy technique. Some people
have called this type of error the "Monday moming
syndrome" error. Fortunately, blunders arc easily iden
tified and corrected,

4.3.3 Specificity

Specificity of a particular analytical method :means
that it detects only the component of interest. Analyti
cal methods can be very specific for a certain food com
ponent or, in many cases, can analyze a broad spectrum
of components. Quite often, it is desirable for the
method to be somewhat broad in its detection. For
example, the determination of food lipid (fat) is actu
ally the crude analysis of any compound that is soluble
in an organic solvent. Some of these compounds are
glycerides, phospholipids, carotenes, and free fatty
acids. Since we are not concerned about each individ
ual compound when considering the crude fat content
of food, it is desirable that the method be broad in
scope. On the other hand, determining the lactose con
tent of ice cream would require a specific method.
Because ice cream contains other types of simple sug
ars, without a specific method we would overestimate
the amount of lactose present.

There are no hard rules for what specificity is
required. Each situation is different and depends on
the desired results and type of assay used. However, it
is something to keep in mind as the various analytical
techniques are discussed.
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4.3.4 Sensitivity and Detection Limit

Although often used interchangeably, the terms sensi
tivity and detection limit should not be confused. They
have different meanings yet are closely related, Sensi
tivity relates to the magnitude of change of a\measur
ing device (instrument) with changes in c0Dtpound
concentration.It is an indicator of how little change can
be made in the unknown material before we notice a
difference On a needle gauge or a digital readout. We
are all familiar with the process of tuning in a qdio sta
tion on our stereo and know how, at some point, once
the station is tuned in, we can move the dial without
disturbing the reception. This is sensitivity. In many

[17]!m. x-T
%E1'I!1 = T x100% =----r- x 100%

As you may recall from our discussions of accuracy
and precision, error (variation) can be quite important
in analytical determinations. Although we strive to
obtain correct results, it is unreasonable to expect an
analytical technique to be entirely free of error. The best
we can hope for is that the variation is small and, if
possible, at least consistent. As long as we know about
the error, the analytical method often "will be satisfac
tory. There are several sources of error, which can be
classified as: systematic error (determinate), random
error (indeterminate); and gross error or blunders.
Again, note that error and variation are used inter
changeably in this section and essentially have the
same meaning for these discussions.

Systematic or determinate error produces results
that consistently deviate from the expected value in
one direction or the other. As illustrated in Fig. 4-tb,
the results are spaced closely together, but they are con
sistently off the target. Identifying the source of this
serious type of error can be difficult and time consum
ing, because it often involves inaccurate instruments or
measuring devices. For example, a pipette that consis
tently delivers the wrong volume of reagent will pro
duce a high degree of precision yet inaccurate results.
Sometimes impure chemicals or the analytical method
itself are the cause. Generally, we can overcome sys
tematic errors by proper calibration of instruments,
running blank determinations, or using a different ana
lyticalmethod.,
" Random or indeterminate errors are always pres

ent in any analytical measurement. This type of error is
due to our natural limitations in measuring a particu
lar system. These errors fluctuate in a random fashion
and are essentially unavoidable. For example. reading
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situations, we can adjust the sensitivity of an assay to
fit our needs, i.e. whether we desire more or less sensi
tivity. We even may desire a lower sensitivity so that
samples with widely varying.concentration can be ana
lyzed at the same time.

Detection limit, incontrast to sensitivity, is the low
est possible increment that we can detect with some
degree of confidence (or statistical significance). With
every assay, there is a lower limit at which pointwe are
not sure if something is present or not. Obviously, the
best choice would be to concentrate the sample so we
are not working close to the detection limil However,
this may not be possible, and we may need to know the
detection limit so we can work away hom that limit.

There are several ways to measure the detection
limit, depending on the apparatus that is used. Ifwe are
using something like a spectrophotometer, gas chro
matograph, orhigh performance liquidchromatograph
(HPLC) the limit of detection often is reached when the
signal-to-noise ratio is 3 or greater. In other words,
when the sample gives a value that is three times the
magnitude of the noise detection, the instrument is at
the lowest limit possible. Noise is the random signal
fluctuation that occurs with any instrument.

A more general way to define the limit of detection
is to approach the problem from a statistical viewpoint,
in which the variation between samples is considered.
A common mathematical definition of detection limit is
given below.

[19]

where:

XLD =the minimum detectable concentration
X81k -= the signal of a blank

SDfllJ< = the standard deviation of the blank readings

In this equation, the variation of the blank values (or
noise, if we are talking about instruments) determines
the detection limit. High variability in the blank values
decreases the limit of detection.

4.4 CURVE FITTING: REGRESSION ANALYSIS

Curve fitting is a generic term used to describe the rela
tionship and evaluation between two variables. Most
scientific fields use curve fitting procedures to evaluate
the relationship of two variables. Thus, curve fitting or
curvilinear analysis of data is a vast area as evidenced
by the volumes of material describing these proce
dures. In analytical determinations, we are usually
concerned with only a small segment of curvilinear
analysis, the standard curve or regression line.

A standard curve or calibration curve is used to
determine unknown concentrations based on a method
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that gives some type of measurable response that is pro
pomona! to a known amount of standard. It typically
involves making a group of known standards in
increasing concentration and then recording the partic
ular measured analytical parameter (e.g., absorbance,
area of a chromatography peak, etc.). What results
when we graph the paired x and y values is-ascatterplot
of points that can be joined together to form a straig~t

line relating concentration to observed response. Once
we know how the observed values change with con
centration, it is fairly easy to estimate the concentration
of an unknown by interpolation from the standard
curve.

As you read through the next three sections, keep
in mind that not all correlations of observed values to
standard concentrations are linear (but most are).
There are many examples of nonlinear curves, such as
antibody binding, toxicity evaluations, and exponen
tial growth and decay. Fortunately, with the vast array
of computer software available today, it is relatively
easy to analyze any group of data.

4.4.1 Linear Regression

So how do we set up a standard CUIVe once the data
have been collected? First a decision must be made
regarding onto which axis to plot the paired sets of
data. Traditionally the concentration of the standards
are represented On the x-axis and the observed read
ings are on the y-axis. However, this protocol is used
for reasons other than convention. The z-axis data are
called the dependent variable and assumed to be
essentially free of error, while the y-axis data (the inde
pendent variable) may have error associated with
them. This assumption may not be true because error
could be incorporated as the standards are made. \r\lith
modern day instruments the error can be very small,
Although arguments can be made for making the y
axis data concentration, for all practical purposes the
end result is essential the Same. Unless there are some
unusual data, the concentration shouldbeassociated untl:
the x-axisand tlie measured values Wit/I the y-axis.

Figure 4-3 illustrates a typical standard curve used
in the determination of caffeine in various foods. Caf
feine is analyzed readily in foods by using HPLC cou
pled with an ultraviolet detector set at 272 nm. The area
under the caffeine peak at 272 nm is directly proper
tional to the concentration. When an unknown sample
(e.g., coffee) is run on the HPLC, a peak area i::
obtained that can be related back to the sample using
the standard curve.

The plot in Fig. 4-3 shows 0111 the data points and a
s~:'<li!:=ht !int' :hilt appears to pass through most of the
p-.i~b, The line almost passes through the origin,
\":":Ich makes sense because zero concentration should
r:"dmc no siSTI<l1 at 272 nm. However, the line is not
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[22J

[23}

x

y

u-b
:c:::~

a

y = ax + b

x

EJcamples ofstandard curves showing the rela
tionstUp between the Xand Yvariables when
there is (a) a high amount of correlationand (b)
a lower amount of correlation. Both lines have
the same equation.

or

y

may be observed. In most situations, calculating the
origin as going through zero will yield the same
results.

Using the data from Fig. 4-3, calculate the concen
tration of caffeine in the unknown and compare with
the graphing method. As you recall. the unknown had
an area at 272 nm of -1000. Linear regression analysis of
the standard curve data gave the y-intercept (b) as
8-1.66118 and the slope (a) as 90.07331.

4000 - 84.66118 .
x(conc) = 90.07331 .. 43.468 ppm caffeme (241

The agreement is fairly close when comparing the
calculated value to that estimated from the graph.
Using high quality graph paper with many lines could
give us a line very close to the calculated one. How
ever, as we will see in the next section, additional infor
mation can be obtained about the nature of the line
when using computer software or calculators.

4.4.2 Correlation Coefficient

In observing any type of correlation, including linear
ones, questions always surface concerning how to
draw the line through the data points and how well do
the data fit to the straight line. The first thing that
should be done with any group of data is to plot it to
see if the points fit a straight line. By just looking at the
plotted data, it is fairly easy to make a judgment on
the linearity of the line. We also cah pick out regions on
the line where a linear relationship does not exist. The
figures below illustrate differences in standard curves;
Fig. 4-4a shows a good correlation of the data and Fig.
4-4b shows a poor correlation. In both cases, we can

Peak
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50 4795
75 6760
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A typical standard curve plot showing the data
points and the generated best fit line. The data
used to plot the curve are presented on the
graph.
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perfectly straight (and never is) and does not quite pass
through the origin. . .

To determine the caffeine concentration ill a sam
ple that gave an area of say 4000, we could extra.polate
to the line and then draw a line down to the X-aXlS. Fol
lowing the dashed line to the x-axis (concentration), we
can estimate the solution to be at about 42-43 ppm of
caffeine.

We can mathematically determine the best fit of the
line by using linear regression. Keep in mind the equa
tion for a straight line, which is: y ::: ax + b, where a :::
slope and b :::y-intercept. To determine the slope and y
intercept, the regression equations shown below are
used. We determine a and b and thus, for any value of
y (measured), we can"determine the concentration (x).

L(Xj - f)(yj - g) [20}
slope a = L(Xi _ f)2

y-interceptb:::g-a.t (21)

The Xiand Yi parameters are the individual values, and
f and 9 are the means of the individual values. Low
cost calculators and computer spreadsheet software
can readily calculate regression equations so no
attempt is made to go through the mathematics in the
formulas.

The fonnulas give what is known as the line of
regression of y on x which assumes that the error
occurs in the y direction. The regression line represents
the average relationship between all the data points
and thus is·a balanced line. These equations also
assume that· the straight line fit does not have to go
through the ori~which at first does not make much
sense, However, there are often background interfer
ences so that even at zero concentration a weak signal
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r =0.99943 (values are usually reported to at least 4
significant figures)

0.99886 =0.00114 x 100% =0.114%) does not vary with
changes in x and y and, thus.Is due to indeterminate
variation. A small amount of variation is expected nor
mally.

4.4.3 Errors in Regression l.ines

While the correlation coefficient tells us something
about the erroror variation in linear curve fits, it does
not always give the complete picture. Also, neither lin
ear regression nor correlation coefficient will indicate
that a particular set of data have a linear relationship.
They only provide an estimate of the fit assuming the
line is a linear one. As indicated before, plotting the
data is critical when looking at how the data fit on the
curve (actually, a line). One parameter that is used
often is the y-residuals, which are simply the differ
ences between the observed values and the calculated
or computed values (from the regression line). Ad
vanced computer graphics software can actually plot
the residuals for each data point as a function of con
centration. However; plotting the residuals is usually
not necessary because data that do not fit on the line
are usually quite obvious. If the residuals are large for
the entire curve, then the entire method needs to be
evaluated carefully. However, the presence of one
point that is obviously off the line while the rest of the
points fit very well probably indicates an improperly
made standard.

One way to reduce the amount of error is to
include more replicates of the data such as repeat
ing the observations with a new set of standards. The
replicate :r and y values can be entered into the calcu
lator or spreadsheet as separate points for the regres
sion and coefficient determinations. Another, probably
more desirable, option is to expand the concentra
tions at which the readings are taken. Collecting obser
vations at more data points (concentrations) wil! pro
duce a better standard curve. However, increasing tt:l'
data beyond seven or eight points usually is no: bene
ficial.

Plotting confidence intervals, or bands or limits
on the standard curve along with the regression line is
another way to gain insight into the reliability 0: lht:·
standard curve, Confidence bands define the statistical
uncertainty of the regression line at a chosen probabil
it)' (such as 95%) using t.he r-staristic and the calculatco
standard deviation of the fit. In some aspects, the con
fidence bands on the standard curve are similar to tne
confidence interval discussed in section 4.3.1. How.
ever, in this case we are Jooking at a line rather than a
confidence interval around a mean. Figure 4-6 shows
the caffeine d:\l:l from the standard curve presented
before, except some of the numbers have been modi
fied to enhance :h~; confidence bands. The confidence
bands (dashed Lr~l':') consist of both an upper limit and

[25]

correlation coeffident =
I(x; -1){y,'" g)

0 @

<, •
• •

•y -, y
• • • •

• •

x x

r=:.; :1 :1
v [I(Xi -1) ][I(yj - g) ]

For our example of the caffeine standard curve from
Fig. 4-3:

draw a- straight line through tl:te data points. Both
curves.yield the same straight lirte but the precision is
poorer for the latter.

There are other possibilities when. working with
standard curves. Figure 4-5a shows a good correlation
between x and y but in the negative direction, and Fig.
4-5b illustrates data that have no correlation at all.

The· correlation coefficient defines how well the
data fit to a straight line. For a standard curve, the ideal
situation would be that all data points lie perfectly On
a straight line. However, this is never the case, because
errors are introduced in making standards and mea
suring the physical values (observations).

The correlation coefficient and coefficient of deter
mination are defined below. Essentially all spreadsheet
and plotting software will calculate the values auto
matically.

Examples of standard curves showing the rela
tionship between the rand y variables when
there is (a) a high amount of negative cC';'C;.1'
tion and (b) no correlation between r and y vJ:-
ues.

For standard curves, we want the value of r as
close to +1.0000 or -1.000 as possible, because this
value is a perfect correlation (perfect straight line),
Generally, in analytical work. the rshould be 0.9970 or
better. (This does not apply to biological studies.)

The coefficient of determination (r) is used quite
often because it gives a better perception of the straight
line even though it does not indicate the direction of
the correlation. The ~ for the example presented above
is 0.99886, w hich represents the proportion of the vari
ance of absorbance (y) that can be attributed to its lin
ear regression on concentration (x). This means that
about 0.114% of the straight line variation (1.0000 -
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A standard curve graph showing the confi
dence bands. The data used to plot the graph
are presented on the graph as are the equation
of the line and the correlation coefficient.

A standard curve plot showing possibledevia
tions ill thecurvein the upper and lower limits.

a lower limit that define the variation of the y-axis
value. The upper and lower bands are narrowest at the
center of the curve and get wider as the curve moves to
the higher or lower standard concentrations.

Looking at Fig. 4-6 again, note that the confidence
bands show what amount of variation we expect in a
peak area at a particular concentration. At 60 ppm con
centration, by going up from the z-axis to the bands
and extrapolating to the y-axis, we see that with our
data the 95% confidence interval of the observed peak
area will be 4000 to 6000. In this case, "the variation is
large and would not be acceptable as a standard curve,
and is presented here only for illustration purposes.

Error bars also can be used to show the variation of
y at each data point. Several types of error or variation
statistics can be used such as standard error, standard
deviation, or percentage of data (i.e., 5%). Any of these
methods give a visual indication of experimental vari
ation.

Unfortunately, confidence bands and error bars are
not used. often because the mathematics is difficult and
most calculators and spreadsheet software do not have
that capability. Construction of confidence bands
requires the use of advanced graphics software such as
Microcal's Origin~.

Even with good standard curve data, problems can
arise if the standard curve is not used properly. One
common mistake is to extrapolate beyond the data
points used to construct the curve. Figure -i-7 illus
trates some of the possible problems that might occur
when extrapolation is used. As shown in Fig. 4-7, the
curve or line may not be linear outside the area where
the data were collected, This can occur in the region
dose to the origin or especially at the higher concen
trationlevel.

Usually a standard curve will go through the ori
gin, but in some situations it may actually tail off as
zero concentration is approached. At the other end of
the curve, at higher concentrations, it is fairly common
for a plateau to be reached. where the measured param
eter does not change much with an increase in concen
tration. Care must be used at the upper limit of the
curve to ensure that data for unknowns are not col
lected outside of the curve standards. Point Z on Fig.
4-7 should be evaluated carefully to determine if the
point is an outlier or if the curve is actually tailing off.
Collecting several sets of data at even higher concen
trations should clarify this. Regardless, the unknowns
should be measured only in the region of the curve that
is linear.

4.5 REPORTING RESULTS

In dealing with experimental results, we always are
confronted with reporting data in a way that indicates
the sensitivity and precision of the assay. Ideally, we do
not want to overstate or understate the sensitivity of
the assay, and thus strive to report a meaningful value,
be it a mean, standard deviation, or some other num
ber. The next three sections discuss how we can evalu
ate experimental values so as to be precise when
reporting results.

4.5.1 Significant Figures

The term significant figure is used rather loosely to
describe some judgment of the number of reportable
digits in a result. Often, the judgment is not soundly
based, and meaningful digits are lost or meaningless
digits are retained. Exact rules are provided below to
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help determine the number of significant figures to
report. However, it is important to keep some Bexibil·
ity when working with significant figures.

Proper use of significlU'tt.figwe$ is meant to give an
indication of the sensitivity and reliability of the ana
lytical method. Thus, reported values should contain
only significant figures. A value is made up of signifi
cantfigureswhen it containsall digits known to be true
and one last digit that is in doubt For example, a value
reported as 64.72 contains four significant figures, of
which three digits are certain (64.7) and the last digit is
uncertain. Thus, the 2 is somewhat uncertain and could
be either 1 or 3. As a rule, numbers that are presented in
a value represent the significant figures, regardless of
the position of any decimal points. This also is true for
values containingzeros, provided they are bounded on
either side by a number. For example, 64.72, 6.472,
0.6472, and 6.407 all contain four. significant figures.
Note that the zero to the left of the decimal point is used
only to indicate that there are no numbers above 1. We
could have reported the value as .6472, but using the
zero is better, since we know that a number was not
inadvertently left off our value.

Special considerations are necessary for zeros that
mayor may not be significant.

1. Zeros after a decimal point are always signifi
cant figures. For example, 64.720 and 64.700
both contain five significant figures.

2. Zeros before a decimal point with no other pre-
ceding digits are not signi5ca.n t. As indicated
before, 0.6472 contains four significant figures.

3. Zeros after a decimal point are not Significant if
there are no digits before the decimal point. For
example, 0.0072 has no digits before the decimal
point; thus, this value contains two Significant
figures. In contrast, the value l.oon contains
five significant figures.

4. Final zeros in a number are not Significant
unless indicated otherwise. Thus. the value 7000
contains only one significant figure. However,
adding a decimal point and another zero give
the number 7000.0, which has five significant
figures.

A good way to measure the significance of zeros, if the
above rules become confusing, is to convert the number
to the exponential form. If the zeros can be omitted, then
they are not significant. For example, 7000 expressed in
exponential form is 7 x 1& and contains one significant
figure. With 7000.0, the zeros are retained and the num
ber becomes OOסס.7 x UP. 11 we were to convert 0.007 to
exponent form, the value is 7 x 10-3, and only one sig
nificant figure is indicated. As a rule, determining sig
nificant figures in arithmetic operations is dictated by
the value having the least number of significant figures.
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The easiest way to avoid any confusion is to perform all
the calculations and then round off the final answer to
the appropriate digits. For example, 36.54 x 238 x 1.1 =
9566.172, and because 1.1 contains only two significant
figures, the answer would be reported as 9600 (remem
ber, the two zeros are not significant). This method
works fine for most calculations,exceptwhen adding or
subtracting numbers containing decimals. In those
cases, the number of significant figures in the final value
is determined by the numbers that follow the decimal
point Thus, adding 7.45 + 8.725 =16.175; because 7.45
has only two numbers after the decimal point, the sum
is rounded to 16.18. likewise,433.8 - 32.66 gives 401.14,
which rounds off to 401.1.

A word of caution is warranted when using the
simple rule stated above, for there is a tendency to
underestimate the significant figures in the final
answer. For example, take the situation in which we
determined the caffeine in an unknown solution to be
43.5 ppm (see Equation 124]). We had to dilute the sam
ple 50-fold using a volumetric flask in order to fit the
unknown within the range of our method. To calculate
the caffeine in the original sample, we multiply our
result by SO or 43.5 JLg/ml .x 50 =217S I4g/ml in the
unknown. Based on our rule above, we then would
round the number to one significant figure (because 50
contains one significant figure) and report the value as
2000. However, doing this actually underestimates the
sensitivity of our procedure, because we ignore the
accuracy of the volumetric flask used for the dilution.
A Class-A volumetric flask has a tolerance of 0.05 ml:
thus, a more reasonable way to express the dilution fac
tor would be 50.0 instead of 50. We now have increased
the significant figures in the answer by two, and the
value becomes 2180 mg/mI.

As you can see, an awareness of significant: figures
and how they are adopted requires close inspection.
The guidelines can be helpful but they do not always
work, unless each individual value or number is
closely inspected.

4.5.2 RoundIng Off Numbers

Rounding off numbers is an important and necessary
operation in all analytical areas. However, premature
or incorrect rounding off can produce serious errors in
the final results. It usually is desirable to carry extra
numbers during calculations and perform the round
ing off on the final answers.

Rounding off procedures are fairly straightfor
ward and commonly used by most everyone. Even the
Internal Revenue Service aUows taxpayers to round off
fractions of a dollar to the whole dollar when filling out
income tax forms, However, analytical data require a
lj~:it- more accuracy than the IRS, and thus the rules are
~lll.:~':]y d i{fenmt
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The basic rules of rounding off are listed below:

1. If the figure following those numbers to be
retained is less than 5, the figure is dropped and
the retained numbers are kept unchanged. For
example, 64.722 is rounded off to 64.n.

2. If the figure following those numbers to be
retained is greater than 5. the figur~ is dropped,
and the last retained number is increased by 1.
For example. 64.727 is rounded off to 64.73.

3. If the number following those to be retained is a
5, and there are no figures other than zeros
beyond the 5, the figure is dropped and the last
retained figure is increased by 1 if it is an odd
number, or it is kept unchanged if it is an even
number. For example, 64.725 is rounded off to
64.72 and 65.705 is rounded off to 64.70, whereas
64.715 is rounded off to 64.72.

A simplified version of rule 3 above is to increase
by 1 if the 5 is followed by numbers other than zeros
and ignore the even-odd method. If the 5 is followed
by zeros, then it is simply dropped. For example,
64.715 would round off to 64.71, whereas 64.715001
would round off to 64.72.

Remember, it is best to round off after performing
any mathematical operations.
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where;

XI = the questionable value
:c~ =the next closest value to Xl

W = the total spread of all values; obtained by
subtracting the lowest value from the high
est value

Table +4 provides the rejection Q-values for a 90% con
fidence level.

The example below shows how the test is used for
the moisture level of uncooked hamburger for which
four replicates were performed giving values of 64.53,
64.45, 64.78, and 55.31. The 55.31 value looks as if it is
too low compared to the other results. Can that value
be rejected? For our example, Xl = the questionable
value =55.31, and:C2 is the closest neighbor to .t l (which
is 64.45). The spread (W) is the high value minus the
low measurement, which is 64.78 - 55.31.

Q al
64.45-55.31 9.14 9-v ue e __ - -- ;: O. 7
64.78 - .).).31 9.47

From Table 4-4, we see that the calculated Q-value
must be greater than 0.76 to reject the data. Thus, we
make the decision to reject the 55.31% moisture value
and do not use it in calculating the mean.

4.6 SUMMARY

Reprinted with.p~rmission frcm Dean. R. B.• and Dixon. W. J. 1951.
Simplified stansacs for small numbers of observations. Analytical
Chemistry 23:636-638. Copyright 1951. American Chemical Soci
el'{.

m Q.Values for the RejeeHon of Results

This chapter focused on the basic mathematical treat
ment that most likely will be used in evaluating a
group of data. For example, it should be almost second
nature to determine a mean, standard deviation, and
coefficient of variation when evaluating replicate
analyses of an individual sample. In evaluating linear
standard curves, best line fits always should be deter-

0.94
0.76
0,64
0.56
0.51
0.47
0.44
0.41

Q of Rejection (90% level)Nunnbero{()bservaUons

3
4
5
6
7
8
9

10

4.5.3 Rejecting Data

Inevitably, during the course of working with experi
mental data we will come across a value that does not
match the others. Can you reject that value, and thus
not use it in calculating the final reported results?

The answer is "sometimes," but only after careful
consideration. If you are routinely rejecting data to
help make your assay look better, then you are misrep
resenting the results and the precision of the assay. If
the bad value resulted from an identifiable mistake in
that particular test, then it is probably safe to drop the
value. Again, caution is advised, because you may be
rejecting a value that is closer to the true value than
some of the other values.

Consistently poor accuracy or precision indicates
that an improper technique or incorrect reagent was
used or that the test was not very good. It is best to
make changes in the procedure or change methods
rather than try to figure out ways to eliminate undesir
able values.

There are several tests for rejecting an aberrant
value. One of these tests, the Q-Test, is commonly
used. In this test, a Q-value is calculated as shown
below and compared to values in a table. If the calcu
lated value is larger than the table value, then the ques
tionable measurement can be rejected at the 90% confi
dence level.
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~ed along ~ith the indicatoa or the degree of lin
eanty (correlation coefficient or coefficient of determi
nation). Fortwlately, most computer spreadsheet and
graphics software will readily perform the calculations
for you. Guidelines are available to enable one to
report analytical results in a way that tells something
about the sensitivity and confidence of a particular test.
These include the proper use of significant figures,
rules for rounding off numbers, and use of the Q-test to
reject grossly aberrant individual values.

were repeated? If the true value for dry matter is 59.40,
what is the "I" relative error?

4. Compare the two groups of standard curve data below for
sodium determination by atomic emission spectroscopy.
Draw. the standard curves using graph paper or a com
puter software program. Which group .of data provides a
better standard curve? Note that the absorbance of the
emitted: radiation at 589 nm increases proportionally to
sodium concentratiOn. Calc:ulate the amoun! of sodium in
a sample with a value of 0.555 for emission at 589 nm. Use
both standard curve groups and compare the results.

4.7 STUDY QUESTIONS Group A-Sodium Standard Curve

Sodium Concentration {Jlg/mQ Emission at 589 nm

Sodium Concentration (Jlglml) Emission at 589 nm

4.9 RESOURCE MATERIALS

Answers:
1.2,3,4.2.0.0222.3. mean e 87.19, 50....1 := 3.34,.CV =3.S3~;';

thus the precision is acceptable. Qeo1c =0.92; therefore the
value 82.20 can be rejected. CI ... 87.19 :::!: 5.31. %E...1 >:

-2.47%. 4. Group A is the better std. curve (group A, .,l ...
0.9990; group B, r2 0.9708). Sodium in the sample u.<,ing
group A std. curve 11.1 I-tg/m1; with group B std. curve
... 11.5 Ilg/ml

0.050
0.140
0.242
0.521
0.998

0.060
0.113
0.221
0.592
0.917

Group B-SocIlum Standard Curve

"1.00
3.00
5.00

10.0
20.0

1. McCormick. D.•and Roach, A. 1987. MtaSllremrllt. 5:.:11!'

tics and Computation. John Wiley & Sons, New York. This
is a very good book covering a wide variety of topics of
interest to an analytical chemist. The best feature U: Lh.is
book is that it covers the topics at an introductorv revel
yet with sufficient detail and examples. .

2. Miller, J.e., and Miller. J.N. 1988. (Reprinted with correc
tions 1989.)Slalistics/or Analytical Chemistrv. 2nd ed. EHi,;.
Horwood Ltd.• distributed by John W.tley· &. Sons. :'>:('\\'

York. (Also available from Aldrich Chemical Cc., ~l:'·

waukee, WI.) This is another excellent inrroductorv !~x!

(or beginner analytical chemists. It contains a fair ar~o~;.!
of detail. sufficient for most analytical statistics, yet wcrk
through the material starting at a basic introductory level.
The authors also discuss the Q-test used for rejecting data.
Unfortunately this book is currently out of print.

3. Skoog, O.A., and West, D.M. j982. Fundamentals ofAna-

1.00
3.00
5.00

10.0
20.0

4.8 PRACTICE PROBLEMS

1. Method A to quantitate a particular food component was
reported to be more specific and accurate than method B,
but method A had lower precision. Explain what this
means.

2. You are considering adopting a new analytical method in
your lab to measure moisture content of cereal products.
How would you detennine the precision of the new
method and compare it to the old method? Include any
equations to be used for any needed calculations.

3. Differentiate "standard deviation" from "coefficient of
variation," "standard error of the mean," and .,confidence
inte~~H .

4. Differentiate the terms "absolute error" versus "relative
error." Which is more useful? \'\Thy?

5. For each of the errors described below in performing an
analytical procedure, classify the error as random error,
systematic error. or blunder, and describe a way to over
come the error.
a. Automatic pipettor consistently delivered 0.96 mI

rather than 1.00 mI. .
b. Substrate was not added to one tube in an enzyme

assav,
6. Oiffere~tiate the terms "sensitivity" and "d~tectionlimit."
i. The correlation coefficient for standardeurve A is re

poned AS 0.9970. The coefficient of determination for stan
dard CW'\'e B is reported as 0.9950. In which case do the
data better fit a straight line?

I. How many significant figures are in the following num
bers: 0.0025. 450, 5.60i?

2. What is the correct answer for the following calculation
expressed in the proper amount oi significant figures?

2.4:'l x 0.01672
1.83215

3. Given the following data on dry mailer (88.62, 88.74,
59.20,82.20), determine the mean. standard deviation. and
coefficient of variation. Is the precision for this set of data
acceptable? Can you reject the value 82.20 since it seems to
be different than the others? What is the 95% confidence
level you would expect your values to fall wilhin if the test
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lytical Chemistry, 4th ed. Holt.5.1unders, N'!w York. Chap
t~r 3 does an e."<~Ul!nt job of covering most of the statis
tics needed by an analv!ic.l1 chemist in an CJ~v-to-re.ld
style. . .

4. Willard, H.H., Merritt, Ll.; [r., ~.ln, J.A., and Settle,
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F.A., Jr., 19&8. lnstrumenta! ,\It'thoJl:; of Analysis, 7th ed,
Wadsworth PUb~hing.Belman, CA. This gives a rigor
ous treatment of instrumentation and has J very usdul
chapter (Chapter 2, Measurements, Signals and Data) on
types of error generated by instruments.
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5.1 INTRODUCTION

To control food quality and acceptance within satisfac
tory limits, it is important to monitor the vital charac
teristics of raw products, ingredients, and processed
foods. nus could be done by evaluating all foods or
ingredients from a particular lot, which is fea~ible if the
analytical technique is rapid and nondestructive. !10w
ever, it is usually mare practical to select a portion of
the total product volume and assume the quality of the
selected portion is typical of the whole lot.

Obtaining a portion, or sample, that is representa
tive of the whole is referred to as sampling, and the
total quantity from which a sample is obtained is called
the population. Adequate sampling technique helps ~o

ensure that sample quality measurements are an accu
rate and precise estimate of the quality of the p~pula

tion, By sampling only a fraction of the population, a
quality estimate can be obtained more quickly and
with less expense and personnel time than if the total
population were measured. The sample is only an esti
mate of the true value of the population, but with
proper sampling technique it can be a. very a~curate

estimate. Sampling procedures and their selection are
discussed in sections 5.2 and 5.3.

Alaboratory sample for analysis can be of any size
or quantity (1). Factors affecting the sample size and
associated problems are discussed in sections 5.3 ~d
5.4, while preparation of laboratory samples for testing
is described in section 5.4.

As you read each section of the chapter, consider
application of the information to s?me specific ex~m

pies of sampling needs in the food mdus~: sa~plin.g

for nutrition labeling (see Study Question 7 in this
Chapter), pesticide analysis (see also Chapter 20, sec
tion 20.1.3), mycotoxin analysis (see also Chapter 20,
section 20.2.2), extraneous matter (see also Chapter 23),
or rheological properties (see also Chapter 3-1). Tocon
sider sample collection and preparation for these.and
other applications subject to government regulations,
you are referred also to the sample collection section of
compliance procedures established by the Food and
Drug Administration (FDA) and Food Safety and
Inspection Service (FSIS) of the United States Depart
ment of Agriculture (USDA) (see Chapter 3, section
3.2.3.1). -

It should be noted that sampling terminology and
procedures used ma~ vary between comp~es. and
between specific applications. However, the pnnoples
described in this chapter are intended to provide a
basis for understanding, developing, and evaluating
sampling plans and sample handling procedures for
specific applications encountered.
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5.2 SELECTION OF
SAMPLING PROCEDURES

5.2.1 General Information

It is important to clearly define the population that is to
be sampled. The population may vary in size from a
production lot. a day's fro~uction, ~o the c~ntents of

-a warehouse. Extrapolating information obtained from
it sample of a production lot to the population of the lot
can be done accurately, but conclusions cannot be
drawn from data describing larger populations, such
as the whole warehouse.

Populations may be finite, such as the size of a loti
or infinite, such as in the number of temperature obser
vations made of a lot over time (2). For finite popula
tions, sampling provides an estimate of lot quality. In
contrast, sampling from infinite populations provides
information about a process. Regardless of the popula
tion type, l.e., finite or infinite, the data obtained from
sampling are compared to a range of acceptable values
to ensure the population sampled is within spec
ifications.

Data obtained from an analytical technique are the
result of a stepwise procedure from sampling, to sam
ple preparation, laboratory analysis, data processing,
and data interpretation. There is a potential for error at
each step and the uncertainty. or reliability, of the final
result depends on the cumulative errors at each stage (3,
4). Variance is an estimate of the uncertainty. The total
variance of the whole testing procedure is equal to the
sum of the variances associated with each step of the
sampling procedure and represents the precision of
the process. Precision is a measure of the reproducibil
ity of the data. In contrast, accuracy is a measure of how
dose the data are to the true value. The most efficient
way to improve accuracy is to improve the reliability of
the step with the greatest variance. Frequently, this is
the initial sampling step. The reliability of sampling is
dependent more on the sample size than on the popu
lation size (2).The larger the sample size the more reli
able the sampling. However, sample size is limited by
time, cost, sampling methods, and the logistics of sam
ple handling, analysis. and data processing.

5.2.2 Sampling Plan

Most sampling is done for a specific purpose (e.g., to
determine if the number of defects in the lot is accept
able)~.and the purpose may dictate the nature of the
sampling approach. The International Union of Pure
and Applied Chemistry (IUPAC) defines a sampling
planas "a predetennined procedure for the selection,
withdrawal. preservation, transportation, and prepa-
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ration of the pOlt1on~ to be removed from a lot as sam
ples" (l). k s~rrtplin3 plan should be a well organized
documentthat e!;;taQlishes the required procedures for
accomplishing. the pregra.m's objectives. It should
address the issues of who, what, where, wh)~ and how.
The primary aim of sampling is to obtain a sample,
subject to constraints on size, that will satisfy the sam
pling plan specifications. A sampling plan should be
selected on the basis of the sampling objective, the
study population, the statistical unit, the sample selec
tion criteria, and the analysis procedures. The two pri
mary objectives of sampling are often to estimate the
average value of a characteristic and determine if
the average value meets the specifications defined in
the sampling plan.

5.2.3 Factors Affecting Choice of
Sampling Plan

Each factor affecting the choice of sampling plans
(Table 5-1) must be considered in the selection of a
plan. When the pwpose of the inspection, the na rureof
the product, the test method. and lot to be sampled are
determined, a sampling plan can be developed that
will provide the desired information.

5.2.4 Sampling for Attributes or Variables

Sampling plans are designed for examination of either
attributes or variables (2). In attribute sampling. sam
pling is performed to decide on the acceptability of a
population based on whether the sample possesses a
certain characteristic, for example, Closiridiu»: botu
linum contamination in canned goods. Attribute sam-
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pling provides data that are in dichotomous form. i.e.,
data for which there exist two possible alternatives,
such as present or absent. The statistical distribution of
such a sampling plan is hypergeometric, binomial, or
Poisson. In the event of a binomial distribution of the
data (e.g., presence of Clostridium botulinum). the prob
ability of a single occurrence of the event is directly
proportional to the size of the sample. Computing
binomial probabilities will allow the investigator to
make inferences on the overall lot.

In variable sampling. sampling is performed to
estimate quantitatively the amount of a substance (e.g.,
salt) or a characteristic (e.g., color) on a continuous
scale. The estimate obtained from the sample is com
pared with an acceptable value (i.e., previously de
termined) and the deviation measured. This type of
sampling usually produces data that have a normal
distribution, such as in the percent fill of a container
and total solids of a food sample. In general, variable
sampling requires smaller sample size than attribute
sampling (2) and each characteristic should be sam
pled for separately when possible. However, when
FDA and FSISof USDA do sampling for compliance of
nutrition labeling, a composite of 12. and of at least six
subsamples, respectively, is obtained and used for all
nutrients to be analyzed.

There are three basic types of sampling plans: sin
gle, double, ormultiple (5). Each maybe used for eval
uation of attributes or variables, or a combination of
both. Selection of the plan depends on the expected
overall lot quality and sampling costs. Single sam
pling plans allow accept/reject decisions to be made
by inspection of one sample of a specified size. Double
sampling plans require the selection of two sample

Factors that Alfect the Choice 01&Ompling Plans

Factors to Be Considered Questions

Purpose or the 1~~;pe(:~.·Yl

Nalure o~ the p:;.:!uc:

Nature of the Ie::;! method

Nature of the poputauon being investigated

Adapted from (1).

Is it to accept or reject the lot?
Is it to measure the average quality of the lot?
Is iI to determine the variability of the product?

Is it homogeneous or heterogeneous?
What 1$ the unit size?
How consistentty have past poculaions mel specifications?
What is the COSl of the rnatena: being sampled?

Is the test crincat or minor?
Will someone become sick or die if the population fails to pass the lest?
Is the test oestrucuve or nonOeslruClive?
How moen does the lest cos: to complete?

Is the lot large but uouorrn?
Does the 10: consrst Of Smaller. easily identifiable sublots?
What l!- i."le ciSlll::>ulIO~ 01 the ~:"ItlS Within the population?
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sets. However, if the lot is of extremely high or low
quality, acceptance or rejection may be determined
after evaluation ofthe first set of samples. However, if
the first sample indicates the lot is of intermediate
quality, a second sample set is taken. A decision on the
acceptability is then based on analysis of data from
both sample sets. The cost associated with multiple
sampling plans can be reduced by rejecting low-qual
ity lots and accepting high-quality lots quickly. The
amount of sampling depends on the overall lot quality.
A multiple sampling chart must be developed to relate
the cumulative number of defects to the number of
samples taken from the lot (Fig. 5-1). The chart consists
of two parallel lines: a rejection line and an acceptance
line. When the cumulative number of defects lies above
the rejection line, the lot should be rejected. When the
number of defects falls below the .acceptance line, the
lot can be accepted. Sampling should continue until
the number of defects crosses the acceptance or the
rejection line.

The choice of a sampling plan is an important con
sideration, especially when monitoring food safety by
measurement of fungal toxins, named mycotoxins, in
food systems. Mycotoxins are distributed broadly and
randomly within a population and a normal distribu
tion cannot be assumed (1). Such distribution requires
combination of many randomly selected portions to
obtain a reasonable estimate of mycotoxin levels.
Methods of analysis that are extremely precise are not
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needed. when determining mycotoxin levels, when
sampling error is many times greater than analytical
error (1). In this case, sampling and good comminution
and mixing prior to particle size reduction are more
important than the chemical analysis itself. Additional
information on sampling for mycotoxin analysis is prer
vided in Chapter 20 section 20.2.2.

5.2.5 RIsks Associated with Sampling

There are two types of risks associated with sampling.
Both should be considered when developing a sam
pling plan (1). The consumer risk describes the proba
bility of accepting it poor quality population. This
should happen rarely (<5% of the lots) but the actual
acceptable probability of a consumer risk depends on
the consequences associated with accepting an unac
ceptable lot. These may vary from major health haz
ards and subsequent fatalities to a lot being of slightly
lower quality than standard lots. Obviously, the former
demands a low or no probability of occurring whereas
the latter would be allowed to occur more frequently.
The vendor risk is the probability of rejecting an
acceptable product As with consumer risk, the conse
quences of an error determine the acceptable probabil
ity of the risk. An acceptable probability of vendor risk
is usually 5-10%.

A sampling plan should be simple and flexible,
protect both the consumer and the vendor, and provide
for utilization of rejected lots (1). Further discussion of
sampling plans can be found in section 53.3.
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Acceptance/rejection chart for multiple sam
pling plans for use in quality assurance.

5.3 SAMPLING PROCEDURES

5.3.1 Introduction and Examples

The reliability of analytical data is compromised if
sampling is not done properly. As shown in Table 5-1,
the use of the data to be obtained will determine the
sampling procedure. Details for the sampling of spe
cific food products are described-in the Official Methods
ofAnalysisof AOAC International (6) and in the Code of
Federal Regulations (CFR) (7). Two such examples for
specific foods follow.

The AOAC Method 925.08 (6) describes the
method for sampling .flour from sacks. The number of
sacks to be sampled is determined by the square root of
the number ofsacks in the lot. The sacks to be sampled
are chosen according to their exposure. The samples
that are more frequently exposed are sampled more
often than sa~ples that are exposed less. Sampling is
done ~Y drawmg a core from a comer at the top of the
sack di~go~ally to !he center. The sampling instrwnent
is a cy~dricaJ. po~ted, polished trier with a pointed
end. It JS 13 mm In diameter with a slit at least one third
of the circuJn,Ierence of the trier. A second sample is
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taken from the opposite comer in a similar manner.
The cores are stored for analysis in a clean. dry, airtight
container that has been opened near the lot to be sam
pled. The container should be sealed immediately after
the sample is added. A separate container is used for
each sack. Additional details regarding the container
and the procedure also are described below.

TItle 21 CFR specifies the sampling procedures
required to ensure that specific foods conform to the
standard of identity. In the case of canned fruits, 21
CFR 145.3 defines a sample unit as "container, a por
tion of the contents of the container, or a composite
mixture of product from small containers that is suffi
dent for the testing of a single unit" (7). Furthermore, a
sampling plan is specified for containers of specific net
weights. The container size is detennined by the size of
the lot. A specific number of containers must be filled
for sampling of each lot size. The lot is rejected if the
number of defective units exceeds the acceptable limit.
For example, out of a lot containing 48,001 to 84,000
units, each weighing 1 kg or less, 48 samples should be
selected. If six or more of these units fail to conform to
the attnbute of interest the lot will be rejected. Based on
statistical confidence intervals. this sampling plan will
reject 95% of the defective lots examined, i.e., 5% con
sumer risk (7).

The discussion below describes general considera
tions to take into account when obtaining a sample for
analysis.

5.3.2 Homogeneous versus
Heterogeneous Populations

The ideal population would be uniform throughout
and identical at all locations. Such a population would
behomogeneous. Sampling from such a population is
simple, as a sample can be taken from any location and
the analytical data obtained will be representative of
the whole. However, this occurs rarely, as even in an
apparently uniform product, such as sugar syrup, sus
pended parricles ..nd sediments in a few places may
render the population heterogeneous. In fact, most
populations that are sampled are heterogeneous.
Therefore, the location within a population where a
sample isvtaken will affect the subsequent data
obtained. However, sampling plans (section 5.2.2) and
sample preparation (section 5.4) can make the sample
representative of the population or take heterogeneity
into account in some other way.

5.3.3 Manual versus Continuous Sampling

To obtain a manual sample the person taking the sam
pie must attempt to take a "random sample" to avoic;
human bias in the sampling method. Thus, the SJm?k
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must be taken from a number of locations within the
population to-ensure it is representative of the whole
population. For liquids in small containers, this can be
done by shaking prior to sampling. When sampling
from a large volume of liquid, such as that stored in
silos, aeration ensures a homogeneous unit. Liquids
may be sampled by pippetting, pumping.. or dipping
(Fig. 5·2). However, when sampling grain from a rail
car, mixing is impossible and samples are obtained by
probing from several points at random within the rail
car. Such manual sampling of granular or powdered
material is usually achieved with triers or probes that
are inserted into the population at several locations.
Errors may occur in sampling (8), as rounded particles
may flow into the sampling compartments more easily
than angular ones. Similarly, hygroscopic materials
flow more readily into the sampling devices than do
nonhygroscopic material Horizontal core samples
have been found to contain a larger proportion of
smaller sized particles than vertical ones (8).

Continuous sampling is performed mechanically..
Figures 5-3 and 5-4 show automatic sampling devices
in production lines for liquids and solids, respectively.

,

,t.

d •
A manual core sampler for fluids. The sampler
takes -t~ of fluid for each inch (2.54 em)depth.
Sampler IS sho wn w ith sanitizingZcarrier case
(r;&~tl. :Co:.Jrt<.·s)' of Liquid Sampling Systems
Inc.. C~-J:lr Rapids,lA.)
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An automatic liquid sampling device that use s
air under high pressure to collect multiple 1.5
mLsamples. The control box (left) regul ates the
sampling frequency. (Courtesy of Liquid Sam-
piing Systems Inc., Cedar Ra pids. L-\ .)

Continuous sam p ling should be less p rone to human
bias than manual sampling.

5.3.4 Statistical Con siderati ons

5.3.4.1 No nprobability Sampling

Nonprobab ili ty sam pli ng is performed wh en a repre
sen tative sample o f a pop ulation cannot be collected ,
In certain cases of adulteration such as rodent contam
inati on , the objective of the sampling plan may be to
highlight the adulteration rather than collect a repre
senta tive sample of the pop ulation. This type of sam 
pling can be done in many ways, but in each case the
probability of including an y specific po rtion of the
popu lation is not equal because the inv estiga tor selects
the samples, w ithout estimating samp ling erro r.

Judgment sampling is solely at the discre tion of
the sampler and therefore is highly dependent on the
pe rson taking the sample. This me thod is used when it
is the only practical way of obtaining the sam ple. It
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may result in a better es timate of the po pulation than
ran dom sampling if sampling is done by an exp eri
enced indiv idua l and the limi tations of extrapolation
from the results are understood (1). Convenience sam
pling is perform ed when ease of sampling is the key
factor. The tL.-st palle t in a lo t or the sample that is most
accessi ble is selected . This als o is called "chunk sam 
piin g" or "g rab samplin g." Alth ou gh this sam pling
requ ires little effort , the sample obtained will not be
represen tative of the population. and therefore is not
recorn.rnend ed. Restricted samp ling may be unavoid
able ·...-hen the entire pop ulation is no t accessible . This
is the case if sam pling from a loade d boxcar. but the
samp!e will not be representative of the population .
Quo ta sampling is the divis io n of a lot into groups rep
resenting va rious categori es, and samp les are then
take n from each gro up. This sampling method is less
expensive than random sampling bu t also is less reli
ab le.

5.3.4.2 Probability Sampling

Probab ility sampling p lans provide a statis tically
soun d basis for obtaining represen tative samples with
elimination of human bias (1) and therefore is the mos t
desirable. The p robab ility of including an y item in the
sample is knO\VTI and sampling error can be calcu lated .

Simple random sam pling requires tha t the num
ber of units in the pop ula tion be kno wn and each unit
is assigned a number. A specific quantity of random
numbe rs be tw een one and the total numbe rof popula
tion units is selected. Sample size is determined by lot
size and the potential impact of a cons umer or vendor
error. Various sampling plans are used, including ran
dom number tables and com puter-generated random
num bers. Units corresponding to the random numbers
then are analyz ed as an estimate of the po pula tion.

Systematic sampling is used when a comp lete list
of samp le units is not available, but w hen samples are
distrib uted evenly over time or space, such as on a pro
duction line . The first sample is selec ted at random and
then every nth unit after that. However, the variance is
difficu lt to determine.

Stratifi ed sampling involves dividing the popula 
tion into overlapping subgroups so that each subgroup
is as homogeneous as possi ble. Group means, there
fore, differ from each other as much as possible. Ran 
do m sam ples the n are taken from each subgroup. The
procedure provides a representative sam ple because
no part of the population is excluded and it is less
expensi ve than sim ple random sampling.

Cluster samplin g en tails dividing the pop ulation
in to subgro up s, or clus ters, so that the clusters' cha rac
teris tics are as iden tical as pos sible, i.e., the means are
as similar as possible. Any heterogeneity occurs within
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An automatic sampling device for powders, granules, and pellets. Sampling occurs by exerting negative or posi
tive pressure in horizontal or vertical pneumatic conveying systems. (Courtesy of Gustafson, Inc.. Dallas, D')

each cluster, Clusters should be small with a similar
number Clf units in each cluster, The clusters arc sam
pled randomly and may be either totally inspected or
subsarnpled for analysis. This sampling method is
more efficient and less expensive than simple random
sampling, if populations can be divided into homoge
neous groups.

Composite sampling is used to obtain samples
from bagged products such as flour, seecs. and huger
items in bulk. Two or more samples are combined to

obtain one sample for analysis that reduces differences
between samples. For example, FDA and FSIS compos
ite 12 and at least six subsamplss, respectively, for the
sample to be analyzed for compliance wi::' nutrit:on
labeling regulations (~j).

5.3.4.3 MIxed Sampling

Mixed sampling combines random and nonstatis:ic.. l
sampling. The population is subdivided by the investi
gator and items from the groups are selected randomly.

5.3.4.4 OptImum Sampling Size and
Statistical Analysis

Stiltistical analysis. using the t-test, provides impor
tant information regarding the optimum sample size
needed to obtain a reliable population estimate. This
information is used to avoid wasting resources by
Ol\'oidl:l~ unnecessary sampling or sampling with sam
ple numbers too small to provide reliable data.
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The sample size is dependent on how accurate the
estimate needs to be, i.e., the sample size depends on
the degree of accuracy required. A larger sample size is
needed to obtain a population estimate that is plus or
minus 5% of the true value than would be needed to
obtain an estimate that is plus or minus 25%. Equation
[1) shows how the optimum sample size for a certain
degree of accuracy can be found using r-values.

:r - J.l
t;:: 501:;;;:; [I]

where:

s =sample mean
!J. =population mean

SO = standard deviation of the sample
n =sample size

To find, the probability that the sample and population
means are different, the calculated t-value can be com
pared to a t-distribution with degrees of freedom one
less than the sample size. The denominator of Equation
[lJ (SOl V';;) is known as the standard error of the
mean (5EM). The SEM is close to zero as the sample
size approaches infinity. If the SEMis multiplied by the
appropriate t-value, a confidence interval can be esti
mated. If the r-value has a 0.05level of significance, the
data have a 95% probability of being within the confi
dence interval. i.e., 95%confidence.

If the denominator in Equation [1] is replaced by
accuracy x sample mean, the equation can be rearranged
and solved for sample size, as shown below (terms are
defined in Equation [1]and below):

sample size =(ta.n_l)2 (50)1 (accuracy x .i)2 (2)

If a preliminary study is done to find the sample mean
and sample variance, the equation will calculate the
sample size needed for any degree of accuracy. In
Equation [2], the t-value (ta,n-t) is obtained from a r-dis
tribution with a specified significance level (e.g., C1 =
0.05), and degrees of freedom identical to the denomi
nator in finding sample variance, i.e., n - 1. A sample
mean within 10% of the population would represent an
accuracy of 0.1.

The calculated sample size is most useful if the
data follow a Gaussian normal distribution. Neverthe
less, the central limit theorem, which states that as sam
ple size increases the means of samples drawn from a
population with any distribution will approach a nor
mal Gaussian distribution, can be applied to popula
tions with various statistical distributions.

5.3.5 Problems In Sampling

Analytical data never are more reliable than the sam
pling technique. Sampling bias, due to nonstatistically
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viable convenience, may compromise reliability. Errors
also may be introduced by not understanding the pop
ularion distribution and subsequent selection of an
inappropriate sampling plan.

L'nreliable data also can be obtained by nonstatisti
cal iactors such as poor sample storage resulting in sam
ple ';~brJdation. Samples should be stored in a (on
tainer that protects the sample from moisture and other
environmental factors that may affect the sample (e.g.,
heat, light, air). To protect against changes in moisture
content, samples should be stored in an airtight (on
tainer, Light-sensitive samples should be stored in con
tainers made of opaque glass, Or the container wrapped
in aluminum foil. Oxygen-sensitive samples should be
stored under nitrogen or an inert gas. Refrigeration or
freezing may be necessary to protect chemically unsta
ble samples. However, freezing should be avoided
when storing unstable emulsions. Preservatives (e.g.,
mercuric chloride, potassium dichromate, and chloro
form) (2) can be used to stabilize certain food sub
stances during storage.

Mislabeling of samples causes mistaken sample
identification. Samples should be clearly identified by
markings on the sample container in a manner such
that markings will not be removed or damaged during
storage and transport. For example, plastic bags that
are to be stored in ice water should be marked with
water-insoluble ink.

If the sample is an official or legal sample the con
tainer must be sealed to protect against tampering and
the seal mark easily identified. Official samples also
must include the date of sampling with the name and
signature of the sampling agent. The chain of custody
of such samples must be identified clearly.

5.4 PREPARATION OF SAMPLES

5.4.1 General Size Reduction Considerations

If the particle size or mass of the sample is too large for
analysis, it must be reduced in bulk or particle size (2).
To obtain a smaller quantity for analysis the sample can
be spread on a clean surface and divided into quarters.
The two opposite quarters are combined. If the mass is
still too large for analysis, the process is repeated until
an appropriate amount is obtained. This method can be
modified for homogeneous liquids by pouring into
four containers, and can be automated (Fig. 5·5). The
samples are thus homogenized to ensure negligible
differences between each portion (1).

AOAC International (6) provides details on the
preparation of specific food samples for analysis,
which depends On the nature of the food and the analy
sis to be performed. For example, in the case of meat
and meat products (6), it is specified in Method 983.18
that small samples should be avoided, as this results in
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Laboratory Remainder
sample of malerial

A rotating tube divider for reducing a large
sample (ca. 880 kg) of dry, freeflowing material
to a laboratory size sample (ca. 0.2 kg). (Cour
tesy ofGlenn Mills, Inc.•Clifton, N}.)

significant moisture loss during preparation and sub
sequent handling. Ground meat samples should be
stored in glass or similar containers, with air- and
watertight lids. Fresh, dried. cured, and smoked meats
are to be bone free and passed three times through a
food chopper with plate openings no more than 3 nun
wide. The sa~ple then should be mixed thoroughly
and ~alyzed Immediately. If immediate analysis is not
possible, samples should be chilled or dried for short
term and long-term storage. respectively.
. A furt.her example of size reduction is the prepara

non of solid sugar products for analysis as described in
AOAC Method 920.175 (6). The method prescribes that
the sugar should be ground, if necessary, and mixed to
uniforrrury, Raw sug;\rs should be mi~ed thoroughly
and rapidly with a spatula, Lumps are to be broken b)'
a mortar and pestle or by crushing with a glass or iron
rolling pin on a glass plate.

5.4.2 Grinding

Various mills ane available for reducing particle size for
sample homogenization (9). To homogenize moist
samples. bowl cutters, meal mincers, tissue grinders.
mortars and pestles, or blenders are used, while mor
tars and pestles and mills are best for dry samples.

Mills differ according to their mode of action,
being classified as a burr, hammer, impeller, cyclone,
impact, centrifugal, or roller mill (0). Methods for
grinding dry materials ranSe from a simple pestle and
mortar to power driven hammer mills. Hammer mills
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wear well, and reliably and effectively grind cereals
and dry foods, while small samples can be finely
ground by ban ttillls. A ban mill grinds by rotating the
sample in a container that is half filled with ceramic
balls. This impact grinding can take hours or days to
complete. A chilled ball mill can be used to grind
frozen foods without predrying and also red uces the
likelihood of undesirable heat-initiated chemical reac
tions occurring during-miIling (10). Alternatively, dry
materials can be ground using an ultracentrifugal mill
by beating, impact, and shearing. The food is fed from
an inlet to a grinding chamber and is reduced in size by
rotors. When the desired particle size is obtained, the
particles are delivered by centrifugal force into a col
lection pan (10). Large quantities can be ground con
tinuously with a cyclone mill.

Particle size is controlled in certain mills by adjust
ing the distance between blUTS or blades or by screen
mesh sizes (i.e., the number of openings per linear inch
of mesh). The final particles of dried foods should be 20
mesh for moisture, total protein, or mineral determina
tions. Particles of 40 mesh size are used for extraction
assays such as lipid and carbohydrate estimation.

Some foods are more easily ground after drying in
a desiccator or vacuum oven. Grinding wet samples
may cause significant losses of moisture and chemical
changes. In contrast, grinding frozen samples reduces
undesirable changes.

The grinding process should not heat the sample,
and therefore the grinder should not be o\-erloaded to
control the heat produced through friction. Contact of
food with bare metal surfaces should be avoided if
trace metal analysis is to be performed.

To break up moist tissues, a number of sUci."1g
devices are available; bowl cutters can be used for
fleshy tubers and leafy vegetables while meat mi~cers
may be better suited for fruit, root, and meat (10).
Addition of sand as an abrasive can provide further
subdivision of moist foods. Waring blenders arc effec
tive in grinding soft and flexible foods and sus oen
sions. Rotating knives (25,000 rpm) will di5intcrr.:.:c .:l

sample in suspension. In colloidal mills, a dilute sus
pension is. flowed under pressure through .:; f:1?
between slightly serrated or smooth surfaced blades
until they are disintegrated by shear. Sonic and SUFer
sonic vibrations disperse foods in suspension and in
aqueous and pressurized gas solution. The Mickle dis
lnregrator sonicalJyshakes suspensions wi th glass par
ticle's and th~ sample is homogenized and centrifuged
at the same time (0). Alternativelv a low shear contin
uous tissue homogenizer is fast a~d handles large \'01

umes of sample.

5.4.3 Enzymatic Inactivation

Food materials often Contain enzymes that may
degrnde the food components being analyzed. Enzyme
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activity therefore must be eliminated or controlled
using methods that depend on the nature of the food.
Heat denaturation for enzyme inactivation and freezer
storage (-20 to -30°C) for limiting enzyme activity are
common methods. However, some enzymes are more
effectively controlled by changing the pH, or by salting
out (10). Oxidative eru:ymes may be controlled by
adding reducing agents.

5.4.4 lipid Oxidation Protection

Lipids present particular problems in sample prepara
tion. High fat foods are difficult to grind and may need
to be ground while frozen. Unsaturated lipids are sen
sitive to oxidative degradation and should be pro
tected by storing under nitrogen or vacuum. Antioxi
dants may stabilize lipids and may be used if they do
not interfere with the analysis. Light-initiated photoox
idation of unsaturated lipids can be avoided by con
trolling storage conditions. In practice, lipids are more
stable when frozen in intact tissues- rather than as
extracts (10). Therefore, ideally, unsaturated lipids
should be extracted just prior to analysis. Low-temper
ature storage is generally recommended to protect
most foods.

5.4.5 Microbial Growth and Contamination

Microorganisms are present in almost all foods and can
alter the sample composition. Likewise, microorgan
isms are present on all but sterilized surfaces, so sam
ple cross-contamination can occur if samples are not
handled carefully. The former is always a problem and
the latter is particularly important in samples for
microbiological examination. Freezing, drying, and
chemical preservatives are effective controls and often
a combination of these is used. The preservation meth
ods used are determined by the probability of contam
ination, the storage conditions, storage time, and the
analysis to be performed (10).

5.5 SUMMARY

Food quality is monitored at various processing stages
but 100% inspection is rarely possible, or even desir
able. To ensure a representative sample of the popula
tion is obtained for analysis, sampling and sample
reduction methods must be developed and imple
mented. The selection of the sampling procedure is
determined by the purpose of the inspection, the food
product, the test method, and the characteristics of the
population. Increasing the sample size will generally
increase the reliability of the analytical results and
using t-test techniques will optimize the sample size
necessary to obtain reliable data. Multiple sampling
techniques also can be used to minimize the number of
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samples to be analyzed. Sampling is a vital process, as
it is often the most variable step in the entire analytical
procedure.

Sampling may be (or attributes or variables. Attrib
utes are monitored for their presence or absence.
whereas variables arc quantified on a continuous scale.
Sampling plans are developed for either attributes or
variables and may be single, double, or multiple. Mul
tiple sampling plans reduce costs by rejecting low
quality lots or accepting high-quality lots quickly,
while intermediate quality lots require further sam
pling. There is no sampling plan that is risk free. The
consumer risk is the probability of accepting a poor
quality product, while the vendor risk is the probabil
ity of rejecting an acceptable product. An acceptable
probability of risk depends on the seriousness of a neg
ative consequence.

Sampling plans are determined by whether the
population is homogeneous or heterogeneous. Al
though sampling from a homogeneous population is
simple, it rarely is found in practical industrial situa
tions. Sampling from heterogeneous populations is
most common and suitable sampling plans must be
used to obtain a representative sample. Sampling
methods may be manual or continuous. Ideally, the
sampling method should be statistically sound. How
ever, nonprobability sampling is sometimes unavoid
able, even though there is not an equal probability that
each member of the population will be selected due to
the bias of the person sampling. Probability sampling
is preferred because it ensures random sampling and is
a statistically sound method that allows calculation of
sampling error and the probability of any item of the
population being included in the sample.

Each sample must be dearly marked for identifica
tion and preserved during storage until completion of
the analysis. Official and legal samples must be sealed
and a chain of custody maintained and identified.
Often, only a portion of the sample is used for analysis
and sample size reduction must ensure that the portion
analyzed is representative of both the sample and pop
ulation. Sample preparation and storage should
account for factors that may cause sample changes.
Samples can be preserved by limiting enzyme activity,
preventing lipid oxidation, and inhibiting microbial
growth/contamination.

5.6 STUDY QUESTIONS

1.. As part of your job as supel'\isor in a quality assurance
Jabora~ory, you ~eed to give a new employee instruction
regardmg chooSUl;8 a sampling plan. Which general fac
tors would you discuss with the new employee? Distin
guish ~etween.~pl~g for attributes versus sampling
for vana~les. Dlfie~enhate the three basic sampling plans
and the nsks. assoaated with selecting a plan.

2. Your supervISOr wants you to develop and implement a



multiple sampling plan. What would' you take into
account to define theacceptance-and rejedion lines? Why?

3. Distin~ nonprobability sampling from probability
sampling. Which is pRlerable and why?

4. <a) Identify a piece of equipment that would be useful in
aI11edil'lg a representative sample for analysis. Desaibe
precautions to be taken to ensurea represelltative 5iUJ\ple
is taken and a suitable food product that could be sampled
with this device. (b) Identify a piece of equipment that
would be useful for preporing a sample for analysis. What
precautions should be taken to ensure the sample compo
sition is not changed during preparation?

5. For each of the problems identified below that canbe asso
ciated with collection and preparation of samples, state
one solution for how the problem can be overcome:
a. Sample bias
b. Change in composition during storage of sample prior

to analysis
c. Metal contamination in grinding
d. Microbial growth during storage of product prior to

analysis
6. The instructions you are following for cereal protein

analysis specify grinding a cereal sample to 10 mesh
before you remove protein by a series of solvent extrac
tions.
a. What does 10 mesh mean?
b. Would you question the use of a 10 mesh screen for this

analysis? Provide reasons for your answer,
7. You are to collect and prepare a sample of cereal produced

by your company for the analyses required to create a
standard nutritional label. Your product is considered
"low fat N and "high fiber" (see regulations for nutrient
claims, and FDA compliance procedures in Chapter 3).
What kind of sampling plan will you use? Will you do
attribute or variable sampling? What are the risks assoo-

. ated with sampling in your specific case? Would you use
probability or nonprobability sampling, and which spe
cific type would you choose? What specific problems
would you anticipate in sample collection and in prepara
tion of the sample? How would you avoid or minimize
each of these problems?
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6.1 COMPUTERS FOR DATA ACQUISITION

The promise of computers, robotics, and automation is
to relieve the scientist from tedious and undesirable
tasks. These might include the three Ds-dirty, dull,
and dangerous-to say nothing of demeaning and
debilitating. Apart from the need for computers to do
repetitive tasks quickly and efficiently, many tusks
can be accomplished with great speed, accuracy, and
precision. At present the food scientist can be almost
over....helmed in terms of the choices available for lab
oratory needs. There is a modern bromide about com
puters, tenned the "lB-month rule." This refers to the
past decade's observation that within 18 months, vir
tually all computers and their software will become
obsolete, or at least no longer state-of-the-art. The
authors of this chapter are painfully aware of this phe
nomenon and thus will strive to stay with broad-based
concepts that encompass a few turns of the l8-month
rule.

6.1.1 Historical Overview

The advent of modem computers in the food scientist's
laboratory has been made possible by rapidly decreas
ing costs of computer hardware packaged in smaller
physical size, but with ever increasing computational
power. Vendors of analytical equipment such as spec
trophotometers, gas chromatographs (GCs), or robotic
autosamplers, among many others, have incorporated
microprocessors in most modem instrumentation and
robotics systems. Vendors usually supply a system as a
ready-to-use or turnkey product. Often vendors make
available optional interfaces to attach to computers for
customized needs in the laboratory. An example of
such a system might be a GC system in which a micro
processor monitors and controls operations of the GC
and then sends a filtered and conditioned signal to a
recording device. Typically, this is in the form of a
recording integrator, in which the chromatographic
peaks are integrated by another dedicated micro
processor and a tracing of the chromatogram is pro
vided along with a printed copy of integrated peak
areas. The user often has very little optional, direct con
trol of such a system unless further connection and
interfacing with a separate computer are possible and
desirable.

A further step upward in data acquisition is larger
computer systems that provide a chemical worksta
tion. These can provide computer control and acquisi
tion of data from multiple instruments, often simulta
neously. However the turnkey systems can be very
costly and more than is needed for a specific assay.

U the user finds that the turnkey product or chem
ical workstation choices are unacceptable for specific
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needs, then it may be necessary to design a dedicated
computer for customized use in the laboratory. In con
trast to the dedicated turnkey environment described
previously, the next step in automation is to make con
nection directly to the experiment with a laboratory
computer. nus often is desirable for long-term storage
of datil and further treatment of experimental data. An
example would be to interface a computer to a GC and
integrator. The GC and integrator each contain their
own microprocessors. However, the computer controls
each of these dedicated instruments and captures the
GC signal along with the results of the integrator's cal
culations of retention times and peak areas. An exam
ple is shown in Fig. 6-1 of experimental results from
such an experimental configuration that was used to
capture all relevant data for GC analyses of tomato
headspace volatiles. Advantages of such a system
include a lower cost of operation, along with penna
nent long-term and easily retrievable data for both the
signal and the integrator report. In addition, the signal
can be regraphed with differing amplitudes in a cus
tomized form by a graphics program such as Igorn "
from which fig. 6-1 was taken.

6.1.2 Hardware Requirements

6. 1.2.1 Computers

Choices of computers for the laboratory can be over
whelming. Computers for laboratories first became
available in the 1970s largely through minicomputer
products from Digital Equipment Corporation (DEC).
In the mid-1980s ffiM PC microcomputers became
Widely available, especially with the introduction of
low-cost clones that now dominate the marketplace in
the 1990s. Apple Macintosh~computers have value for
educational institutions because of flexibility with
some applications and ease of use. Choice of comput
ers should be based on the food scientist's experimen
tal needs, such as the type of direct connections or
interfacing necessary to monitor and control instru
ments or experiments in the laboratory.

6.1.2.2 Transducers

If an analytical apparatus is not directly computer com
patible, it is necessary to use the correct transducer to
produce an electrical signal for each physical parameter
to be measured. For example, to measure temperature,
thermocouples a.reoften employed. The resulting ther
mocouple electrical signals need to be amplified, fil
tered, and c.ondi~oned to provide a reproducible and
stable elecmcalslgnal. Fortunatel)" to find an appropri
ate transducer the food scientist can consult a number
of vendors w.ho'merely need a description of the exper
imental requarements.
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exchange protocol termed either IEEE"-48B or GPIB
requires a separate interface card. This latter protocol
has been adapted. for thousands of instruments, and
many computer programs have been written to accom
modate this standard protocol, independent of specific
computers or instruments.

Often, the microcomputers themselves are inter
faced together and can thus acquire and transmit data
simultaneously. The use of local area networks (LAL'Js)
is becoming common. The use of LAN's within labora
tory information management systems (LINtS) is dis
cussed in section 6.3.3.1.

6.1.3 Software Requirements

6.1.3.1 Beet-Time and Post·Run

1£ computers are used to analyze data after the physical
or chemical measurements are completed, the analysis
is said to be post-run. This is a common application of
computers; the data are either typed by hand, input
through a digitizing tablet, or perhaps entered in
graphic form from a commercial scanner/digitizer. No
matter what the form of data entry, the scientist must
be vigilant to monitor errors during the process. (Esti
mates of typed. error rates are commonly given as from
3% to 15%.)

Acompelhng reason for directly interfacing a com
puter to an instrument or experimental apparatus is to
reduce such data recording errors. Ideally, a computer
is able to input the data immediately and at the same
time as it is acquired experimentally; this is termed
real-time data acquisition. Since the data ultimately
must be transmitted in digital form as bytes or words
of information, the rate at which computers can do
real-time acquisition may be limlting to the experi
ment; however, it is not uncommon to acquire data
points at rates of 500 kHz or more in instruments such
as those used for resonance imaging (see Chapter 30).

6.1.3.2/nterface Hardware and Drivers

The data can arrive at the computer interface in differ
ent formats and need to be converted into an appropri
ate form for further use and storage. Incoming data
may be binary, binary coded decimal (BCD),American
Standard for Information Interchange (ASCll), or Gray
code, among others. Interface cards can do required "
conversions directly or otherwise transmit the data for
further handling and storage by software in the com
puter.

Drivers are specialized software programs that
provide the link between the hardware interface and
more advanced software or programs that handle,
manipulate, display, and store the data. Driver pro
grams are designed to provide the most efficient data
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exchange possible and at the highest possible speed.
They are the first link between the hardware and com
puter software. Drivers are written in the most concise
computer code possible (assembly or machine lan
guage) and are not usually changed or reprogrammed
by users of the driver who wish only to link their more
sophisticated programs to the driver.

Many software vendors can provide the laboratory
scientist with the software and drivers necessary for
their experiments. A cursory search of the Internet will
return virtually thousands of vendors. For customized
needs, National Instruments Corp. provides state-of
the-art programs, LabVfEWT~ and LabWINDOWST~,

for most Jab computer platforms. These products have
used a development environment in which the user
designs a customized interface to the experiment using
graphical icons that Simply describe the needs of the
interface. This builds a virtual instrument for testing
and refirtement. Then an interface/driver icon is sim
ply inserted into the program that attaches the drivers
to interface cards and instrument. The difficult corn
puter programmi.ng is transparent. An example of a
LabVIEW program application is shown in Fig. 6-2; it
shows the computer screen display for the interface
and controller of an oxygen electrode apparatus used
to measure oxygen uptake during accelerated lipid oxi
dation experiments. (This was such a specialized appa
ratus and experimental protocol that no vendor-sup
plied software existed). The user simply clicks a mouse
pointer on the appropriate controls to change settings,
and instantly the entire experiment is under computer
control. Graphical results and calculations are dis
played in real-time and data are stored simultaneously
for archive purposes.

6.1.3.3 Integration into Software Programs

Directly incoming (real-time) data or stored data need
to be treated with software programs. The use of once
formidable programming languages such as Basic,For
tran, Pascal, C, or C++ is no longer the rule for analyz
ing data with software. Many specialized programs for
handling data exist that do not require extensive pro
gramming skills. The concept and development of
user-friendly programs have taken the laboratory com
puter to new levels of ease of use.

6.1.4 Ergonomics and Economics

The modem computer system can be purchased as part
of packaged commercial instruments and apparatus.
When commercial products do not meet the exact
needs of the food scientist, easily adaptable computer
systems and programs are available that need not be '
intimidatin~ to the nonprogrammer of computers. The
products discussed preViously, along with a myriad
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Layout of three chromatograms produced by the graphics program Igor" that displays three diffl:rcnl signal
::rr.p::k... ;;;;·, levels or degrees of attenuation.

II the transducer produces an analog electrical sig
nal, this signal must be converted to a digital form to be
appropriate input for modem digital computers. Mod
ern analog-to-digital converters CADes) are available
in convenient form as boards or cards that merely need
be inserted into the backplane or bus slots on most
computers. Often, a single multipurpose interface C:'fC
will serve all the experimental needs of an analyti.::.l
laboratory; however, appropriate software must be
available to use it effectivelv

6.1.2.3 Interlaces with the Computer

lf <In instrument or experiment's transducers alreadv
provide a digitized signi1l. interfacing can be accorn
pUshed directly through a serial port provided on mos:
cC:T1 rUh:rs, The exact protocol for sending and recciv
ins ~:\l~ digit"l information needs to be defined, and
~h('rc cxis; m.iln}' protocols fer the lab computer. The
?:otocol~ defined .15 EI.~ RS·:32c and RS-423 are com
mc.n for JB:,t and t,1~cin:osh computers. Another data
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A grayscale screen capture of a full-color l<JbVIEv\'n, interface to an oxygen electrode experimental apparatus. The
experimental parameters are set directly from this screen display. The results and calculations are displayed, u~

shown, in real-time. Results of up to six experiments are displayed in separate colors on the computer djS?I~Y,

others, offer easy to use products with paphical and
visually aesthetic progr2ms. Ultimately, the promise of
error-free data acquisition and the speed of computers
make the use of computers in the laboratory very cost
effective and can free the food analvst for other tasks.
More importantly, it is becoming more common that
analytical labors tories are required to be certified as
compliant with government and 2gC~CY standards for
their analyses. Computerized and automated analyti
cal information that r-rovides error-free data with certi
fied audit-trail SCCU;lty' will become commonplace,

6.2 COMPUTERS FOR DATA ANALYSIS
AND DISPLAY

The power of computers has become available in sur
prisingly small physical packages that engender
tremendous calculation power. Important uses of labo
ratory computers include computations, graphics, and
database management.

For calculations and computational needs, the use
of spreadsheet programs can serve most needs of the

food scientist. Popular spreadsheet programs such ;JS

Microsoft Excel contain virtually all the scientific func
tions needed for most physical and chemical an.ily-cs.
The food scientist needs very little computer prof;f<1m
ming expertise to create custom applico tions frorn
spreadsheet programs that handle all necl:ed calcu.a
tions a nd formatting for reports.

H <t picture is worth a thousand words. ll:c' ·.;~C .:

graphics is one of the most valued reasons for the fr« ,0
scientist to use computers in the laboratorv. Frr :» ~;h'

grilphing of experimental results to progrilm~ :'1<1t
draw chemical structures {or reports, specialized r"p
grams abound. ).Iost spreadsheets also have 1::'l1itcd
graphing capabilities, but they may no! be totally ade
quate. For example, results of an enzyme assay could
easily be calculated and displayed from a spreadsheet
program. However, as an alternate method. <I specific
product written Icr enzyme experiments, st;,h :IS

EnzymcKincticsT'1 tor the Macintosh, instantaneously
can do required caku:iltions and print graphs such as
shown in FiF,. 6-3.

Many more H'phistici'tll'd graphics programs,
beyond the C~p.1bili~ic:: of spreadsheets and suitable
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Graphical presentationof calculations from the
EnzymeKineticsnl program.

grated. information-intensive doma~ that ":,,ill com
bine sophisticated analytical techniques With auto
molted robotic procedures.

Advancements of computer technology in both
hardware and sofrv..are have made a considerable
impact in the way laboratory procedures are per
formed today. The' usefulness of the computer in the
laboratory has been extended not only to include the
acquisition and processing of analytical da~a. but in
molny cases, it has helped to replace the physical work
of sample preparation as well.

6.3.1 laboratory Automation

The analytical food scientist of today is faced with
ever-increasing quantities of samples, tests, and test
replicates required to complete a desired experiment.
Specialized tools are needed to overcome the mund.ane
and repetitive tasks that often confront the food SCIen
tist To help meet these needs, analytical instrument
makers were challenged by the task of converting sim
ple analytical tools into sophisticated computer-driven
analytical data stations.

6.3.1.1 Analytical Methods

Automation opportunities were created by industries
in which the demand for high sample throughput pro
vided the economic justification to purchase or build
special instrumentation that met the d.emand. The
areas of industry that had the most to gam by labora
tory automation included industrial quality control.

Steel mills, for instance, required fast and accurate
analysis of the molten steel before it was poured into
ingots. Without automated multielement analyzers, a
proper assay of the metal would take several hours
instead of seconds to perform.

Medical and pharmaceutical testing laboratories
quickly caught on to laboratory automation. Obtaining
fast and accurate results from a hospital's medical lab
oratory are important, and much of today's medical
laboratory instrumentation is geared for multiple test
ing of biologicals with emphasis on data system inte
gration.

The analytical methods that were commonly
automated included spectrometry [ultraviolet-visible,
atomic absorption spectroscopy (AAS), inductively
coupled plasma-atomic emission spectroscopy (lCP·
AES) (see Chapters 26 and 28)J and chromatography
(see Chapters 31-33), in which much of the automation
simply meant introducing a large number of prepared
samples to the instrument.

12 20
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6.3 COMPUTERS FOR AUTOMATION
AND ROBOTICS

1N
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u • ~p-lnl1ibitor present

for scientists, are available. One such example (and at
the moment available only on Macintosh) is Igorn l,

which carries graphics and other functions far beyond
the most sophisticated spreadsheet programs. Cal~la
tions and graphics for extremely large and extensive
data sets are especially easily handled with the Igor"
program in forms designed for scientists, as opposed. to
the business-oriented applications of many graphics
programs. Fourier transformations, curve tilling, data
smoothing, and plotting of multiple data sets are all
quickly accomplished by clicking on appropriate pull
down menus. It also can be directly interfaced to
instruments and other programs and databases. The

. GC graph or chromatogram shown in Fig. 6·1 is an
example of a plot of over 32,000data points.

Database management can be accomplished effi
ciently with many programs for the lab computer.
Because of the needs of the business environment,
many popular database programs are available with
varying capabilities from flat to relational databases.
Database management programs also are bundled into
laboratory information management systems (LIMS),
as described in section 6.3.3.1. Statistical calculations
are accomplished easily in spreadsheets for all but the
most sophisticated applications. For the more demand
ing statistical needs, commercial programs bring the
traditional mainframe computer power of programs
such as SAS, MINITAB, and MATLAS to the labora
tory microcomputer.

An ever-increasing analytical sample load and the
need for improved quality of inf~rmation will req~ire
solutions that are highly productive and cost effective,
The food laboratory of the future will be a highly inte-

6.3.1.2 Instrument Interfaces

The introduction of the computer to analytical instru
mentation has changed forever the way the analytical



more sophisticated, and direct linkage between analy
sis and data reduction in one instrument became a real
ity, Finally, when analysis and data reduction are com
pletely automated, the next logical step will be to
automate sample preparation. As more sample pre?a
ration and analysis techniques become fully auto
mated, more emphasis can be focused on the decision
making process.

6.3.2.1 Early Development

A laboratory robot is defined as a propam...rna r ie
manipulator that is an extension of the capabilities prc;,·
ent in laboratory autosamplers and autoarialyzers. It
adds versatility because it can be programmed to per
form a number of preparation steps over a range of sam
pies and methods. A more generic class cf autosampicr
was introduced to perform a wider range 0: :7Idhc::, ,
but until that time, none of these systems could :1:: '.'c
been called a robot.

One of the first commercially successful ;.:::nratcrr
robotic systems was introduced in the mid-I 970s. Tr.e
robot was specifically designed for the labora tory, u n
lized a modular system fer building laboratory rnetn
ods. and used a robot program language designed \,·i~:·.

the C;Il'ml5~ in mind, This modular approach to ].,hlr,,
tory roi-otics \,',,5 important to the success of these ear:y
SyStC:11~ b"'~"~~~'l' it sirnplifieo the task of operating a
rob.,: in the ~.-:" ':~:~\,::. Many scientists found that they
COl..:ld ea:-ily ;'::,(:L':' t.:l:1d the complexities ofautomation
w!',cn each f"..mc,';, \Vas broken down into separate
pro:,,~urc5N modules that could be linked together to
il'~~1 ;,:... ,'nt::e .' L:~Ol11ati()n s~quence. Other robotic SYS

k::,~ :(;1\."·.... ;;, '::':"IJ mOlny laboratories designed their
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chemist approaches the bench. In many cases, much of
the time-consuming sample preparation and measure
ment is performed by a machine under the control of a
computer.

The most basic instrument interfaces are sample
delivery systems or autosamplers that eliminate the
repetitive work required to introduce a large number
of samples. Usually there is some preparation work to
be done before analysis. After groups of samples are
arranged in a logical order, the analysis of each sample
can be allowed to continue without the analyst's inter
vention. Complete analytical computer systems have
been linked to these delivery systems so that once the
samples are added to a sample tray or carousel, the sys
tem automatically perfonns the analysis. Options for
data reduction and report generation also can be in
cluded.

An example of an automated analytical system is
shown in Fig. 6-4. The analytical instrument is a gas
chromatograph equipped with a multiple sample
carousel. The instrument can select each sample from
the carousel, inject it into the column, and run the chro
matogram for a specified time. The computer interface
is installed on the instrument to interpret chromato
graphic peak information (data reduction) and enter
this information in a database for reporting purposes.

Automation systems such as the one in Fig. 6-4 are
available for many analytical techniques including
high performance liquid chromatography (HPLC),
A.J.8, and ICP-AES. Somewhat more advanced instru
ment interfaces may include an additional step prior to
analysis. One such device, known as an auto analyzer,
utilizes spectrophotometric analysis of liquid samples
that are pumped through a special flow cell. Before the

liquid reaches the cell, the flowing liquid sample can be
subjected to various preparation steps, including the
introduction of specific reagents within the stream.

6.3.2 Laboratory Robotics

AILr,P1JSh the r.utornation tools available to the analyt
ical chemist have reduced some of the manual labor,
many .::.:c itio: .a) mdh,ds, especially in the food indus
try, require far more manual preparation steps that arc
not performed by any of today's analytical instrurnen
tation. As advances in technologies continue into the
twenty-first century, there is a clear need to automate
entire procedures and 1;1\'C the scientist more time to
continue the thinking part of the analytical procedure.

There are three steps in an analytical method that
can be automated (S0C Fig. 6-5), The analvtical chc;:~:':

follows these steps in this order: (1) rre?,,'rc ~~e sarr, :<L
(2) analyze the sample, and (3) reduce and report ,1;('

data. In the earlv days of laboratorv autorna.ion. ::-,L'
third step was a~tom;led first. in time, the ~ec(J:1.;i ~te"t
involving automated analytirn] cquiprncnr b~'.:~m~

Scznple
Carousel

~
~
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Steps in analytical method that can be a u to
mated.

ow n specific automa tion requirements around one or
more of the commercially ava ilab le robo t arms.

6.3.2.2 Mechanical Considerations

An increas ed use of laboratory robotics over the pas t 20
ye ars is unquestionably the result of the advancement
of the in tegrated circuit (IC) or microchip. The major
IC advances have flourished no t only in the fun ction of
the central processing uni ts, or computers on a chip,
bu t also for other Ie de vices. Many kin ds of sophisti
cated integrated circuits have been in trod uced. to aid in
getting the computer to do phys ical labor.

Unfo rtunately. the advancement of mechani cal
robotic technology has no t kept pace wi th that of the
co mpu ter.Many of the robotic arm mechanisms on the
market still utilize the electromech ani cal technology
that was common over SOyears ago. Sm alle r and mo re
powerful d rive mechanisms need to be developed for
robot arms. Also, robo ts need to be mo re aware, as it

91

were, of their su rroundings; robot sensors have to be
more advanced in orde r far the roba t to move abo ut in
the real w orld .

6.3.2.2.1 Robo tic Drive Mechan isms The drive
metho d behind the laboratory robot arm is an impor
tant factor in cho osing a specific robo t application . The
fou r main dri ve methods currentl y available arc hy
d raulic, pneumatic, DC electric motor, and electric
stepp ing motor drives.

Hydraulic and pneum atic drives are seldo m used
in analytical labo ratories and are used primaril y in
large ind ustrial applications in which heavy lifting or
expl osive atmospheres are factors. The tw o remaining
methods are the drives tha t make up virtually all of the
labo ratory robots in use today and are based on elec tric
motor drive technology.

DC elec tric mo tors are particularly well known
mot or drive mechanisms. They are feedback loop con
trolled motors that have exceptionally high torque-to
volume ratios that make them idea l for use in robot
wrist and finger mechanisms. Many small drive sys
tems of this type are used to drive the pe n in the famil
iar laboratory strip chart recorders; larger versions
now are being used to move robot arms for automated
chemi cal analysis.

Electric s tepper mo tors have several advantages
ove r DC motors; they are inexpensive and do not
require costly feedback loop control hardware. The ir
low torque-to-volume ratio makes them less desirable
for small- and medium-size robot applications, but
these motors are ideal for driving positioning tables
and gantries as part of the automation system.

6.3.3.2.2 Sensors A robo t that does no t know where
it is going in a laboratory will have trouble per forming
an analysis. Sensors of various types must tell the robo t
system the obvious: Is the hand open or closed? Is the
arm near the balance? Is the tes t tube rack full or
em p ty?

Pos itio n senso rs are the m os t basic of the robotic
sensors. All robotic systems have some means of deter
mining where one part of the robo t is relative to the
o ther robot pa rts . This position information, althou gh
helpful, still does no t give an adequate p ictu re of the
outside world; additional sensor information is neces
sary to help guide the robot through its motions.

True robo tic vis ion is not yet perfected, so the robot
mus t "see" using other means. Force detection and
prox imi ty swi tch activation, fo r exam ple, can give a
sense of touch to the robo t. Sensors determine the posi
tion of the robot and the position of the items around it,
bu t it also is necessary to incorporate sensors that will
recognize failed attempts during certain critica l activi
ties . Common questions such as Did the robot add
enough solvent' or Is the tube placed properly in the
cen trifuge? can be answered with the use of sensors.



92

6.3.2.3 Laboratory Devices

The laboratory robot is not a substitute foxa laboratory
scientist. It is merely a tool to help the scientist be more
productive. Like any sophisticated tool, a robot must
have a built-in relationship with its surroundings. One
cannot simply install a robot arm onto a laboratory
bench and expect it to perform its job using laboratory
equipment and methods that were designed for
humans to use. 1his laboratory equipment or labora
tory device must be manufactured specifically for
automation purposes.

An example of a laboratory device is an analytical
balance with automated doors that open when the
robot is ready to weigh a sample. Laboratory devices
also include laboratory glassware and disposables that
the robots must use. It is important that the glassware
and disposables are absolutely free of defects 'and are
made to exacting tolerances. The robot may not be able
to detect a cracked tube or a poorly molded pipette tip,
so it is important that these items are properly made
and easy for the robot to use.

6.3.2.4 Applications

Robots have successfully found their way into the food
analysis laboratory. The applications are few, but much
attention has been placed on a number of methods that
have been duplicated in several food Iaboratories,
including vitamin, sugars, fiber, and fat analvses. In
addition to these applications, many preanalysis sam
ple preparation robots routinely prepare samples for
analysis by GC, HPLC, and ICP-AES.

The early laboratory robot systems were designed
to interact with a number of instruments so that it
would be possible to use the same robot to perform a
number of different laboratory tasks. A large robot
bench populated with laboratory devices (see Fig. 6-6)
would be ..ble to prepare samples for several different
HPlC methods by selecting the proper software pro
gram. Other systems, such .-,~ the lCP preparation robot
(Fig. 6-7), were used 10 prepare samples for acid diges
tion and wash glassware while the samples were
digested.

In recent years, many of the large laboratory robot
systems th:1t featured articulated robotic arms such as
the ones shown in Fig. 6-6 and 6-7 have been replaced
!?y smaller automated workstations. These worksta
tions have been gaining in popularity due to their
smaller size and proportionately smaller price tags.

Figure 6-8 is an example of an automated worksra
tion that simply weighs small sample containers. 1":'1('

sample position and weight information are stored 0;1

a computer. More complicated workstations such as
the chromatographic workstation in Fig. 6·9 can C0m

bine a number of steps such as reagent addition and

Part ~ • Generallnformation

mixing and can identify samples by utilizing bar code
technology.

6.3.3 Systems Integration

Systems integration means taking all the pieces of the
automated laboratory and linking them together so
that they work like one large smoothly running
machine. A fully integrated laboratory is able to access
incoming samples, determine the appropriate action,
and follow through with timely and accurate analytical
data.

6.3.3.1 Laboratory Information Management

Food laboratories must keep track of incoming sam
ples and be able to store the analytical data in a way
that is easy to access at a later date. nus analytical
information is stored on a laboratory information
management system, or LIMS, which is a database
program that is available on any size computer
depending on the number of samples and number of
users of the system.

The LIMS can be accessed by the user community
or those involved with the analytical laboratory in
some way; so that the exchange of information is rapid
and efficient. Analysts can check the LIMS to see what
kind of work is required on the samples. Clients can
check the LIMS to review the analytical resulis. Admin
istrators can check the LIMS to see how many sample!"
pass through the laboratory.

From a systems integration standpoint, the LL\1S
computer and the automated system computers can be
linked together to form an integrated analytical ~Y5

tern. Many laboratories have extended their local zrca
networks (LANs) even further by connecting tJi'2r:l

with other local networks within the company to ["r.n
an intranet network. Using this Intranet, scientists
throughout the company can access analytical data via
a common web browser without h ..ving to run a 5C?J

rate database program. The result of this inler.T<:I;O!"1
not only refines data handling but also extends the
capabilities of laboratory information management by
making it easy to access by larger groups of people.

6.3.3.2 Artificiallnte/ligence and
Expert Systems

The vast power available from computer technology
has helped bri:1S forth 41 new age in programming
capability. One .::rc.:l that has received a great deal of
interest recently is A1. or artificial intelligence, and its
more ilFF:ication·(,~ricntcd sibling, expert systems.

~~perl systems involve. galnlng experience in a
specific .U..'.l of knD\\·:,;>dSc. From this base of knowl
edge: can be forrned i'. method for properly coordinat-
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A labora tory robot syste m is trained to locate one of the labo ratory devices on the bench.

A robot arm used for acid digestion or samples prior to analysis by inductively couplN plasma-atomic emission
spectroscopy (ICP-AES).



94 Pari I • General Intcrmation

e:\I
G;:j

Au tomate d sample weiShi..,!= station. (Cou rtesy of Bohd an Automation. Mundelein, fL.)

ing .:nd scJect iris bits and pieces of this kn ow led ge.
\\'ht..' rl .1 p nr ticutar problem needs to be solved . the
expert svs tern can rely on this kno wledge to hel p pro
v id e a s olu tion.

The: usc l l i expert sys tem s w ith laboratory au tcrna
tion, cspecial iv robotics, takes the power of the com
puter one step fu rther. Instead of me rely controlling a
robot o r a ut o m a ted analy ze: u nd er a rig id pws:r~ll n

regim en. the expert system has the abi lity tC. t: i oc i:~'

the ac tiv ity uf the system. The kn ovvled ge ~h. :t ::1 ("

expert sys tem would lise may simplv be a lis: c : :-.::....s
for checking the typ es of analytiral samples \,; j : l. :1\",.:>
able methods ro help sched u le the best "'''':y I ~' ru r :-'.: ,'.
era! aaalyscs. An other possible knowled ge ~ J !>C (': '~ : ' ;

help evalun:c robotic sense inpu ts to de ve lop a ;: 1~~: 1.·

accurate p ictu re o f the world arou nd il . A-::. :h ..., :" ~ : 1 ~:>': (I f

appl icat io ns for LlMS and laborat orv :It ::.' :: l,,: ,: :'

increases the role of the exper t sy s tem will :-\.:'::0 ::1('

more ev id en t.

6.4 SUMMARY

Significant p r0f,:css has been made thruug h th e usc oi
compu ters an d au;..«n ati on over the les t ~o \'(,"1:"5 , This
chnotcr de tai ls some cf these recent Jd \'J.J;cC~ in the
!o~ ld ::.;i~nc('s ",' j : :1 new <: pp licatia ns far da ta acqu is i
tion a nd ( 0:1:;01 ~ ~ well as new lab oratorv robo tics
Exam--h-s .:!:"l' g iven for se veral anJ I \' ti c~ i met hod s
use d I :~ Ioo J labo:-o: ta ries. The background and usc of
labor:ltt1rj' : I l!)oti.:-s ar c covered with crrn... has is on ('.\'5 -

" ' t·.
terns Intq; r.l ~ l on and future trends in enhanced dat a
mn nngcr .-cn t.

r.l ost '':1t l l~ l-':Tl l.1 b r: r .l to ry inst rumenta tion is manu-
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C hro ma tographic preparation wo rkstation utilizing X-Y-Z manipulators. (Courtes y of Bohdan Automation.
\fundeJein . IL.)

facrured w ith d igital data-handling capabilities of
some form. If an instrumen t is "comp uter compatible."
the scientist possibly may need to ac qu ire interfacing
hardware, d rive rs. an d softwa re to capture and process
the data. If a vende r does supply all these components,
the che mis t mus t find Or develop the software to efrec
tively interface or "comp ute rize" the ins trument.

6.5 STUDY QUESTIONS

1. Some ad van t.:J ges o f automated data acq uisition by com
puter migh t incl ude less chance of erro rs in recording
results, grea ter reprod ucibility of measu reme nts. pcssibil 
itv fo r op erations unattend ed by technician , ease in
ob tainingperm anen t records, ease in trea ting data wit h
graphics, and utili zation of repor t-generati ng progrilms.
List o th ers that w ou ld be of importance to you.

2. Some disad van tages o r automa ted date acquisition by
compu ter migh t include loss of und erst anding of the
proc~ss when it is trea ted J S ,1 block bo x and the bet tha t
relian ce on a co m pu ter-cont roll ed pro toco l m<.lY no t facili
ta te insigh t in to limit a tions of the in forma tion obtained.
List others that would be of impo rtance to you.

3. A vend or has jus t sold yo u il new a u tomated balance. It
ha s a bu ilt in R5-232c port and is claim ed to be compute r
compatible. What addit iona l items m ight be requ ired to
have ,1 com puter a ut oma te a se ries of weighing:;?

·t You read a report generated by a new compu ter-con
trulled infrared ana lyzer. The result you are chec king
shows " FJ.t co nten t = -+3 .i 1 4 6 · ~(). " What ar e some poten tial
lim ita tions to this resu lt? Is it wise to be lieve. withou t
question. resu lts prin ted bya computer?

5. Differentiat e bt't\vcen the concepts of real- time .1Od pos t
ru n d .:HJ acqu isition and anal ysts.

6. Sugges t alterna tive steps for automating a robo tic method
for titra table acidity, List the lcbora torv d evices requ ired
to perfo rm the method and then suggest poss ibl e modifi
cat ions to each device (e.g.• specialized glass ware) th.lt
\·... ould inc reas e the efficiency of the au to ma ted method.

7. Re.... iew some analytical methods that ......ould be good can 
didates for robotic automation. Give specific reasons for
each; includ e human and environmental factors.

3..A large anal vricallabora torv wi ll generally have a illlS,
or laboratory informat ion managemen t system, to sto re
and recover analytical data. I"Yhat o ther functions would
be desi rable in 0. food laboraror-..· LI:\IS?
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1 AI12 = 2 N iodine 2 equivalents of electrons
gained per mole of 12

1 M HSO)- =2 N bisulfite 2 equivalents of electrons
lost per mole of bisul
fite

when taken to completion. For oxidation-reduction
reagents, the normality represents the concentration or
moles of electrons per liter to be exchanged when the
reaction is taken to completion, The following are some
examples of molarity versus normality (equivalents):

2 equivalents of H+
per mole of acid

1equivalent of OH
per mole of base

1 equivalent of H+
per mole of acid

2 equivalents of H~
per mole of acid

1 ,\l NaOH = 1 N NaOH

1,\1 CHJCOOH =1 N acetic acid

Acid-Base Reactions
1 ,\1 H::SO~ =::! N H~SO~

Oxidation-Reduction Reactions
e.g.

Many analytical determinations in food analysis
use the concept of equivalents to measure the amount
of an unknown. Perhaps the most familiar of these are
acid-base reactions in which hydrogen ions are ex
changed and can be quantified through stoichiometric
neutralization with a standard base. Acid-base reac
lions are used to determine nitrogen in the Kjeldahl pro
tein determination (see Chapter 15), benzoic acid in
sodas, and in determining percent ti tra table acidity. The
concept of equivalents also is used in oxidation-reduc
tion problems to quantify unknown analytes that are
capable of direct electron transfer (see Chapter 10).

Equivalent weight can be defined as the molecular
weight divided by the number of equivalents in the
reactions. For example, the molecular weight of H 2SO"
is 98.08 g. Since there are 2 equivalents per mole of
H2SO", the equivalent weight of HzS04 is 49.04g. Table
7-2 provides a list of molecular and equivalent weights
for acids important in food analysis. In working with
normality and milliliters, the tenn milliequivalents
(mEq) is usually preferred. Milliequivalent weight is
the equivalent weight divided by 1000.

Percentage concentrations are the mass amount of
solute or anaJyte per 100 m1 or 100 g of material. Per
centage can be expressed for solutions or for solids and
can be on a volume basis or mass basis. When the per
centage becomes a number less than 1%, parts per mil
lion (ppm),partsper billion (ppb), and even parts per
trilJion (ppt) usually are preferred. If percentage is
defined as the mass oElhe solute or analyte per mass (or
volume) of sample )(100, then ppm is simply the same
ratio of mass of solute per mass of sample x 1,000,000.

7.1 INTRODUCTION

7.2 CALCULATION AND CONVERSION FOR
NEUTRALIZATION REACTIONS

There a re two interrela ted concepts in food analysis tha t
deal with acidity: pH and lilratable acidity. Each of
these quantities are analvricallv determined in separate
ways and each has its own particular impact on food
quality, Titratable acidity deals with measurement of
the total acid concentration contained within a food.
This quantity is determined by exhaustive titration of
intrinsic acids with a standard base. Titratable acidity is
a better predictor of an acid's impact on flavor than pH.

Total acidity does not tell the full story, however.
Foods establish elaborate buffering systems that die
tate how hydrogen ions (H~), the fundamental unit of
acidity, are expressed. Even in the absence of buffering,
less than 3% of any food acid is ionized into H+ and its
anionic parent species (its conjugate base). This per
centage is further suppressed by buffering. In aqueous
solution, hydrogen ions combine with water to form
hydronium ions, H30 · . The ability of a microorganism
to grow in a specific food is an important example of a
process that is more dependent on hydronium ion con
centration than titratable acidity. The need to quantify
only the free H30· concentration leads to the second
major concept of acidity, that of pH. In nature, the H30·
concentration can span a range of 14 orders of magni
tudes. The term pH is a mathematical shorthand for
expressing this broad continuum of H30'" concentra
tion in a concise and convenient notation. In contem
porary food analysis, pH is usually determined instru
mentally with a pH meter; however,chemical pH
indicators also exist.

7.2.1 Concentration Units

This chapter deals with the theory and practical appli
cation of titratable acidity calculation and pH determi
nation. Toquantitatively measure components of foods,
solutions must be prepared to accurate concentrations
and diluted into the desired working range.

The terms used for concentration in food analysis
should be reviewed. The most common concentration
terms are given in Table 7-1. Molarity and normality
are the most common 51(International Scientific) terms
used in food analysis, but solutions also can be
expressed as percentages. It is important that the ana
lyst be able to convert between both systems.

MoJarity (M) is a concentration unit representing
the number of moles of the solute per liter of solution.
Normality (N) is a concentration unit representing the
number of equivalents (Eq) of a solute per liter of solu
tion. In acid and base solutions, the normality repre
sents the concentration or moles of H+ or OH- per liter
that will be exchanged in a neutralization reaction
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Unit 5rmbot Definition
,

Molarity M l\fumbeJ of mQlesof solute per liter of solution

Normality N Nu""l5erof equivalentsof solute per liter 01
sDlution

Percentby weight (parts per wt% Ratioof weigtlt of solute to weight'of solute
hundred) plus weight of solvent x 100

wtlvol% Ratio01 weight of solute to total volume :.c 100

Percentby volume vol% Ratioof volume of solute to total volume

Partsper million ppm Ratioof solute (wt or vol) to total wt or vol
x 1,000,000

Parts per billion ppb Ratio of solute (wI or vol) to total wt or vol
)( , .000.000,000

Relationship

moles
M =: liter
N ... e~ulval8nts

liter
wt ... wt solute x 100

total wt
wt% =: wt solute x 100

total volume

1%
_VO~I_sotut""",:,,,"_e-:-"_l_00_vo =:

lotal volume
mg solute

ppm ... kg solution

or =: _".=9;..50_lu_18_
g solution

rog solule
or::: liters solution
. ng solute

or ::: -7=--::--.
ml solution

b... n9 solule
pp liters solution

n9 solute
or =--=---

kg
tg solute

or ::: ........-m~l-

......f9::.,.$_0;..lu;..t..;;.,eor=-
9

Molecular cnd Equivalent Weights of Common Food Acids

Chern/cel Molecular Equivalents Equivalent
Acid Pormc:.. Weight per Mole Weight.

Citric (anhydrous) H3CeH!>07 192.12 3 64.04
Citric (hydrous) H:lCeH!>07·HZO 210,14 3 70.05
Acetic HCZHJOZ 60.06 1 60.05
Lache HC3HsO:; 90,08 , 90.08
Malic HzC.H.Os 134.09 2 67.05
Oxalic H:,>CzO. 90.04 2 45.02
Tartari;:: HzC.H.Of, 150.09 2 75.05
Ascorbic HlCfH60t 176.12 2 88.06
Hydrochloric HCI 36.47 , 36.47
Sulfuric H:zSO. 98.08 2 49.04
Phosphoric H:;PO. 98.00 3 32.67
Potassium acic pntnaie:e KrlC.H..O.. ;')(,.4.2:: 1 204.22

7.2.2 Equation for Neutralization and Dilution

There are some general rules in evaluating equilibrium
reactions that are helpful in most siruations. A: full
neutralization the rnilliequivalents (::1Eq) of one rear
tant in the neutralization equals the mjIJiequi\';~Jcnt~of

1he ('I:IH.·~ rl·;;~l.::n:. TIl is can be expressed rnathernati
c.,!jV;:5:

(:nl C'rx} (No[X)=(mlofY){NofY) (1]

L.i'l:ltion Ii j also can bl: used to solve dilutions prob-



Chapter 7 • pH and nlratable Acidity

lems where X represents the stock solution and Y rep
resents the working solution. When Equation {II is
used for dilution problems, ilny value of concentration
(grams, moles, ppm, etc.) can be substituted for N.
Units should be recorded with each number. Cancella
tion of units provides a quick check on proper setup of
the problem. (See practice problems 1-8 at the end of
Chapter 7.)

7.3 pH

7.3.1 Acid-Base Equilibria

The Donsted-Lowry theory of neutralization is based
upon the following definitions for acid and base:

Acid: A substance capable of donating protons. In
food systems the only significant proton donor
is the hydrogen ion.

Base: A substance capable of accepting protons.

Neutralization is the reaction of an acid with a base to
form a salt as shown below:

HCl + NaOH ;= NaCl + Hp [2]
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numerical values found in Table 7-3 for [HJO+] and
[OH-) are bulky and led a Swedish chemist, S.L.P
Sorensen, to develop the pH system in 1909.

pH is defined as the logarithm of the reciprocal of
the hydrogen ion concentration. It also may be defined
.1S the negative logarithm of the molar concentration of
hydrogen ions. Thus, a [HJO+] concentration of 1 x 10--6
is expressed simply as pH 6. The [OH-] concentration
is expressed as pOH and would be pOH 8 in this case,
<1S shown in Table 7.4.

\Nhile the use of pH notation is simpler from the
numerical standpoint, it is a confusing concept in the
minds of many students. One must remember that it
is a logarithmic value and that a change in one pH
unit is actually a lo-fold change in the concentration of
[HJO+].(See practice problems 9-12 at the end of Chap
ter 7.) .

It is important to understand that pH and titratable
acidity are not the same. Strong acids such as
hydrochloric, sulfuric, and nitric acids are almost fully
dissociated at pH L Only a small percentage of food
acid molecules (citric, malic, acetic, tartaric, etc) disso
ciate in solution. This point may be illustrated by com
paring the pH of 0.1 N solutions of hydrochloric and
acetic acids.

Acids form hydrated protons called hydronium ions
(H30+) and bases form hydroxide ions (OH-) in aque
ous solutions;

HCl ;= H'" + Cl
CHJCOOH ;= H+ + CHJCOO-

[5]
[61

[31

At any temperature, the product of the molar con
centrations (moles/liter) of HJO+and orr is a constant
referred to as the ion product constant for water (!<.v):

The HCl fully dissociates in solution to produce a pH
of 1.02 at 25°C. By contrast, only about 1% of
CH3COOH is ionized at 25°C, producing a signifi
cantly lower pH of 2.89. The calculation and signifi
cance of partial dissociation on pH is presented in more
detail in section 7.4.1.1.

[41

7.3.2 pH Meter

7.3.2.1 Activity versus Concentration

In using pH electrodes, the concept of activity versus
concentration must be considered. Activity is a mea
sure or expressed chemical reactivity, while concentra
tion is a measure of all forms (free and bound) of ions
in solution. Due to interactions of ions between them
selves and with the solvent, the effective concentration
or activity is, in general, lower than the actual concen
tration, although activity and concentration tend to
approach each other at infinite dilution. Activity and
concentration are related by the following equation:

K.,.. varies with the temperature. For example, at 25"C,
Kw := 1.04 X 10-1-1 but at 100°C, Kw =58.2 X lo-I~. .

The above concept of Kw leads to the question of
what the concentrations of [HP+] and [OH-] are in
pure water. Experimentation has revealed that the con
centration of [H30+j is approximately 1.0 x 10-1

-1 M, as
is that of the [Orr] at 25°C. Because the concentrations
of these ions are equal, pure water is referred to as
being neutral.

Suppose that a drop of acid is added to pure water.
The [H30 +] concentration would increase. However,
Kw would remain constant (1.0 x lO-H), revealing a
decrease in the [OH-] concentration. Conversely, if a
drop of base is added to pure water, the [HP"'J would
decrease while the [OH-j would increase, maintaining
the Kw at 1.0 x 10-1.. at 2S0 C.

How did the term pH derive from the above con
siderations? In approaching the answer to this ques
tion, one must observe the concentrations of (H30"']
and [OH-] in various foods, as shown in Table 7-3. The

A=yC

where:

A;:: activity
., ;:: activity coefficient
C = concentration

[7]
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_ti .Conc.,,~ns-Of·H:sO· and 0); InVarious
~ Foods gUS C .

Food [HPf [Oli! KIN

Cola 2,24 x 10--3 4.66 x Hr12 1 x 10-14

Grape juice 5.62 x 1~ 1.78 x 10-11 1 X 10-14

SevenUp 3.55 x 1cr 2.82 x 10-11 1 X 10.14

Schlitz beer 7.95 x 10-5 1.26 x 1~10 1 x 10-14

Pure waler 1.00 x 10-7 1.00 x 10.7 1 x 10-14

Tap water 4.78 x 1cr& 2.09 x 10-6 1 x 10-14

Milk of magnesia 7.94 x 10-11 1.26 X 10-4 1 X 10-14

From (12). used wilh permission. Copyright 1971 American Chemical Society.
1Moles per liler.
Calculating the pH of the cola:
Step 1. SubstiMe the [W) into the pH equation:

pH .. -Iog [H1
pH .. -log (2.24x 10-3)

Step 2. Separale 2.24 x 10~ inlo two parts; determine the logarithm or each part:
log 2.24 .. 0,350
log 10-3 .. -3

Slep 3. Add the two logs together since adding logs is equivalent to multiplyinq the
twonumbers:

0.350 + (-3) .. 2.65
Step 4. Place the value into the pH equation:

pH .. -(-2.65)
pH .. 2.65

~
Relationship of (W) versus pH and (OHl
versus pOH at 2S"C

{H'I pH /ol-rl pOH

1 x 10 0 1 x 1O-:~ 1':
10-1 1 10- 1:; 13
10-2 2 10-12 12
10-3 3 10-11 11
10-4 4 10-10 10
10'5 5 1O-9 9
10~ 6 10-e 8
10-7 7 10-7 7
10-fl B 10-<' 6
10-9 9 1O-5 5
10- 10 10 10...l 4
10-11 11 10-3 3
10-12 12 10-2 2
10- 13 13 10" 1
10- 14 14 10) 0

From (12). used WI:~ perrmss-on. Copyrir;hl ~;71 American Chemi
cal Society.
'Moles per liler. Nole that lhr: product 01 lH-JlOH') is always· 1 "
10.11•

Calculalion of [WI 01 a beer wilh pH 4.30'
Slep 1. Substitule numbers inlo the pH eccat.cn:

pH .. -log (H" J
4.30 .. 4001[WI
-4.30 .. log [WI

Step 2. Divide the -4.30 into two pans so tna: !~e !Irs! :.,,:1 conta.os
the decimal places and second part the wnc.e :'l~mber

-4.30 .. 0.70- 5 .. log [H")
Slep 3. Find the antilogs:

antilog of 0.70 .. 5.0
anlilog 01 -5 .. 10-6

Step 4. Multiply the lwo antilogs 10gel [H']:
5" 10-6 .. [H')
[W] .. 5 x 10-6 M

The activity coefficient is a function of ionic
strength. Ionic strength is a function of the concen
tration of. and the charge on, all ions in solution. Activ
ity issues can become Significant for hydronium ions
below pH 1 and for hydroxyl ions at pH 13 and
above.

7,3.2.2 General Principles

The pH meter is a good example of a potentiomeler(a
device that measures voltage at infinitesimal current
flow). The basic principle of potentiometry (an electro
chemical method of voltammetry at zero current)
involves the use of an electrolytic cell composed of two
electrodes dipped into a test solution. A voltage devcl
cps, which is related to the ionic concentration of the
solution. Since the presence of current could alter the
concentration of surrounding ions or produce irre
versible reactions, this voltage is measured under con
ditions such that infinitesimal current (10-12 amperes or
less) is drawn.

Four major parts of the pH system are needed: (1)
reference electrode, (2) indicator electrode (pH sensi
tive), (3) voltmeter or amplifier that is capable of mea
suring small voltage differences in a circuit of very hiSh
resistance. and (4) the sample being analyzed (Fig. 7-1).

0:1(' notes that Ihere are two electrodes involved in
the l'lH:J.SU rcmcnt. Each of these electrodes is designed
c:lTcfulJy to produce a constant, reproducible potential.
Therefore. in the at:>scnce of other ions. the potential
diEtNcncc between Ihe n,...'o electrodes is fixed and eas
ily calculated. However. H30 " ions in solution con-
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C&1omd
Referenee
Eloctrode

Hg:HgCI (Calomel)
Reference Cell

Voltmc:u:r

Buffer
Solution

Glass
Indica10r
Electrode

Sample Under Tc.st

The measuring circuit of the potentiometric system. Ea: contact potential between Ag:AgCI electrode and inner liq
uid. E~ is independent of pH of the test solution but is temperature dependent. Eb: potential developed at the pH
sensitive glass membrane. Eb varies with the pH of the test solution and also with temperature. In addition to this
potential the glass electrode also develops an asymmetry potential, which depends upon the composition and
shape of the glass membrane. It also changes as the electrode ages. Ec: diffusion potential between saturated KCl
solution and test sample. Ec is essentially independent of the solution under test. E,i: contact potential between
calomel portion of electrode and KCl salt bridge. Ed is independent of the solution under test but is temperature
dependent. [From (3), used with permission.)

tribute a new potential across an ion-selective glass
membrane built into the indicating electrode. This
alters the potential difference between the two elec
trodes in a way that is proportional to H30 ' concentra
tion. The new potential resulting from the combination
of all individual potentials is called the electrode
potential and is readily convertible into pH readings.

Hydrogen ion concentration (or more accurately,
activity) is determined by the voltage that develops
between the two electrodes. The Nemst equation
relates the electrode response to the activity where:

RT
E ::: EO + 2.303 NF log A [81

where:

E ::: measured electrode potential
EO =standard electrode potential, a constant repre-

senting the sum of the individual potentials in
the system at a standard temperature, ion con
centration, and electrode composition

R = universal gas constant, 8.313 joules/degree/g
molewt

F == Faraday constant, 96,490 coulombs per g
equiv wt

T =absolute temperature (Kelvin)
N::: number of charges on the ion
A =activity of the ion being measured

For monovalent ions (such as the hydronium ion)
at 25°C, the relationship of 2.303 RT/ F is calculated to
be 0.0591, as follows:

2.303)( 8.316 )C 298
96A90 =0.0591 [91

Thus, voltage produced by the electrode system is a
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linear function of the pH, the electrode potential being
essentially + 59 millivolts (0.059 volts) for each change
of one pH unit. At neutrality (pH 7), the electrode po
tential is zero millivolts. At pH 6, the electrode poten
tial is +60 millivolts, while at pH 4, the electrode poten-.
tial is +180 millivolts. Conversely, atpH 8, the electrode
potential is -60 millivolts.

It must be emphasized that the above relationship
between millivolts and pH exists only at 2S°C, and
changes in temperature will erroneously alter the pH
reading. For example, at DoC, the electrode potential is
54 millivolts, while at lOO°C it is 70 millivolts. Modem
pH meters have a sensitive attentuator (temperatuIe
compensator) built into them in order to account for
this effect of temperature.

The internal element is a silver-coated platinum. wire,
the surface silver being convered to silver chloride by
hydrolysis in hydrochloric acid. The filling solution is a
mixtuxeof4 M KCI, saturated withAgCl that is used to
prevent the AgCl surface of the internal element hom
dissolving. The permeable junction is usually of the
porous ceramic type. Because of the relative insolubil
ity of AgCI, this electrode tends to clog more readily
than the calomel reference electrode. However, it is
possible to obtain a double-junction electrode in which
a separate inner body holds the Ag/AgCl internal ele
ment electrolyte, and ceramic junction. An outer body
containing a second electrolyte and junction isolates
the inner body from the sample.

7.3.2.4 Indicator Electrode

7.3.2.3 Reference Electrode

Agel(s) + e" ~ Ag(s) + cr

The Eo,2S0C for the saturated KCI salt bridge is
+0.2444 volts versus a standard hydrogen electrode;
the Nemst equation for the reaction is as follows:

The indicator electrode most commonly used in mea
suring pH today is referred to as the glass electrode.
Prior to its development, the hydrogen electrode and
the quinhydrone electrode were used.

The history of the glass electrode goes back to 18i5,
when it was suggested by Lord Kelvin that glass was
an electrical conductor. Cremer discovered the glass
electrode potential 30 years later when he observed
that a thin glass membrane placed between two aque
ous solutions exhibited an electrical potential sensitive
to changes in acidity. Subsequently, the reaction W;lS

shown to be dependent upon the hydrogen ion con
centration. These observations were of great impor
tance in the development of the pH meter.

What is the design of the glass electrode? This elec
trode (Fig. 7-1) also has three principal parts: (1) a sil
ver-silver chloride electrode with a mercurv connec
tion that is needed as a lead to the potentiometer: (2\ ,1

buffer solution consisting of 0.01 N HCl, 0.09 .\.' KC i.
and acetate buffer used to maintain a constant pH (E,,);
and (3) a small pH-sensitive glass membrane for which
the potential (Eo) varies with the pH of the test sc ill
lion. In using the glass electrode as an indica lor eloc
trade in pH measurements, the measured potent.al
(measured against the calomel electrode) is dircctlv
proportional to the pH as discussed earlier, E = E'l ~
0.059 pH.

Conventional glass electrodes are suitable for mea
suring pH in the range of pH 1-9. However, this elec
trode is sensitive to higher pH, especially in the r~"':,·

er.ce of sodiumions, Thus, equipment manufacturers
h;,,·c developed modern glass electrodes that all'

u~:;b:t' over the entire pH range of 0-14 and feature :.
vcr: lft,...· sodium ion error, such as <0.01 pH Lit 25:C.

7.~.2.5 Combination Electrodes

T,,;;:;v, !~i,)SI food ~nillysi$ laboratories use combine
liolll')cclrodes th<lt combine both the pH and reference

Ill]E =Eo- 0.059/2108 [Cn2

The reference electrode is needed to complete the cir
cuit in the pH system. This half cell is one of the most
troublesome parts of the pH meter. Problems in obtain
ing pH measurements are often traced to a faulty refer
ence electrode.

The saturated calomel electrode (Fig. 7-1) is the
most common reference electrode. It is based upon the
following reversible reaction:

Thus, one observes that the potential is dependent
upon the chloride ion concentration, which is easily
regulated bv the use of saturated KCl solution in the
electrode. .

A calomel reference electrode has three principal
parts: (J) i'I platinum wire covered with a mixture of
calomel (Hg2Cl 2), (2) a filling solution (saturated KC1),
and (3) a permeable junction through which the filling
solution slowly mif;rates into thc' sample being mea
sured. Junctions arc made of ceramic or fibrous mater
ial. These junctions tend to clog up, causing a slow,
unstable response and inaccurate results.

A less Widely used reference electrode is the sil
ver-siIver chloride electrode. Because the calomel
electrode is unstable at high temperatures (80°C) or in
strongly basic samples (pH> 9), a silver-silver chlori de
electrode must be used fer such application. It is a "cr:;
reproducible electrode based upon the following 7"l',)::

tion:
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electrodes along with the temperature sensing probe in
a single unit or probe. These combination electrodes
are available in m.my sizes and shapes from very small
rnicroprobes to flat surface probes. from all glass to
plastic, and from exposed electrode tip to jacketed elec
trode tips to prevent glass tip breakage. Microprobes
may be used to measure pH of very small systems such
as inside a cell or a solulion on a microscope slide. Flat
surface electrode probes can be used to measure pH of
semisolid and high viscosity substances such ClS meat.
cheese. and agar plates and small volumes as low as
10 J.ll.

7.3.2.6 Guidelines for Use of pH Meter

It is very important that the pH meter be operated and
maintained properly. One should always follow the
specific instructions provided by the manufacturer. For
maximum accuracy, the meter should be standardized
using two buffers (two-point calibration). Select two
buffers of pH values about 3 pH units apart, bracketing
that of the antidpated sample pH. The three standard
ization buffers used most widely in laboratories are a
pH 4.0 buffer, a pH 7.0 buffer, and a pH 9.0 buffer (at
25°C). These are the typical pink, yellow, and blue solu
tions found adjacent to pH meters in many laborato
ries.

When standardizing the pH electrode, follow man
ufacturer's instructions for one-point calibration;
rinse thoroughly with distilled water and blot dry.
Immerse electrode in the second buffer (pH 4, for
example) and perform a second standardization. This
time, the pH meter slope control is used to adjust the
reading to the correct value of the second buffer.
Repeat these two steps; if necessary, until a value
within 0.1 pH unit of the correct value of the second
buffer is displayed. If this cannot be achieved, the
instrument is not in good working condition. Elec
trodes should be checked, remembering that the refer
ence electrode is more likely in need of attention. One
should always follow the electrode manufacturer's
specific directions for storage of a pH electrode. In this
way, the pH meter is always ready to be used and the
life of the electrodes is prolonged. One precaution that
should be followed pertains to a calomel reference elec
trode. The storage solution level always should be at
least 2 em below the saturated KCl solution level in the
electrode in order to prevent diffusion of storage solu
tion into the electrode (Fig. 7-2).

7.4 TITRATABLE ACIDITY

7.4.1 General Considerations

pH is used to detennine the endpoint of acid-base
titration. This can be achieved directly with a pH
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Incorrect

Correct and incorrect depth of calomel elec
trodes in solutions. (Reprinted withpermission
from (12). Copyright 1971 American Chemica!
Society. I

meter, but more commonly an indicator dye is used. In
some cases, the way pH changes during titration can
lead to subtle problems. Some background in acid the
ory is necessary to fully understand titration and to
appreciate the occasional problems that might arise.

7.4. 1.1 BUffering

Although pH can hypothetically range from -1 to 14,
pH readings below 1 are difficult to obtain. This is due
to incomplete dissociation of hydrogen ions at high
acid concentrations. At 0.1 N, strong acids are assumed
to be fully disassociated. Therefore, fully disassociated
acid is always present when a strong base is used to
titrate a strong add; and the pH at any point in the
titration is equal to the hydrogen ion concentration of
the remaining acid (Fig. 7-3).

12

10

8

pH 6

4

2

o 20 .0 60 80 100 120 1-40

mL 0.1 NoOH

TItration of a strong acid with strong base. The
pH at any point in the titration is dictated by
the hydrogen ion concentration of the acid
remaining after partial neutralization with
base.



1:08 Part II • Chemical ComposlJion.and Characteristics of Foods

pI<., Values tor Some Acids Important In
Food Analysis
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Titration of a weak polyprotic acid with a
strong base. Buffering regions are established
around each pK•. The Henderson-Hasselbalch
equation can predict the pH for each pK. value
if PIC. steps are separated by more than three
units. However, complex transition mixtures
between pK. steps make simple calculations of
transition pH values impossible.

2

in polyprotic acids differ by three or more pK. units,
then the Henderson-Hasselbalch equation can predict
the plateau corresponding to each step. However, the
transition region between steps is complicated by the
presence of protons and conjugate bases arising from
other disassociation state{s). Consequently, the Hen
derson-Hasselbalch equation breaks down near the
equivalence point between two pKa, steps. However,
the pH at the equivalence point is easily calculated.
The pH is simply (pK) + pKa,2)/2. Table i-S lists pKa.
values of acids important in food analysis.

Acid '., pK.1 pK.2 pK.3

Oxalic 1.19 4.21
Phosphoric 2.12 7.21 12.30
tananc 3.02 4.54
Malic 3.40 5.05
Citric 3.06 4.74 5.40
t.acuc 3.86
Ascorbic 4.10 1'.79
Ace"c 4.76
Potassium acid ph:t1alale 5.40
ca.ooo.c 6.10 10.25

[13J

All food "acidsare-weaka,pds. Less than 3% of their
ionizable hydrogeas~ di"'SSQciated from the parent
molecule. Wh~ flee hydrogen ions are removed
through titration, new hydresen ions can arise from
other previously 1U\disassooiatedparent molecules.
This tends to cushion tbesolution from abrupt changes
in pH. This property of a solution to resist change in
pH is termed b\1ffering. Buffering occurs in foods
whenever a weak acid and its salt are present in the
same medium. Due to buffering, a graph of pH versus
titrant is more complex for weak acids than strong
acids. However, this relationship can be predicted by
the Henderson-Hasselbalch equation.

pH

[A-]
pH =pK. + log [HAl

[HA] represents the concentration of undissodated
add. IA-l represents the concentration of its salt, also
known as the conjugated base. The conjugated base is
equal in concentration to the conjugated acid [H30 +J.
The pK. is the pH at which equal quantities of undis
sociated acid and conjugated base are present. The
equation indicates that maximum buffering capacity
will exist when the pH equals the pK•. A graph show
ing the titration of 0.1 N acetic acid with 0.1 N NaOH
illustrates this point (Fig. 7-4).

Di- and triprotic acids will have two and three
buffering regions, respectively. A pH versus titrant
graph of citric acid is given in Fig. 7-5. If the pKa steps

Titration of ~ weak monoprotic acid with a
strong base. A buffering region is established
around the pK;s (4.82). The pH at any point
is described by the Henderson-Hasselbalch
equation.

o 20 40 60 80 100 '20 140

mL 0.1 N NoOH
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7.4.1.2 Potentiometric Titration

At the equivalence point in :1 titr:ltion, the number of
acid equivalents exactly equ.:lIS t~e ~um~er o~ base
equivalents, and total add neutralIzation IS achie~ed.

A:; the equivalence point is .:lpproJ.ched, the den~mma
tor [HAl in the Henderson-Hasselbalch equation be·
comes insignificantly small and the quotient [A-)I [HAl
increases exponentially, As a result, the solution pH
rapidly increases and ultimately app.roa~hes the pH of
the titrant. The exact equivalent point IS the halfway
mark on this slope of abrupt pH increase. The use of a
pH meter to identify the endpoint is ~aned the p~t~n

tiometric method for determining titratable acidity,
The advantage of determining the equivalence point
potentiometrically is that the precise equivalence point
is identified. Since a rapid change in pH (and not some
final pH value per se) signals the end of titration, ac~u
rate calibration of the pH meteris not even essential.
However, in order to identify the equivalence point, a
careful record of pH versus titrant must be kept. This
and the physical constraints of pH probes ~d slo~

response wi th some electrodes make the potentiometric
approach somewhat cumbersome.

7.4.1.3/ndicators

For simplicity in routine work, an indicator so~ution ~s

often used to approximate the equivalence POUlt. TIUs
approach tends to overshoot the equivalence point by
a small amount. When indicators are used, the term
endpoint or colorimetric endpoint is substituted .for
equivalence point. This emphasizes that the resul~g

values are approximate and dependent on the ~pe~ific

indicator. Phenolphthalein is the most common indica
tor for food use. It changes from dear to red in the pH
region 8.0 to 9.6. Significant color change is usually
present by pH 8.2. This pH is termed the phenolph-
thalein endpoint. '

A review of pK. values in Table 7-5 indicat~ that
naturally occurring food acids do not buffer in the
region of the phenolphthalein endpoint. However,
phosphoric acid (used as an acidulant in some soft
drinks) and carbonic add (carbon dioxide in aqueous
solution) do buffer at this pH. Consequently, taking the
solution from the true equivalence point to the end
point may require a large amount of titrant for ~ese

acids. Indistinct endpoints and erroneously large titra
tion values may result. When these adds are titrated,
potentiometric analysis is usually preferred. interfer
ence by CO can be removed by boiling the sample and
titrating th; remaining acidity to a phenolphthalein
endpoint.

Deeply colored samples also present a. problem for
endpoint indicators. When colored solutions obscure
the endpoint, a potentiometric method is normally
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used. For routine work, pH versus titrant datil are not
collected. Samples are simply titrated to pH 8.2 (the
phenolphthalein endpoint). Eve~ though. this is a
potentiometric method, the resulting value IS an end
point and not the true equivalence point since it Simply
reflects the pH value for the phenolphthalein endpoint.

A pH of 7 may seem to be a better target for a
potentiometric endpoint than 8.~. This pH, after all,
marks the point of true neutrality on the pH scale.
However, once all acid has been neutralized, the conju
g3te base remains. As a result, the pH at the equiva
lence point is slightly greater than 7. Confusion also
might arise if pH 7 was the target for colored samples
and pH 8.2 was the target for noncolored samples.

Dilute add solutions (e.g., vegetable extracts)
require dilute solutions of standard base for optimal
accuracy in titration. However, a significant volume of
dilute alkali may be required to take a titration from the
equivalence point to pH 8.2. Bromthymol blue is used
sometimes as an alternative indicator in low acid situ
ations. It changes from yellow to blue in the pH range
6.0-7.6. The endpoint is usually a distinct green. How
ever, endpoint identification is somewhat more subjec
tive than the phenolphthalein endpoint.

Indicator solutions rarely contain over a few tenths
percent dye (wt/vol). All indicators are either weak
acids or weak bases that tend to buffer in the region of
their color change. In excessive amounts, they can in
fluence the titration by conferring their own acid!
base character to the sample under analysis. Indicator
solutions should be held to the minimum necessary to
impart effective color. Typically; two to three drops of
indicator are added to the solution to be titrated. The
lower the indicator concentration, the sharper will be
the endpoint.

In acetic acid fermentations, it is sometimes desir
able to know how much acidity comes from the acetic
acid and how much is contributed naturally by other
acids in the product. Thiscan be achieved by first per
forming an initial titration to measure total acidity. The
acetic add is then boiled off, the solution is allowed to
cool, and a second titration is performed to determine
the fixed acidity. The difference between fixed and
total acidity is thevolatile acidity. A similar practice is
used sometimes in the brewing industry to separate
acidity due to dissolved CO2 from fixed acids. Fixed
acids are titrated aher CO 2 is removed by low heat
(40°C) and gentle agitation.

7.4.2 Preparation of Reagents

7.4.2.1 Standard Alkali

Sodium hydroxide (NaOH) is the most commonly
used base in titratable acidity determinations. In some
ways, it appears to be a poor candidate for a standard
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base. Reagent grade NaOHis very hygroscopic and
often contains significant quantities of insoluble
sodium carbonate (NaiCOV' Consequently, the nor
mality of working solutioJ'15 is not precise, but must be
standardized against an acid of known nonnality.
However, economy, availability, and long tradition of
use for NaOH outweigh these shortcomings. Working
solutions are nonnally made from a stock solution con
taining 50% sodium hydroxide in water (wt/vol).
Sodium carbonate is essentially insoluble in concen
trated alkali and gradually precipitates out of solution
over the first 10 days of storage.

NaOH can react with dissolved and atmospheric
CO:z to produce new Na2C03' This reduces alkalinity
and sets up a carbonate buffer that can obscure the true
endpoint of a titration. Therefore, CO2 should be
removed. from water prior to making the stock solu
tion. This can be achieved by purging water with CO2
free gas for 24 hours or by boiling distilled water for 20
min and allowing it to cool before use. During cooling
and long-term storage, air (With accompanying CO2)

will be drawn back into the container. Carbon dioxide
can be stripped from reentering air with a soda-lime
(20% NaOH, 65% CaO, 15% H 20 ) or ascarite trap
(NaOH impregnated asbestos). Air passed through
these traps also can be used as purge gas to prod uce
COrfree water.

Stock alkali solution of 50"1" in water is approxi
mately 18 N. A working solution is made by diluting
stock solution with CO2-free water. There is no ideal
container for strong alkali solutions. Glass and plastic
are both used, but each has its drawbacks. If a glass
container is used it should be closed with a rubber or
thick plastic closure. Glass closures should be avoided
since, over time, strong alkali dissolves glass, resulting
in permanent fusion of the contact surfaces. Reaction
with glass also lowers the normality of the alkali. These
liabilities also are relevant to long-term storage of
alkali in burettes. NaOH has a low surface tension. This
predisposes to leakage around the stopcock. Stopcock
leakage during titration will produce erroneously high
acid values. Slow evaporation of titrating solution
from the stopcock valve during long periods of non
use abo creates a localized region of high pH with
ensuing opportunities for fusion between the stopcock
and burette body. After periods of non-use, burettes
should be emptied, cleaned, and refilled with fresh
working solution.

Long-term storage of alkali in plastic containers
also requires special vigilance because CO2 permeates
freely through most common plastics. Despite this
shortcoming, plastic containers are usually preferred
for long-term storage of stock alkali solutions. Whether
glass or plastic is used for storage, working solutions
should be restandardized weekly to correct for alknlin
ity losses arising from interactions with glass nne CO;.
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7.4.2.2 Standard Acid

The impurities and hygroscopic nature of NaOH make
it unsuitable as a primary standard. Therefore, NaOH
titrating solutions must be standardized against a stan
dard acid. Potassium acid phthalate (KHP) is com
monly used for this purpose.

KHP/s single ionizable hydrogen (pK. =5.4) pr«r
vides very little buffering at pH 8.2. It can be manufac
tured in very pure form, it is relatively nonhygroscopic,
and it can be dried at 120"C without decomposition or
volatilization. Its high molecular weight also favors
accurate weighing.

KHP should be dried for 2 hours at 120"C and
allowed to cool to room temperature in a desiccator
immediately prior to use. An accurately measured
quantity of KHP solution is titrated with a base of
unknown normality. The base is always the titrant. CO2
is relatively insoluble in acidic solutions. Conse
quently, stirring an acid sample to assist in mixing will
not significantly alter the accuracy of the titration.

7.4.3 Sample Analysis

A number of official methods exist for determining
titratable acidity in various foods (AOAC Interna
tional, 1995). However, detennining titratable acidity
on most samples is relatively routine and various p:-o
cedures share many common steps. An aliquot of
sample (often 10 ml) is titrated with a standard alkali
solution (often 0.1 N NaOH) to a phenolphthalein end
point. Potentiometric endpoint determination is used
when sample pigment makes use of a color indicator
impractical.

Typical titration setups are illustrated in Fig 7-6 for
potentiometric and colorimetric endpoints. Erlenmeyer
flasks are usually preferred for samples when end pcin t

indicators are used. A magnetic stirring bar may be
used, but mixing the sample with hand swirling is L:~\:

any adequate. When hand mixing is used the sampl
flask is swirled with the right hand. The stopcock i.;
positioned on the right side. Four fingers on the kit
hand are placed behind the stopcock valve and the
thumb is placed on the front of the valve. Titrant is ci~

pensed at a slow, uniform rate until the endpoint is
approached and then added dropwise until the end
point docs nol Iade after standing for some predetcr
mined period of time, usually ~10 sec.

Tne bulkiness of the pH electrode usually de
mands that beakers be used instead of Erlcnrnever
flasks when samples arc analyzed potentiometrically.
J\·~ixi:"lS is ;1Im('5: always achieved through magnetic
stirring. il.n.~ loss of sample through splashing is more
lik(';~' \~'ith beakers than Erlenmeyer flasks. Otherwise,
titration practices nre identical to those described pre
viously [or mdicz tor soh.:li0ns.
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Titratable Acidity Apparatus
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1. Burette

2. Burette Clamp

3. Clamp
Support

4. Magnetic Stirring
Plate

5. Stopcock

6. pH Meter

7. Combination pH
Probe
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Potentiometric Titration

Titratable acidity apparatus.

Colorimetric Titration

Problems may arise when concentrates, gels, or
particulate-containing samples are titrated. These
matrices prevent rapid diffusion of acid from densely
packed portions of sample material. This slow diffu
sion process results in a fading endpoint. Concentrates
can simply be diluted with CO2-free water. TItration
then is perfonned and the original acid content calcu
lated from dilution data. Starch and similar weak gels
often can be mixed with CO2-free water, stirred vigor
ously, and titrated in a manner similar to concentrates.
However, some pectin and food gum gels require mix
ing in a blender to adequately disrupt the gel matrix.
Thick foams are occasionally formed in mixing.
Antifoam or vacuum can be used to break the foams.

Immediately following processing. the pH values
of particulate samples often vary from one particulate
piece to another. Acid equilibration throughout the
entire mass may require several months. As a result,
particulate-containing foods should be comminuted

finely in a blender before titrating. The comminuting
process may incorporate large quantities of air. Air
entrapment makes the accuracy of volumetric mea
surements questionable. Aliquots often are weighed
when air incorporation may be a problem.

7.4.4 Acid Content in Food

Most foods are as chemically complex as life itself. As
such, they contain the full complement of Krebs cycle
acids (and their derivatives), fatty acids, and amino
acids. Theoretically, all of these contribute to titratable
acidity. Routine titration cannot differentiate between
individual acids. Therefore, titratable acidity is usually
stated in terms of the predominant acid. For most
foods this is wwnbiguous. In some cases, two adds are
present in large concentrations and the predominant
acid may change with maturity. In grapes, malic acid
often predominates prior to maturity while tartaric
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acid typically I'redQ)ninates In-the-ripe ~t..A s~.il~
phenomenon is observed with malic and citric acids In

pears. Fortunately, the equivalef\t weights of co~on
food acids are fably sQrillar. Tl\erefore, pem:nt tHaat
able acidity is not substantially affectad by rru.xe~ pre
dominance or incorrect selection of the predominant
acid.

The range of acid concentrations in foods is very
broad. Acids can exist at levels below detection limits
or they can be the preeminent substance present in the
food. The contribution of acids to food flavor and qual
ity is not told by acid content alone. The tam:ess ~f

acids is reduced by sugars. Consequently, the Brixlacld
ratio (often Simply called ratio) is usually a better pre
dictor ofan acid's flavor impact than Brix or acid alone.
Acids tend to decrease with· the maturity of fruit while
sugar content increases. Therefore, the Brix/acid ratio
often is used as an index of fruit maturity. The ratio also
can be affected by climate, variety, and horticultural
practices. Table 7-6 gives typical acid composition and
sugar levels for many commercially important fruits at
maturity. Citric and malic acids are the most common
acids in fruits and most vegetables; however,leafy veg
etables also may contain significant quantities of oxalic
acid. Lactic acid is the most important acid in dairy
foods for which titratable acidity is commonly used to
monitor the progress of lactic acid fermentations in
cheese and yogurt production (Marshall, 1992).

Organic acids contribute to the refractometer rea~
ing of soluble solids. When foods are sold on the baSIS
of pounds solids, Brix readings are sometimes cor
rected for acid content. For citric acid, 0.20 0 Brix are
added for each percent titratable acidity'.

~ AcId Composition ond "Brix of Some
Commercially Important Fruits

Principal Typical Per- Typical
Fruit Acid cent Acid °Brix

Apples fI.'cHic 0.27-1.02 9.12-13.5
Bananas Malle/citric 0.25 16.5-19.5

(3: 1)
13.4-16.0Chemos fl.Uic 047-~.86

Cranberrier Cane 0.9-1.36
W,alic 0.70-0.98 12.9-14.2

Grapefruit Cunc 0.64-2.10 7-10
Grapes Iartancrmauc 0.64-i.16 13.3-14.4

(;j:2)
7.1-11.9Lemons Ci:nc 4.2-8.33

Urnes CilfiC 4.9-€.3 8.3-14.1
Oranges Citric 0.68-1.2·:) 9-14
Peaches Citric 1-2 11.8-12.3
Pears Malic/citric 0.34-0.45 11-12.3
Pineapples Citric 0.78-0.84 12.3-16.8
Raspberries Citric 1.57-2.23 9-11.1
Strawberries Citric 0.95-1.18 8-10.i
Tomatoes Citric 0.2-0.6 4
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7.4.5 Other Methods

High performance liqwidchromatography (HPLC) a,nd
electrocheInistry both have been used to measure acids
in food samples. Both methods ~llo,:" identificati~nof
specific acids. HPLC uses refractive mde:e, ultravlole.t,
or for some adds electrochemical detection. Ascorbic
acid has strong electrochemical signature and signifi
cant absorbance at 265 run. Significant absorbance of
other prominent acids does not occur until 200 om or
below.

Many acids can be measured with such electro
chemical techniques as voltammetry and polarogra
phy- In ideal cases, the sensitivity ~d selectivity of
electrochemical methods are exceptional. However,
interfering compounds often reduce the practicality of
electrochemical approaches. .

Unlike titration, chromatographic and electro
chemical techniques do not differentiate between an
acid and its conjugate base. Both species inevitably
exist side by side as part of the inherent food-buffer
system. As a result, acids determined by instrwnental
methods may be 50% higher than values determined
by titration. It follows that Brix/acid ratios can be
based only on acid values determined by titration.

7.5 SUMMARY

Orcanic acids have a pronounced impact on food fle
vo; and quality. Unlike strong acids which are fully
dissociated, food adds are only partially ionized. Some
properties of foods are affected only by this i~rjzed

fraction of acid molecules while other properties are
affected by the total acid content. It is impractical to
quantify only free hydronium ions in solution by
chemical methods, Once the free ions are removed by
chemical reaction, others arise from previously undis
socia ted molecules. Indicator dyes, which change color
depending on the hydronium ion environment, exist
but they only identify when a certain pH threshold ~as

been achieved and do not stoichiometrically qu.1;·,t1fy
free hydronium ions. The best that can be (:one is to
identify the secondary effect of the hydronium ion
environment on some property of the system n..:=t, ;:s
the color of the indicator dyes or the elecrrochem.cal
potential of the medium. The pH meter measures th~'

change in electrochemical potential established bv the
hydronium ion aCi'OSS a semipermeable glcss mcrn

brane on an bcicator electrode. The shift in the indica
tor electrode pnter.:iJI is indexed against the potential
of a reference electrode. The difference in millivolt
reading ben...een the rwo electrodes can be converted
into pH using the NeTSt equation. The hydronium ion
concentration can be back calculated from pH using
the oiigin6l1 definition of pH as the negative log of
hydruSc-n ion c,'ncentrntion. Buffer solutions of any
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pH can be created using the Henderson-Hilsselbalch
equation. However, the predictions of all these equa
tions ace somewhat approximate unless the activity of
acids and conjug.Jte bases are taken into account.

Titratable acidity provides a simple estimate of the
totaI acid content of a food. In most cases, it is only an
estimate since foods often contain many acids that can
not be differentiated through titration. Titratable acid
ity is not a good predictor of pH, since pH is a combined
function of titratable acid and conjugate base. Instru
mental methods such as HPLC and electrochemical
approaches measure acids and their conjugate bases 03S

a single compound and, therefore, tend to produce acid
contents that are higher than those determined by titra
tion. Titratable aridity, somewhat curiously, is a better
predictor of tartness than the concentration of free
hydronium ions as reflected by pH. The perception of
tartness is strongly influenced by the presence of sug
ars. Indicator dyes are used commonly to identify the
endpoint of acidity titrations although pH meters can
be used in critical work or when sample color makes
indicators impractical.

7.6 STUDY QUESTIONS

1. Explain the theory of potentiometry and the Nemst
equation as they relate to being able to use a pH meter to
measure H" concentration.

2. Explain the difference between a saturated calomel elec
trode and a silv er-silver chloride electrode; describe the
construction of a glass electrode and a combination elec
trode.

3. You return from a two-week vacation and ask your lab
technician about the pH of the apple juice sample you
gave him or her before you left. Having forgotten to do it
before, the technician calibrates a pH meter with one
standard buffer stored next to the meter and then reads
the pH of the sample of unpasteurized apple juice imme
diately after removing it from the refrigerator (40°C),
where it has been stored for two weeks. Explain therea
sons why this stated procedure could lead to inaccurate
or misleading pH values.

4. For each of the food products listed below, what acid
should be used to express titratable acidity?
a. orange juice
b. yogurt
c. apple juice
d. grape juice

5. What is a "Bmlacid ratio," and why is it often used as an
indicator of flavor quality for certain foods, rather than
simply Brix or acid alone?

6. How would you recommend determining the endpoint
in the titration of tomato juice to determine the titratable
acid? Why?

7. The titratable acidity was determined by titration to a
phenolphthalein endpoint for a boiled and unboiled
clear carbonated beverage. Which sample would you
expect to have a higher calculated titratable acidity?
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Why? Would you t?xp,--ct one of the samples to have a
fading endpoint? Why?

8. "Vhy and how is J.Il ascarite trap used in the process of
determining ritratable acidity?

9. ""hy is volatile acidity useful as a measure of quality for
acetic acid Iermentation products, and how is it deter
mined?

10. Wnat (actors make potassium acid phthalate a good
choice JS a standard acid for use in standardizing NaOH
solutions to determine titratable acidity?

11. Could a sample that is determined to contain 1.5% acetic
add also be described as containing 1.5% citric acid?
Why or why not?

12. An instructor was grading lab reports of students who
had determined the titratable acidity of grape juice. One
student had written that the % titratable acidity IV.lS

7,6% citric add. Cive two reasons why the answer was
marked wrong. \-Vhat would have been a more reason
able answer?

7.7 PRACTICE PROBLEMS

1. How would you prepare 500 mlofO.l M NaH~PO~ start
ing with the solid salt?

2. Starting with reagent grade sulfuric acid (36 N), how
would you prepare 1 liter of 2 M H2SO~? How many ml
of 10 N NaOH would be required to neutralize this acid?

3. How would you prepare 250ml of 2 N HCI starting with
reagent grade HO (12,V)?

-to How would you prepare 1 titer of 0.04M acetic add start
ing with reagent grade HOAc (17 M)?

5. How would you prepare 150 ml of 10% NaOH?
6. If about 8.7 ml of saturated NaOH is required to prepare

1 liter of 0.1 N NaOH. how would you prepare 100 ml of
1 NNaOH?

7. What is the normality of a (1 + 3) HCl solution?
8. You are performing a titration on duplicate samples and

duplicate blanks that require -I mJof 1 N NaOH per titra
tion sample. The lab has 10% NAOH and saturated
NAOH. Choose one and describe how you would pre
pare the needed amount of NaOH solution.

9. Is a 1% HOAc solution the same as a 0.1 M solution?
Show calculations.

10. Is a 10%NaOH solution the same as a 1 N solution? Show
calculations.

11. What is the normality of a ·10°;'NaOH solution?
1:2. You are performing duplicate titratlons on five samples

that require 15 ml of 6 N HCl each. How would you pre
pare the needed solution from reagent grade He)?

13. What is the pH of a 0.057M HO solution?
l-l. Vinegar has a [H"] of l.n )( 10-3 M. What is the pH?\Vhat

is the major acid found in vinegar, and what is its struc
ture?

15. Orange juice hasa [WI of 2.09 )(1~M. What is the pH?
What is the major acid found in orange juice and what is
its structure?

16. A sample of vanilla yogurt has a pH of 3.59. What is the
[H·j? What is major acid found in yogurt and what is its
structure?

17. An apple pectin gel has a pH of 3.30. What is the [WJ?
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10 g NaOH/100 mJ :c 100 g NaOH!liter = 25 N NaOH
(20 ml}(l N NaOH) :c (x ml) (2.5 N)
x ml ... 8 ml of 10% diluted to 20 ml with distilled water

is a weight-to-volume % (or % wt/vol). Therefore, 1()<'/..
NaOH IE 10 g NaOH/100 mJof sol~tion.Thus, 150 ml of
10%'NaOH requires 15 g NaOH .. 15 g NaOH/lSO ml »

10%NaOH.
6. U about 8.1 m1 of saturated NaOH diluted to 1llter gives

0.1 N. this equals (0.1 N)(1000 mI) "" 100 mEq.Since both
solutions contain the same number of n'Iilliequivalents,
they both must require the some volume of saturated
NaOH, 8.7 ml.

7. The convention (1 + 3) HCl, as used for some analytical
food methods (e.g., AOAC Methods), means 1 part con
centrated acid and 3 parts distilled water, or a 1-in-4-dilu
tion, Starting with concentrated HO at 12 N. a 1-in-4
dilution will yield (1/4)(12 N HO) :: 3.00 N HCl.

8. Four titrations of 4 m1 each will be performed requiring a
total of about 16 ml of 1 N NaOH. For simplicity, 20 ml of
1 N NaOH can be prepared. If a 10% NaOH stock solu
tion is used then:

II saturated NaOH is used, remember hom Problem 6 .
that approximately 8.7 ml of saturated NaOH diluted to
100 ml yields 1.0 N. Therefore, 1.87 ml or 2 ml of satu
rated NaOH diluted to 20 ml with distilled water will
yield about 1N NaOH.

9. 1% HOAc ...1 g HOAc!100 ml =
10 g HOAc/1liter/60.05 g/mole:c 0.17 mole/liter =0.17
M
and
0.1 M HOAc:: 0.1 mole HOAc/liter )( 60.05 g/mole
6.005 g HOAc/liter = 0.60 g/1OO mJ ...0.60% BOAc.
Therefore. the two acetic acid solutions are no: the same,
differing by a factor of about 2.

10. 10% NaOH:: 10 g NaOH/100 ml =100 s NilOH /Iiter

100 g NaOH/(40 g/mole)/liter:=: 2.5 M NaOH

and

1 N NaOH '" 1 mole NaOH/liter :: 40 g NaOH/lilcr

4 g NaOH/l00 ml = 4% NaOH

No, the solutions are not the same.
11. 40% NaOH :=: 40 g NaOH/I00 ml ... 400 s N~OH/!iter

(400 S NaOH/liter)/(40 S NaOH/r.1ole) = 10 r:~oks/1:~e

= ION
12. A lotal of (5samples)(2 duplicatcs)(l5 ml) = ISO ml of 6 N

Hel
(150 m1)(6N Hel) = (x ml)(l2 N HC!)
:r mJ ... 7S ml concentrated Hel diluted With distilled
w ater to 150 ml

13. Since HCI is a strong acid, it will be completely dissoci
ared. Th... rt'forr. the molar concentration of Hel is the
molar COn(enlration of H" and of 0-.

What is the major acid found in apples and what is its
structure?

18. How would you make 100 mlof a O.lN'501ution of potas
shun add phthalate (KHP)?

19. How would you mUe 109m! of a_citratebuffer that is 0.1
N in both citric acid (anhydrous) and potassium citrate
I<H2CJiSo, (MW 230.22)?

20. What would be the pH of the 0.1 N citrate buffer
described in Problem 19?

21. How would you make 1 liter of 0.1 N NaOH solution
from an 18 N stock solution?

22. A stockbase solution assumed to be 18 N was diluted to
0.1 N. I<HP standardization indicated the normality of
the working solution was 0.088 N. What was the actual
normality of the solution?

23. A 2O-ml sample of juice requires 25 ml of 0.1 N NaOH
titrant What would be the percent acid if the juice is (1)
apple juice, (2) orange juice, (3) grape juice?

24. A lab analyus a large number of orange juice samples.
All juice samples will be 10 mi. It is decided that 5 ml of
titrant should equal 1% citric acid. What base normality
should be used?

25. A lab wishes to analyze apple juice. They would like each
milliliter of titrant to equal 0.1% malic acid. Sample
aliquots will all be 10 ml, What base normality should be
used?

Answers

1. The question asks for 500 ml of a 0.1 M J\'aHzPO.; solu
tion. The molecular weight of this salt is 120 g/mole. You
can use Equation [1) to solve this problem,
(500 ml of sodium phosphate) x (molarity of sodium
phosphate) :cmillimoles of sodium phosphate

(500 ml)(O.l M}(120 g/mole) :: 6 f'<:...'-i. PO.
1000 ml/liter g - •

2. (a) 1000 ml of 2 M H~. are required. Reagent grade
H,so. is 36 Nand 18 M. Therefore,

(18 M) (x mJ) Ie (2 M)(1000 rnl)
x mJ '" 111.1 ml of cone. acid diluted to Lliter

(When diluting concentrated acids, always add concen
trated add to about one half the final volume of Willer to
dilute and to dissipate the heat generated by mixing.
Never add the water to the concentrated addl).
(b) (1000 ml H1SO. )(:: M H~O.)(2 Nil M) = (x ml
NaOH)(lO N NaOH)
.r ml '" 400 ml NaOH

3. Using Equation (1):

(250 ml}(2 N Hel) '" (x ml) (12 N ncn
x ml:c 41.67 ml of cone. HCl diluted with water

to 250 ml

4. Using Equation [lJ:

(0.04M HOAc)(l)iter)(lOOO ml/liter) = (x rnl)(17 M HOAc)
;r ml :: 2.35 ml cone. acetic acid which is diluted to 1 liter

5. Usually with a solid starting material like NaOH. the %

l W) '" 0.0,57 I': 5.7 I( 1O-~ M pH =-log (5.7 )( lO-z)M
:: (0.76- 2)
...-{-1.24}
... 1.24
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What is the pH of a 0.025N NiiOH solution?

pOH :: -Iog (2.5 x 10"':)
:: -(0.-10 - 2)
:: -(O.-IO - 2)

pH ..14 -1.6
::12.40

How many gr.:lms of NaOH are n•.quired to make 100 ml
of 0.5 N NaOH?

100 mJ NilOH x 0.5 N :: 50 mEq or 0.050 Eq

Since NaOH has molecular weight of -10.0 g/mole and
one equivalent per mole, the equivalent weight is -10.0 g
per equivalent.

14. 2.75; acetic acid;

H
I

H--c-COOH
I
H

(Use the equation in Step 1 of Table 7-l, pH .. -log [WI,
to solve Problems 14-17.)

15. 3.68; citric aid;

COOH COOH COOH
I I I

H-c--~C------{C-H

I I I
H OH H

16. 1.1 x 10-' M; lactic acid;

OH
I

CH)--c-cOOH
I
H

17. 5.0)( 10-' Jo.l; malic acid;

COOH COOH
I I

HO-C---<C-H
I I
H H

18. From Table 7-2, the equivalent weight of KHP is 20-1.22
g/Eq. The weight of KHP required can be calculated
from the equation.

id Desired volume (mll
ACt wt '" 1000 mllliter

)( Eq WI (g/Eq)
x desired N (Eq/liter)

Therefore,

l00ml
KHP wt .. 1000 ml/liter

l( 204 g/Eq l( 0.1 Eq/liter
"" 2.0422g

The solution can be made by weighing exactly 2.0422g of
cool, dry KHP into ill llJO-mlvolumetric flask and diluting
to volume.
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19. nus problem is the same as Problem 18, except two com
ponents are being added to 100 ml of solution. From
T.lble 7·2, the equivalent weight of citric acid (anhy
drous) is 64.04 g/Eq. Therefore, the weight of citric acid
(eM would be

l00ml
CAwl=-""";"--

1000 ml/liter

x 64.04 g/Eq
x 0.1 Eq/liter

:: 0.64().l g

Potassium citrate (PC) is citric acid with one of its three
hydrogen ions removed, Consequently, it has one less
equivalent per mole than CA. The equivalent weight of
PC would be its molecular weight (230.22) divided by its
1\\10 remaining hydrogen ions, or 115.11 g per equivalent.
Therefore, the weight contribution of PC would be

PC
_l_00_ m;;..1wt ..
lOOOml

x 115.11 g/Eq )( 0.1 Eq/liter
.. 1.511g

20. The relationship between pH and conjugate acid Zbase
pair concentrations is given by the Henderson-Hassel
balch equation.

[KI
pH,. pKa + log [HAl

Woen acid and conjugate base concentrations are equal,
[AV[HAj .. 1. Since the log of 1 is 0, the pH will equal
the pK. of the acid. Because CA and PC are both 0.1N, the
pH will equal the pK.1 of citric acid given in Table 7-5
(pH:: 3.2).

21. Using Equation [I} and solving for volume of concen
trate, we get

. final N )( final ml
m1 concentrated solution .. ---c:------,...-:-

beginning N

0.1 N')( 1000 mI..
IBN

.. 5.5Sml

Consequently, 5.33 ml-would be dispensed into a I-liter
volumetric flask. The flask would then be filled to \0"01

wne with distilled C~·free water.
The normality of this solution will only be approxi·

mate since NaOH is not a primary standard. Standard
ization against a KHP solution or some other primary
standard is essential. [t is useful sometimes to back-cal
cu1ate the true nonnality or the stock solution. Even
underthebest circumstances. the normality wiU decrease
with time, but back~alculating will permit a closer
approximation of the target normality the next time a
workingcslllndard is prepared.

22. Thisansweds a simple ratio.

0.OS8o.roo x 18 "15.85 N
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In general chemistry, add strength is frequently reported
in nonna1ity; However, food acids.are reperted usU811¥ as
pettent of total sample weighL Tra.ce acids alsomay be
reported inmilligralR perceJ\t (mgflOO g.of SAmple).

ntratable acicllty measurements. require relatively
small acid and ti trant volwnes. Nonnalities for small vol
umes are typicaUy reported in milliequivalents per milli
liter (mEq/ml). Normalities ..reported in Eq/liter are
numerically identical to normalities reported in mEgl
ml, only the unit portions differ. Therefore, a 1 normal
solution of NaOH contains 1 equivalent of NaOH per
liter or 1.milliequivalent per milliliter. The percent acid
can be calculated by the equation

base normality (mEq/ml)
x ml base

% acid =x Eq wt of acid (mg/Eq) x 100
sample weight (mg)

It is often awkward in routine work to cite sample
weights in milligrams. A modification of the previous
equation allows sample weights to be reported directly
in grams.

base normality (mEq/ml)
l( ml base

of id l( Eq wt of acid (mg/Eq) 00
10 ao = )( 1

sample weight (g) )( 10

For routine titration of single-strength juice, milliliters
often can be substituted for sample weight in grams.
Depending on the soluble solids content of the juice. the
resulting acid values will be high b~·l~%.

23. Table 7-6 indicates the principal acids in apple, orange,
and grape juice are malic, citric, and tartaric acids,
respectively. Table 7-2 indicates the equivalent weight of
these acids are malic (67.05). citric (64.04). and tartaric
(75.05). The percent acid for each of these juices would be

0.1 mEq/mJ NaOH
x 25ml

malic acid .. x 67.05 mg/mEg = 0.8-1
20 ml (10) mg/ml

0.1 mEq/ml NilOH
x 25 ml

. ~ id x 64.04 mg/mEqcitnc <lCI :: =0 80
20 ml (10) mg/ml .

0.1 mEq/ml NaOH
lC 25ml

• • lC 75.05 m" /mEq
tartaric acid :: " =0.94

20 ml (lO) mg/ml

The three values obtained for the different acids ;'Ire
closer than one might expect from a casual examination
of molecular weights. When two acids predominate in a
juice, the)' are usually rnalic and citric or malic and tar
taric adds. Choosing the wrong predominant acid does
not seriously affect the calculated percent acid since
equivalent weights of naturall)" occurring food acid arc
similar.

Part II • Chemical Composition and Characteristics 01FOOds

Notice that the equivalent weight of anhydrous citric
acid was used. The anhydrous form always will be used
in ca1culatingand reporting the results of titration. Pure
cifric acid has; a tendency to absorb water. Some manu
facturers of purecitric acid intentionally hydrate the mol
ecule to stabilize it against further hydration. The equiv
alent Weight of citric acid monohydrate will be used only
when malcing solutions from hydrated starting materi
also Hydrated chemicals should never be dried in a dry
ing oven. Total dehydration is rarely possible. The result
ing compound would have some intermediate (and
unknown) hydration number, and solutions made from
the compound would be inaccurate.

Quality control laboratories often analyze a large num
ber of samples having a specific type of acid. Speed. and
accuracy are increased if acid concentration can be read
directly from the burette. It is possible to adjust the nor
mality of the base to achieve this purpose. The proper
base normality can be calculated from the equation

N= lOx A
Bxe

where:

A =weight (or volume) of the sample to be titrated
B=volume (ml) of titrant you want to equal 1% acid
e =equivalent weight of the acid

24.

10 x 10
N =5 )( 64.04 =0.3123 N

In acrualitv, the standard alkali solution used universailv
by the Florida citrus industry is 0.3123 N. .

15. Since each milliliter will equal 0.1% malic acid, 1% millie
acid will equal 10 ml.Therefore,

10 x 10
N = 5 x 67.05 ""0.1491 1\1
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8.1 INTRODUCTION

Moisture assays can be one of the most important
analyses performed on a food product and yet one of
the most diffkult from which to obtain accurate and
precise data. This chapter d~scribes various methods
for moisture analysis-their principles, procedures,
applications, cautions, advantages, and disadvantages.
Water activity measurement also is described, since it
parallels the measurement of total moisture as an
important quality factor. With an understanding of
techniques described, one can apply appropriate mois
ture analyses to a wide variety of food products.

8.1.1 Importance of Moisture Assay

One of the most fundamental and important analytical
procedures that can be performed on a food product is
an assay for the amount of moisture (1-3). The dry mat
ter that remains after moisture removal is commonly
referred to as total solids. This analytical value is of
great economic importance to a food manufacturer
because water is an inexpensive filler. The following
listing gives some examples in which moisture content
is important to the food processor.

1. Moisture is a quality factor in the preservation
of some products and affects stability in
a. dehydrated vegetables and fruits
b. dried milks
c. powdered eggs
d. dehydrated potatoes
e. spices and herbs

2. Moisture is used as a quality factor for
a. jams and jellies, to prevent sugar crystalliza

tion
b. sugar syrups
c. prepared cereals-<onventional,

4-8%; puffed, 7-8%
3. Reduced moisture is used for convenience in

packaging or shipping of
a. concentrated milks
b. liquid cane sugar (67% solids) and liquid

com sweetener (800/0 solids)
c. dehydrated products (these are difficult to

package if too high in moisture)
d. concentrated fruit juices

4. Moisture (or solids).content is often specified in
compositional standards (i.e., Standards of
Identity)
a. Cheddar cheese must be s39"1o moisture.
b. Enriched flour must be :$15% moisture.
c. Pineapple juice must have soluble solids of

~10.5" Brix (conditions specified).
d. Glucose syrup must have ~70% total solids.
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e. The percentage of added water in processed
meats is commonly specified.

3. Computations of the nutritional value of foods
require that you know the moisture content.

6. Moisture data are used to express results of
other analvtical determinations on a uniform
basis (i.e., dry weight basis).

6.1.2 Moisture Content of Foods

The moisture content of foods vanes greatly, as shown
in Table 8-1. Water is a major constituent of most food
products. The approximate, expected moisture content
of a food can affect the choice of the method of mea
surement. It also can guide the analyst in determining
the practical level of accuracy required when measur
ing moisture content, relative to other food con
stituents.

8.1.3 Forms of Water in Foods

The ease of water removal from foods depends on how
it exists in the food product. The three states of water in
food products are:

1. Free water-This water retains its physical
properties and thus acts as the dispersing agen t
for colloids and the solvent for salts.

2. Adsorbed water-This water is held tightly or
is occluded in cell walls or protoplasm and is
held tightly to proteins.

3. Water ofhydration-Thiswaterisbound chem
ically, for example, lactose monohydrate; also
some salts such as Na2SO.c10H20.

Depending on the form of the water present in a food,
the method used for determining moisture may mea
sure more or less of the water present. This is the rea
son for official methods with stated procedures (5-7).
However, several officialmethods may exist for a par
ticular product. For example, the AOAC International
methods for cheese include: method 926.08, vacuum
oven; 948.12, forced draft oven; 977.11, microwave
oven; 969.19, distillation (5). Usually, the first method
listed by AOAC International is preferred over others
in any section.

8.1.4 Sample Collection and Handling

General procedures for sampling, sample handling
and storage, and sample preparation are given in
Chapter 5. Theseproeedures are perhaps the greatest
potential source of error in any analysis.· Precautions
must be taken to minimize inadvertent moisture
losses or gains that occur during these steps. Obvi
ously, any exposure of a sample to the open atmos
phere should be as short as possible. Any heating of a
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~"" Moisture Content of Selected Foods

Foodllem

Cereals. bread, and pasta
WheatflOur,Who\e·grain
White bread. enriched
Corn flakes cereal
Crackers saltines
Macaroni, dry, enriched

Dairy products
Milk, whole, fluid, 3.3% fat
Yogurt, plain, low fat
Cottage cheese
Cheddar cheese
Ice cream, vanilla

Fats and oils
Margarine, regular, hard, corn
Butter, with salt
Oil-soybean, salad or cooking

Fruits and vegetables
Watermelon. raw
Oranges, raw
Apples. raw, with skin
Grapes, American type, raw
Raisins
Cucumbers, with peel. raw
Potatoes, raw, flesh and skin
Snap beans, green, raw

Meat, poultry. and fish
Beef, ground. extra lean, raw
Chicken. broilers and fryers. light meat. meat and skin. raw
Finfish. flatfish (flounder and sale species). raw
Egg, whole. raw. fresh

Nuts
Walnuts, black. dried
Peanuts. all types, dry roasted with salt
Peanut butter. smooth style. with salt

Sweeteners
Sugar. granulated
Sugar. brown
Honey. strained or extracted

ApproximalePercent Moisture
(wet wsightbasis)

10.3
13.4
3.0
4.1

10.2

88.0
89.0

. 79.3
37.5
61.0

16.7
16.9
o

91.5
86.8
83.9
81.3
15.4
96.0
79.0
90.3

63.2
68.6
79.1
75.3

4.4
1.6
1.2

o
1.6

17.1

From USDA Nutrient Database for Standard Reference. with modification Release 11-1 (August 1997).
hnp:IIW'W>'>'.nZi.usoa.goV/lnic/cgi.bin/nucsearCh.pl

sample by friction during grinding should be mini
mized. Headspacc in the sample storage container
should be minimal because moisture is lost from the
sample to equilibrate the container envi;onment
against the sample.
. To illustrate the need (or optimum efficiency and
speed in weighing samples for analysis, Vanderwarn
(8) showed, using shredded Cheddar cheese (2-3 g in a
5.5-em aluminum foil pan), that moisture loss within
an analytical balance W:lS a straight line function. The
rate of loss was related to the relative humiditv, At
50% relative humidity, it required only 5 sec to· lose
0.01% moisture. This time doubled at 70% humidity, or
0.01 % moisture loss in 10 sec. While one might exptoct

a curvilinear loss, the moisture loss was actuallv linear
over a 5-min study interval. These data demonstrate
the necessity of absolute control during co.iection of
samples through weighing, before drying.

8.2 OVEN DRYING METHODS

In oven drying methods, the sample is heate-d under
specified condirions, and the loss of weight is used to
ca!cu!.1tL· the moisture content of the sample. The mois
ture content value.obtt'incd is highly dependent on the
lyre of oven used, conditions within the oven, and the
time and rcmperatun- of drying. Various oven methods
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are AOAC approved for determining the moisture in
many food products. The methods are simple, and
many ovens allow for simultaneous analysis of large
numbers of samples. The time required may be from a
few minutes to over 24 hr.

8.2.1 General Information

8.2.1.1 Removal of Moisture

Any oven method used to evaporate moisture has as its
foundation the fact that the boiling point of water is
100°C; however, this considers only pure water at sea
level. Free water is the easiest of the three forms of
water to remove. However, if 1gram molecular weight
(l mole) of a solute is dissolved in 1.0 liter of water, the
boiling point would be raised by 0.512°C. This boiling
point elevation continues throughout the moisture
removal process as more and more concentration
occurs.

Moisture removal is sometimes best achieved in a
two-stage process. liquid products (e.g., juices, milk)
are commonly predriedover a steam bath before dry
ing in an oven. Products such as bread and field-dried
grain are often air dried, then ground and oven dried,
with the moisture content calculated from moisture
loss at both air and oven drying steps. Particle size,
particle size distribution, sample sizes, and surface
area during drying influence the rate and efficiency of
moisture removal.

8.2.1.2 Decomposition of Other Food
Constituents

Moisture loss from a sample during analysis is a func
tion of time and temperature. Decomposition enters
the picture when time is extended too much or tem
perature is too high. Thus, most methods for food
moisture analysis involve a compromise between time
and a particular temperature at which limited decem
position might be a factor. One major problem exists in
that the physical process must separate aUthe moisture
without decomposing any of the constituents that
could release water. For example, carbohydrates
decompose at lOO"C according to the following reac
tion:

[1]

The water generated in carbohydrate decomposition is
not the moisture that we want to measure. Certain
other chemical reactions (e.g., sucrose hydrolysis) can
result in utilization of moisture, which would reduce
the moisture for measurement. A less serious problem,
but one that would be a consistent error, is the loss of
volatile constituents, such as acetic, propionic, and
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butyric acids; and alcohols, esters, and aldehydes
among flavor compounds. While weight changes in
oven drying methods are assumed to be due to mois
ture loss, weight gains also can occur due to oxidation
of unsaturated fatty acids and certain other com
pounds.

Nelson and Hulett (9) determined that moisture
was retained in biological products to at least 365°C,
which is coincidentally the critical temperature for
water. Their data indicate that among the decornposi
lion products at elevated temperatures were CO, CO~,
CH-I' and H20. These were not given off at anyone par
ticular temperature but at all temperatures and at dif
ferent rates at the respective temperature in question.

By plotting moisture liberated against tempera
ture, curves were obtained that show the amount of
moisture liberated at each temperature (fig. 8~l). Dis
tinct breaks were shown that indicated the tempera
ture at which decomposition became measurable.
None of these curves showed any break before 184°C.
Generally, proteins decompose at temperatures some
what lower than those required for starches and cellu
loses. Extrapolation of the flat portion of each curve to
250°C gave a true moisture content based on the
assumption that there was no adsorbed water present
at the temperature in question.

8.2.1.3 Temperature Control

Drying methods utilize specified drying temperatures
and times, which must be carefully controlled. More
over, there may be considerable variability of tempera
ture, depending on the type of oven used for moisture
analysis. One shoulddetermine the extent of variation
within an oven before relying on data collected from its
use.

Consider the temperature variation in three types
of ovens: convection (atmospheric), forced draft.. and
vacuum. The greatest temperature variation exists in a
convection oven. This is because hot air slowly circu
lates without the aid of a fan. Air movement is ob
structed further by pans placed in the Oven. When the
oven door is closed, the rate of temperature recovery is
generally slow. This is dependent also upon the load
placed in the oven and upon the ambient temperature.
A lOoe temperature differential across a convec
tion oven is not unusual. This must be considered in
view of anticipated analytical accuracy and precision.
A convection oven should not be used when precise
and accurate measurements are needed. Forced draft
ovens have the least temperature differential across the
interior of all ovens, usually not greater than 1°C.Air is
circulated by a fan that forces air movement through
out the oven cavity. Forced draft ovens with air distri
bution manifolds appear to have added benefit where
air movement is horizontal across shelving. Thus, no
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matter whether the oven is filled with moisture pans or
only half filled, the result would be the same for a par
ticular sample. This has been demonstrated using a
Lab-Line oven (Melrose Park, IL) in which three stack
ing configura tions {o, the pans were used (8). In one
configuration, the oven was filled with as many pans
holding 2-3 g of Cheddar cheese as the forced draft

ov en could hold. In the two others, one hali of the full
load of pans with cheese was used with the pans (1) in
orderly vertical rows with the width of one pan
between rows, or (2) st~ggercd such that pans on every
other shell were in vert.cal alignment. The results after
drving showed no difference in the mean value or the
standilrd deviation,
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Two features of some vacuum ovens contribute to
a wider temperature spre..rd across the oven. One fea
ture is a glass panel in the door. Although from an edu
cational point of view it may be fascinating to observe
some samples in the drying state, the glass is a heat
sink. The second feature is the way by which air is bled
into the oven. If the air inlet and dischargeare on oppo
site sides, conduct of air is virtually straight across the
oven. Some newer models (Lab-Line model 3623) have
air inlet and discharge manifolds mounted top and
bottom. Air movement in this style of vacuum oven is
upward from the front, then backward to the discharge
in a broad sweep. The effect is to minimize cold spots
as wet! as to exhaust moisture in the interior air.

8.2.1.4 Types of Pans for Oven
Drying. Methods

Pans used for moisture determinations are varied in
shape and mayor may not have a cover. The AOAC
International (5) moisture pan is about 5.5em in diam
eter with an insert cover. Other pans have covers that
slip over the outside edge of the pan. These pans, while
reusable, are expensive, particularly in terms of labor
costs to clean appropriately to allow reuse.

Pan covers are necessary to control loss of sample
by spattering during the heating process. If the cover is
metal, it must be slipped to one side during drying to
allow for moisture evaporation. However, this slipping
of the cover also creates an area where spattering will
result in product loss. Examine the interior of most
moisture ovens and you will detect odor and deposits
of burned-on residue, which, although undetected at
the time of occurrence, produce erroneous results and
large standard deviations (8).

Consider the use of disposable pans whenever
possible; then purchase glass fiber discs for covers. At
5.Scm in diameter, these covers fit perfectly inside dis
posable aluminum foil pans and prevent spattering
while allowing the surface to breathe. Paper filter discs
foul with fat and thus do not breathe effectively. Con
sider the evidence presented in Fig. 8-2, derived from
at least 10 replicate analyses of the same cheese with
various pans and covers. These da ta prove two points:
(1) fat does spatter from pans with slipped covers and
(2) fiberglass is the most satisfactory cover.

8.2.1.5 Handling and Preparation of Pans

The handling and preparation of pans before use
requires consideration. Use only tongs to handle any
pan. Even fingerpnnts have weight. All pans must be
oven treated to prepare them for use. Thisis a factor of
major importance unless disproved by the technologist
doing moisture determinations with a particular type
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of pan. To illustrate the weight change that occurs with
disposable aluminum pans, consider the examples in
Fig. 8-3. Disposable aluminum pans must be vacuum
oven dried for 3 hr before use. At 3 he.and 15 hr in
either a vacuum or forced draft oven at 100°C, pans
varied in their weight within the error of the balance.
OrO.oeOl g (8). Store dry moisture pans in a functioning
desiccator. The glass fiber covers do not need drying
before use.

8.2.1.6 Control of Surface Crust Formation
(Sand Pan Technique)

Some food materials tend to form a semipermeable
crust or to lump together during drying, which will
contribute to erratic and erroneous results. To control
this problem. analysts use the sand pan technique.
Clean, dry sand and a short glass stirring rod are
preweighed into a moisture pan. Subsequently, after
weighing in a sample, the sand and sample are
admixed with the stirring rod left in the pan. The
remainder of the procedure follows a standardized
method if available; otherwise the sample is dried to
constant weight. The purpose of the sand is twofold: to
prevent surface crust from forming and to disperse the
sample so evaporation of moisture is less impeded. The
amount of sand used is a function of sample size. Con
sider 2(}.-30 g sand/3 g sample to obtain desired distri
bution in the pan. Similar to the procedure, applica
tions, and advantages of using sand, other heat-stable
inert materials such as diatomaceous earth can be used
in moisture determinations, especially for sticky fruits.
These inert matrices function to disperse the food con
stituents and minimize the retention of moisture in the
food products.

8.2.1.7 Calculations

Moisture and total solids contents of foods can be cal
culated as follows using oven drying procedures:

. wt H20 in sample
% MOISture (wt/wt) = il x 100 [2}

wt 0 wet samp e

wt of wet sample
. - wt of dry sample'

% MOISture (wt/wt) = )( 100 (3)
wt of wet sample

% Total solids (wt/wt) = wt of dry sample )( 100 [4}
wt at wet sample

8.2.2 Forced Draft Oven

When using a forced draft oven, the sample is rapidly
weighed into a moisture pan and placed in the oven for
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an arbitrarily selected time if no standardized method
exists. Drying time periods for this method are 0.75-24
hr (Table 8-2), depending on the food sample and its
pretreatment; some liquid samples are dried initially
on a steam. bath at 100"C to minimize spattering. In
these cases, drying times are shortened to 0.75-3 hr. A
forced draft oven is used with or without a steam table
predrying treatment to determine the solids content of
fluid milks (AOAC Method 990.19,990.20).

An alternative to selecting a time period for drying
is to weigh and reweigh the dried sample and pan until
two successive weighings taken 30 min apart agree
within a specified limit, for example, 0.1-0.2 mg for a
5·S sample. The user of this second method must be
aware of sample trnnsforrnation, such as browning,
which ~u!~g('$IS moisture 1055 of the wrong form. Sam
ples high in carbohydrates should not be dried in a
forced dr.l(t oven btl: rather in <l vacuum oven at OJ tem
perature no higher than 70"C. Lipid oxidation and a
resulting sample weight gain can OCCur at high tem
peratures in a forced draft oven.

8.2.3 Vacuum Oven

By drying under reduced pressure (25-100 rnrn Hg).
one is able to obtain a more complete removal of water
and volatiles without decomposition within a 3-6 hr
drying time. Vacuum ovens need a dry air purge in
addition to temperature and vacuum controls to 0Fcr·

ate within method definition. In older methods, a vac
uum flask is used, partially filled with concentrated
sulfuric acid as the desiccant. One or two air bubbles
per second are passed through the acid. Recent
changes now stipulate an air trap that is filled with cal
own sulfate containing an indicator to show moisture
saturation. Between the trap and the vacuum oven is
an appropriately sized rotameter to measure air flow
(1~120ml/min) into the oven.

The following are important points in the U5C of a
vacuum drying oven:

1. Temperature used depends on the product,
such as 70C>C for fruits and other high-sugar
products. Even with reduced temperature, there
can be some decomposition.

2. U the product to be assayed has a high concen
tration of volatiles, you should consider the usc

. of a correction factor to compensate for the 10-5-5.----
3. Analysts should remember that in a vacuum,

heat is not conducted well. Thus Pi):'l..o;, must be
placed directly on the metal shelves to conduct
heat.

4. Evaporation is an endothermic process: thus. a
pronounced cooling is observed. Because of the
cooling effect of evaporation, when several sam
ples are placed in an oven of this type, you will
note that the temperature will drop. Do not
:lltcn~pt to compcnS:lte for the cooling effect by
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a dispersant, and the relative concentration of
sugars and other substances capable of retain
ing moisture or decomposing. The drying inter
val is determined experimentally to give repro
ducible results.

6.2.4 Microwave Oven

Microwave oven drying in its infancy was looked
upon as a great boon to moisture determination. It was
the first precise and rapid technique that allowed some
segments of the food industry to make in-process
adjustment of moisture in the food before final packag
ing. For example, process cheese could be analyzed
and the composition adjusted before the blend was
dumped from the cooker. Such control could effec
tively pay for the microwave Oven within a few
months. Methods texts indicated that users must check
results against the AOAC vacuum oven procedure to
determine how much microwave energy was needed.
Adjustment of megatron output on the original Apollo
oven was done by turning a control knob.

A new model from CD1 Corporation (Matthews,
NC) had significant improvements over the Original
Apollo oven. A particular microwave oven, or equiva
lent. is specified in the AOAC International procedures
for moisture analysis of cheese (AOAC Method 977.11),
total solids analysis of processed tomato products
(AOAC Method 985.26), and moisture analysis of meat
and poultry products (AOAC Method 985.14).

With the CEM microwave oven, the user controls
the microwave output by setting the microprocessor
controller to a percentage of full power. Next the inter
nal balance is tared with two fiberglass pads on the bal
ance. As rapidly as possible, a sample is placed between
the two pads and weighed against the tare weight. Tune
for the drying operation is set by the operator and
"start" is activated. The microprocessor controls the
drying procedure, with percentage moisture indicated
in the controller window.

The procedure described above suffers somewhat
from a few inherent difficulties. The focus of the
microwave energy is such that unless the sample is
centrally located and evenly distributed, some por·
tions may bum while other areas are underprocessed.
The amount of time needed for an inexperienced oper
ator to place an appropriate sample weight between
the pads results in too much moisture loss before
weighing. Newer models may eliminate these prob
lems.

Another style of microwave oven sold in Europe is
beginning to appear in Some food plants in the United
States. This is a vacuum microwave oven. It will
accommodate one sample in triplicate or three differ
ent samples at one time. In 10 min, the results are

FORCED AlA OVEN

FOAC!D AlA OVENVACUUM OV!H

UMl'll!. PANS DAttO FOA THAll!. HOUAS

S"MPlE PANS OAltD FoA TWO HOIIRS

VACUUM OVEN

VACUUN OVIN

VACUUM OVeN

Effect of drying new disposable aluminum
moisture pans in a vacuum and forced draft
oven at 100'C. The sensitivity of the balance
was 0.0001 g. [From (8),used with permlssion.]
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~"·'FOrCedOtaffOv.n Temperature and TImes for setected Foods

Produt;t

Buttermilk, liquid
Cheese, natural type only
Chocolate and cocoa
Cottage c~se
Cream. liquid and frozen
Egg albumin, liquid
Egg albumin, dried
Ice cream and frozen desserts
Milk

whole. low fat. and skim
condensed skim
evaporated

Nuts: almonds, peanuts, walnuts

Dryon Steam
Bath

x
X
X
X

X

O\l9nTemperature
(·C s: 2)

100
,100
100
100
100
130
100
100

100
100
100
130

Time in
Oven (Hr)

3
16.5 ~ t.5

3
3
3

0.75
0.75
3.5

3
3
3
3

From (6) p. 492, with permission, Stand8rd Methods for the Examinarion of Dairy Products. Robert T,
Marshall (Ed.) Copyright 1992 by the American Public Health Association,
1X", samples must be partially dried on steam bath before being placed in oven.

reported to be similar to 5 hr in a vacuum oven at
100°C. Potentially this also could become the work
horse like other microwave ovens.

A consensus is that microwave drying is suffi
ciently accurate to be used for routine determinations
of food moisture content. Obviously the distinct
advantage of rapid analysis far out weighs its limita
tions for accuracy with single samples (10).

8.2.5 Infrared Drying

Infrared drying involves penetration of heat into the
sample being dried, as compared to heat conductivity
and convection with conventional ovens. Such heat
penetration to evaporate moisture from the sample can
significantly shorten the required drying time, to 10-25
min. The infrared lamp used to supply heat to the sam
ple results in a filament temperature of 2000-2500 K.
Factors that must be controlled include distance of the
infrared source from the dried material and thickness
of the sample. The analyst must be careful that the sam
ple does not bum Orcaseharden while drying. Infrared
drying ovens may be equipped with forced ventilation
to remove moisture air and an analvtical balance to

,. read moisture contC!nt directly. :'-10'infrared drying
moisture analysis techniques arc approved by AOAC
currently. However, because of the speed of analysis,
this technique is suited for qualitative in-process usc.

8.2.6 Rapid Moisture Analyzer Technology

Many rapid moisture/solids analyzers arc available to
the food industry. In addition to those btlsed on infr~:cd

and microwave drying as described previously, com
pact instruments that depends on high heat are avail
able, such as analyzers that detect moisture levels from
50 ppm to 100% using sample weights of 150 mg to 40 g
(e.g., Computrac, Arizona Instrument Corporation,
Phoenix, AZ). Using a digital balance. the test sample is
placed on an aluminum pan or filter paper and the heat
control program (vvith a heating range of 25:C to 27S"C)
elevates the test sample to a constant temperature. As
the moisture is driven from the sample. the mstnJ.:r1cnt
automatically weighs and calculates the percen~a~c

moisture or solids. This technology is utilized ro cover
a wide range or applications within the food indusrrv
and offers quick and accurate results within minutes.
These analyzers are utilized for both production and
laboratory use with results comparable to reference
method!'.

8.3 DISTILLATION PROCEDURES

8.3.1 Overview

Distillation techniques involve codistilling the rnois
ture in a food sample with a high boiling point solvcr.t
that is immiscible in water, collecting the mixture :h~t

distills off, and then measuring the volume of WD!C;.

Two distillation procedures are in use todav: direct an.:
reflux distillations, with a variety of solvents, Fur
example. in direct distillntion with immiscible solvents
of higher boiling point 'than water, the sample is heated
in minernl oil or li'1uid with a flash point well above the
b0jlin~ point forwi'lter. Other immiscible liquids with
bl),lin~ point only slightl\' above water can be used
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(e.g .• toluene. xylene, and benzene). However, reflux
distillation with the immiscible solvent toluene is the
most widely used method.

Distillation techniques were originally developed
<'IS rapid methods for quality control work. but they
are not adaptable to routine testing. The distillation
method is an AOAC-approvedtechnique for moisture
analysis of spices (AOAC Method 986.21). cheese
(AOAC Method 969.19), and animal feeds (AOAC
Method 925.0-1). It also can give good accuracy and pre
cision for nuts. oils. soaps. and waxes.

Distillation methods cause less thermal decompo
sition of some foods than over drying at high tempera
tures. Adverse chemical reactions are not eliminated
but can be minimized by using a solvent with a lower
boiling point. This, however. will increase distillation
times. Water is measured directly in the distillation
procedure (rather than by weight loss), but reading the
volume of water in a receiving tube may be less accu
rate than using a weight measurement.

8.3.2 Reflux Distillation with
Immiscible Solvent

Reflux distillation useseither a solvent less dense than
water (e.g., toluene, with a boiling point of 110.6°C; or
xylene, with a boiling range of 137-140°C) ora solvent
more dense than water (e.g., tetrachlorethylene, with a
boiling point of 121°C). The advantage of using this last
solvent is that material to be dried floats; therefore it
will not char or bum. In addition. there is no fire haz
ard with this solvent.

Water
~

Water

Solvent
+

Sample

Heat

Apparatus for reflux distillation of moisture
hom a. fOOC!-. Key to this setup is the
Bidwell-Sterling moisture trap. This style can
be used only where the solvent is less dense
than water.
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A Bidwell-Sterling moisture trap (Fig. 8-4) is
commonly used as part of the apparatus for reflux dis
tillation with .1 solvent less dense than water. The dis
tillation procedure using such a trap is described in Fig.
8-5, with emphasis placed on dislodging adhering
water drops. thereby minimizing error. When the to
luene in the distillation just starts to boil. the analyst
will observe a hazy cloud rising in the distillation flask.
This is a vaporous emulsion of water in toluene. As the
vapors rise and heat the vessel. the Bidwell-Sterling
trap. and the bottom of the condenser. condensation
occurs. It also is hazy at the cold surface of the con
denser, where water droplets are visible. The emulsion
inverts and becomes toluene dispersed in water. This
turbidity clears very slowly on cooling.

Three potential sources of error with distillation
should be eliminated if observed:

1. Formation of emulsions that will not break.
Usually this can be controlled by allowing the

REFLUX DISTlLLATION

Place sample in distillation flask and cover completely with solvent.

3
Rllthe receiving tube (e.g.• Bidwell-Slerling Trap) with solvent. by

pouring it through the lop ollhe condenser.

I
Bring to a boil and distill slowly at firsl then at increased rate.

3
After the distillation has proceeded for approximately 1 hr, use an

adapted buret brush 10dislodge moisture droplets from the
condenser and top part of the Bidwell-Sterling trap.

U
Slice the brUsh up lhe condenser to a point above the vapor

condensing area.

i
Rinse the brush and wire with a small amount or toh.:eneto

dislcdge adhering water drops.

•If water has adhered to the walls of the calibrated Iurbe. invert the
brusn, and use the straight wire to dislodge this waler so it collects

in the bottom of the tube.

•Return the wire to a point above the condensation point. and rinse
with another small amount of toluene.

3
After 1'10more water has distilled from the sample. repeal the brush

and wire rculine to dislodge adhering water droplets.

•Rinse thebrush and wire with 10luene before removing !rcm the
condenser.

4
Allow the-apparatus 10cool to ~bienl temperatures cetora

measuring the volume cf water in the trap.

•Volume of·water X 2 (for a5~ sample) ,. % mois:ure

Procedures for reflux distillation with toluene
using a Bidwell-Sterling trap. Steps to dislodge
adhenng moisture drops are given.
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color is dark red-brown. Some instrumental systems
arc improved by the inclusion of a potentiometer to

electronically determine the endpoint, which increases
the sensitivity. Instruments are available to automati
cally perform the Karl Fischer moisture analysis by the
conductometric method.

The volumetric titration procedure described
above is appropriate for samples with a moisture con
tent greater than -a.03'}". A second type of titration,
referred to as coulometric titration, is ideal for pro.i
ucts with very low levels of moisture, from 0.03%
down to parts per million(ppm) levels. In this method.
iodine is electrolytically generated to titrate the water.
The amount of iodine required to titrate the water is
determined by the current needed to generate the
iodine.

In a Karl Fischer volumetric titration, the Karl
Fischer reagent (KfR) is added directlv as the titrant if
the moisture in the sample is accessible. H0W('\,CT. if
moisture in a solid sample is inaccessible to the
reagent. the moisture is ex'tracted from the food with
an appropriate solvent (e.c .. methanol). (Particle size
affects efficiency of extraction directly). Then the
methanol extract is titrated with KFR.

The obooxious odor of pyr.dine makes it an unde-

8.4 CHEMICAL METHOD-KARL
FISCHERTITRATION

CsHsN -12 + CsH,N· 502 + CsHsN + H20
- 2CsHsN· HI + CsHsN ·S03 [6]

CsHsN . 503 + CH30H
- CsHsN(H)S04 . CH3 {7]

These reactions show that for each mole of water, 1
mole of iodine, 1 mole of S02' 3 moles of pyridine, and
1 mole of methanol are used. For general work, a
methanolic solution is used that contains these compo
nents in the ratio of 1 iodine: 3 5°2:10 pyridine. and at
a concentration so that 3.5 mg of water ::: 1 ml of
reagent. A procedure for standardizing this reagent is
given below.

In a volumetric titration procedure (Fig. 5-6),
iodine and 502 in the appropriate form are added to

the sample in a dosed chamber protected from atmos
pheric moisture. The excess of 12 that cannot react with
the water can be determined visually. The endpoint

2H20 + SO, + 12 - Cs H2SO4 + 2HI [5J

This was modified to include methanol and pyridine in
a four-component system to dissolve the iodine and
502:

apparatus to cool after distillation is completed
and before reading the amount of moisture in
the trap.

2. Clinging of water droplets to dirty apparatus.
Oean glassware isessentiai, but water seems to
cling even with the best cleaning effort. A
burette brush, with the handle end flattened so
it will pass down the condenser, is needed to
dislodge moisture droplets.

3, Decomposition of the sample with production
of water. nus is principally due to carbohydrate
decomposition to generate water (~H1206

6H20 + 6C).1f this is a measurable problem, dis
continue method use and find an alternative
procedure.

The Karl Fischer titration is particularly adaptable to
food products that show erratic results when heated or
submitted to a vacuum. nus is the method of choice for
determination of water in many low-moisture foods
such as dried fruits and vegetables (AOAC Method
967.19E-G), candies, chocolate (AOAC Method 9i7.10),
roasted coffee, oils and fats (AOAC Method 984.20), or
any low-moisture food high in sugar or protein. The
method is quite rapid and sensitive and uses no heat.
This method is based on the fundamental reaction
described by Bunsen in 1853 (11) involving the reduc
tion of iodine by 502 in the presence of water:
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sirable reagent. Therefore. researchers have experi
mented with other arnines c.lp.lble of dissolving iodine
and sulfur dioxide. Some aliphatic amines and several
other heterocyclic compounds were found suitable. On
~he basis of these new .rmines, one-component
reagents (solvent and titrant components together) and
two-component reagents (solvent and titrant compo
nents separate) have been prepared. The one-compo
nent reagent may be more convenient to use, but the
two-component reagent has greater storage stability.

Before the amount of water found in a food sample
can be determined, a KFR water equivalence (KFReq)
must be determined. The KFReq value represents the
equivalent amount of water that reacts with 1 ml of
KFR. Standardization must be checked before each use
because the KFReq will change with time.

The KFReq can be established with pure water, a
water-in-methanol standard, or sodium tartrate dihy
drate, Pure water is a difficult standard to use because
of inaccuracy in measuring the small amounts
required. The water-in-methanol standard is premixed
by the manufacturer and generally contains 1 mg of
water/m! of solution. This standard can change over
prolonged storage periods by absorbing atmospheric
moisture. Sodium tartrate dehydrate (Na2C4H406'
2H20 ) is a primary standard for determining KFReq.
This compound is very stable, contains 15.66% water
under all conditions expected in the laboratory, and is
the material of choice to use.

The KFReq is calculated as follows using sodium
tartrate dehydrate:

36gHpimoie
Na2C4H406' 2H20

KFRe (m HO/m!);::: x 5 x 1000 [8]
q g 2 230.08 g/mole x A

where:

KFReq =Karl Fischer Reagent water equivalence
S .= weight of sodium tartrate dihydrate (g)
A = m1of KFR required for titration of sodium

tartrate dihydrate

Once the KFReq is known, the moisture content of the
sample is determined as follows:

%HP;::: KFRei x Ks x 100 [9]

where:

KFReq =Karl Fischer Reagent water equivalence
Ks =m1 of KFR used to titrate sample
S = weight of sample (mg)

The major difficulties and sources of error in the Karl
Fischer titration methods are:

1. Incomplete water extraction-For this reason,
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fineness of grind (i.e., particle size) is important
in preparation of cereal grains and some foods.

2. Atmospheric moisture-External air must not
be allowed to infiltrate the reaction chamber.

3. Moisture adhering to walls of uni~-All glass
ware and utensils must be carefully dried.

4. Interferences from certain food constituents
Ascorbic acid is oxidized by KFR to dehy
droascorbic acid to overestimate moisture can
tent: carbonyl compounds react with methanol
to form acetals and release water, to overesti
mate moisture content (this reaction also m.lY
result in fading endpoints); unsaturated fatty
acids will react with iodine, so moisture content
will be overestimated.

8.5 PHYSICAL METHODS

8.5.1 Electrical Methods

8.5.1.1 Dielectric Method

Moisture content of certain foods can be determined by
measuring the change in capacitance or resistance to
an electric current passed through a sample. These
instruments require calibration against samples of
known moisture content as determined by standard
methods. Sample density or weight/volume relation
ships and sample temperature are important factors to
control in making reliable and repeatable measure
ments by dielectric methods. These techniques can be
very useful for process control measurement applica
lions, where continuous measurement is required.
These methods are limited to food systems that contain
no more than 30-35% moisture.

The moisture determination in dielectric-type
meters is based. on the fact that the dielectric constant
of water (80.37 at 20°C) is higher than that of most sol-

.' vents. The dielectric constant is measured as an index
of capacitance. As an example, the dielectric method is
used widely for cereal grains. Its use is based on the
fact that water has a dielectric: constant of 80.37,
whereas starches and proteins found in cereals have
dielectric constants of 10. By determining this properly
on samples in standard metal condensers, dial read
ings may be obtained and the percentage of moisture
determined from a previously constructed standard
curve for a particular cereal grain.

8.5.1.2 Conductivity Method

The conductivity method functions because the con
ductivity of an electric current increases with the per
centage of moisture in the sample. A modestly accurate
and rapid method is created when one measures resis
lance. Ohm:slaw states that the strength of an electric
ity current 15 equal to the electromotive force divided
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by the resistance. The electrical resistance of wheat
with 13% moisture is seven times.as great as that with
14% moisture and 50 times that with 15% moisture.
Temperature must be kept constant, and 1 min is nee
essaryfor a single determination.

8.5.2 Hydrometry

Hydrometry is the science of measuring specific grav
ity or density, which can be done using several differ
ent principles and instruments. While hydrometry is
considered archaic in some analytical circles, it is still
widely used and, with proper technique, is highly
accurate. Specific gravity measurements with a pyc
nometer, various types of hydrometers, or a Westphal
balance are commonly used for routine testing of
moisture (or solids) content of numerous food prod
ucts. These include beverages, salt brines, and sugar
solutions. Specific gravity measurements are best
applied to the analysis of solutions consisting of only
one component in a medium of water.

8.5.2.1 Pycnometer

One approach to measuring specific gravity is a com
parison of the weights of equal volumes of a liquid ~d
water in standardized glassware, a pycnometer (Fig.
8-7). This will yield density of the liquid compared to
water. In some texts and reference books, 20/20is given
after the specific gravity number. This indicates that
the temperature of both fluids was 20°C when the
weights were measured. Using a clean, dry pycnome
ter at 2OCC, the analyst weighs it empty, fills it to the fu~

point with distilled water at 20°(, inserts the ther
mometer to seal the fill opening, and then touches off
the last drops of water and puts on the cap for the over
flow tube. The pycnometer is wiped dry in case of any
spillage from filling and is reweighed. The density of
the sample is calculated as follows:

weight of sample-filled
pycnometer - weight of

ernntv pycnometer d . f I-=:.:..:L:.- , ;;;: ensity 0 sU.mp e
weight of water-filled

pycnometer - weight of
empty pycnome:er

nus method is used for determining alcohol content in
alcoholic beverages (e.g., distilled liquor, AOAC
Method 930.17), solids in suga: syrups (AOAC Method
932.148), and solids in milk (AOAC Method 925.~).

8.5.2.2 Hydrometer

A second approach to measuring specific gra\'i:y is
based on Archimedes' principle, which states the ~ "
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Pycnometer.

solid suspended in a liquid will be buoyed by a force
equal to the weight of the liquid displaced. The weight
per unit volume of a liquid is determined by measur
ing the volume displaced by an object of standard
weight. A hydrometer is a standard weight on the end
of a spindle, and it displaces a weight of liquid equal !O

its O\VJ\ weight (Fig. 8-8). For example, in a licuid of
low density, the hydrometer will sink to a greater
depth, whereas in a liquid of high density, the hvdrorn
eter will not sink as far. Hydrometers are available L.,
narrow and wide ranges of specific gravity. TIw spin
dIe of the hydrometer is calibrated to read ~?::::.'iIic

gravity directly at 15S'C or 20°C. A hydrometer i:; not
as accurate as a pycnometer, but the speed with which
you can do an analysis is a decisive factor. The ac:::t.:rilc:;
~f specific gravity measurements can be improved b:;
using a hydrometer calibrated in the desired r<Jnge 01
specific gravities.

The rudimentary but surprisingly accur•• le hy
drometer comes equipped with various modifications
depending on the fluid to be measured:

1. The Quevenne and New York Board of Health
lactometer is used to determine the density of
milk. The Quevenns lactometer reads from 15 to
-to lactometer llnits and corresponds to 1.015 to
HMO ~recifjc gravity, For every degree above
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Hydrometers. (Courtesy of Cole-Parmer Instrument Company, Vernon Hills, II..)

60°F, O.11actometer units is added to the read
ing, and 0.1 lactometer units is subtracted for
every degree below 60°F.

2. The Baume hydrometers was used originally to
determine the density of salt solutions (origi
nally 10% salt), but it has come into much wider
use. From the value obtained in the Baume
scale, you can convert to specific gravity of liq
uids heavier than water. For example, it is used
to determine the specific gravity of milk being
condensed in a vacuum pan.

3. The Brix hydrometer is a type of saccarometer
used for sugar solutions such as fruit juices and
syrups, and one usually reads directly the per
centage ofsucrose at 20°e. Balling saccharome
ters are graduated to indicate percentage of
sugar by weight at 60QF. The terms Brix and
Balling are interpreted as the weight percent of
pure sucrose.

4. Alcoho1ometers are used to estimate the alcohol
content of beverages. Such hydrometers are cal
ibrated in 0.1 or 0.2° proof to determine percent
age of alcohol in distilled liquors (AOAC
Method 957.03). .

5. The Twaddell hydrometer is only for liquids
heavier than water.

8.5.2.3 Westphal Balance

The Westphal balance functions on Archimedes' prin
ciple such that the p1':1DUnet on the balance will be
buoyed by the weight of liquid equal to the volume
displaced. This is more accurate than a hydrometer but
less accurate than a pycnometer. It provides measure
ments to four decimal places. The balance has a plum
met that displaces exactly 5 g of water at 1S.S°C. If the
specific gravity is I, as would be the case with water at
lSSC, a gravity weight hung at the 10 mark would
bring this device into balance.

The specific gravity measurement of solid objects

is made as described below, with the determination of
frozen pe~ maturity given as the example:

1. Weigh peas in air.
2. Immerse peas in solvent.
3. Obtain weight in this solvent.

weight in air
x specific

Specific gravity::: gravity of liquid [l1J
weight in liquid
- weight in air

The difference between the weight in air and the
weight in liquid equals the weight of a volume of the
liquid, which equals the volume of peas. Industry
grade standards may be based on specific gravity val
ues (Scott Rambo, personal communication, Dean
Foods, Rockford, It).

Suggested standards for frozen peas:

Fancy, 1.072and lower
Standard, 1.073-1.084
Substandard, 1.085 and higher

Whole kernel com can be assayed similarly with
the following specific gravity standards:

Fancy, 1.080-1.118
Reject immature, 1.079and lower
Reject overmature, 1.119 and higher

8.5.3 Refractometry

Moisture in liquid sugar products and condensed
milks can be determined using a Baume hydrometer
(solids), a Brixhydrometer (sugar content), gravimetric
means, or a refractometer. If it is performed correctly
and no crystalline solids are evident, the refractometer
procedure is rapid and surprisingly accurate (AOAC
Method 9.32.14C, for solids in syrups). The refractome-



134 P2r11l • Chemical Composition and Characteristics of Foods

'1
__ sine inci dent ray angle

- - 112]
sine reb-acted ray an gle

All chemica l compounds have an ind ex of refrac
tion. Therefore, this measuremen t can be used for the
quali tative identification of an unJ.:..no...-n compound by
comparing its RI with lite rature vah..:es. RI varies with
concentration of the compoun d, temperature, and
wav elength of light. Instrument s are designed to give
a reading by passing a lig ht beam of a sp ecific v..·a\,e·
length through a glass prism int o a liqu id, the sam ple.
Bench-tor or hand -held units use Amici pris:ns to
obtain the D li ne of the sodium spectrum or 559 run
from wh ite' light. Whenever refractive ind ices of s tan -

ter has been valuable in determining the soluble solids
in fruits and fruit products (AOAC Method 932.12;
976.20; 983.17).

The refractive index of an oil, syrup, or other liquid
is a dimensionless constant that can be used to describe
the nature of the food . \'Vhile some refractometers are
designed only to provide results as refractive indices,
others, particularly hand-held, quick-to-use units, are
equipped with scales calibrated to read percent solids,
percent sugars, and the like, depending on the prod
ucts for which they are intended. Tables are provided
with the instruments to convert values and adjust for
temperature differences. Refractometers are used no t
jus t on the laboratory bench or as hand-held units.
Refractometers can be installed in a liquid processing
line to monitor the "Brix of products such as carbon
ated soft drinks, dissolved solids in orange juice, an d
percent solids in milk (12).

Wher; a beam of light is passed n-om one medium
to another and the density of the two differs, then the
beam of ligh t is bent or refracted , Bending of the light
beam is a function of the media and the sines of the
angl es of incidence and refraction at any given temper
ature and pressure, and is thus a constant (Fig. 8-9).
The refractive index ('1) (RI) is a rati o of the sines of the
angles:

dard fluids are given, these are prefaced w ith '1'°0 =a
value n-om 1.3000 10 1.7000. The Greek letter '1 is the
symbol for refractive index; the 20 refers to tempera
ture in DC; and D is the wavelength of the light beam
the D line of the sodium sp ectrum.

Bench-top instruments are m ore accurate com
pared 10 hand-held units mainly because of tempera
ture control (Fig. 8-10). These former units have p rovi
sions for w ater circulation through the head where the
prism and sample meet. Abbe refractometers are the
most popular for laboratory u se. Care must be taken
when cleaning the pris m surface follow ing use. Wipe
the contact surface clean w ith lens paper and rinse with
distilled wa ter and then ethanol. Close the prism
chamber and cover the ins trument with a bag w hen not
in use to protect the delicate prism surface from dus t or
other debris that mi ght lead to scratches and in accu 
racy.

lr'lClden!
'0'

I,
, Ir . _ ~, ',,

,,,,
re f roc led

'0'

reHee led

'0'

Reflection ;:lOC refraction concepts of rcfractom
C'try,

} i.~:1d-h ~'lc rd r.ac:o:nctcr and Abbe rcfractome
:1' : . (( ;."'\ :.J :"kS\, n: Cole-Parmer Ins tru ment
CC':np::ny. Vernon Hills, IL.)
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where:

a = solids not measurable by the F,P,and L methods

The fact that the refractive index of a solution
increases with concentration has been exploited in the
analysis of total soluble solids of carbohydrate-based
foods such as sugar syrups, fntit products, and tomat~

products. Because of this use, refractometers are.ca~
brated in °Brix (g of sucrose/IOO g of sample), which 15

~uivalent to percentage sucrose or a wt/wt basis.
Refractive index measurements are used widely to
approximate sugar concentration in foods, even
though values are accurate only for pure sucrose solu
tions.

8.5.4 Infrared Analysis

Infrared spectroscopy (see Chapter 27) has attained a
primary position in monitoring the composition of food
products during and following processing (13).It has a
wide range of food applications and has proven sue
cessfulin the laboratory. at-line, and on-line. Infrared
spectroscopy measures the absorption of radiation
(near- or mid-infrared) by molecules in foods. Different
frequencies of infrared radiation are absorbed by dif
ferent functional groups characteristic of the molecules
in food. Similar to the use of ultraviolet (tN) or visible
(Vis) light in UV-VlS spectroscopy, a sample is irradi
ated with a wavelength of infrared light specific for the
constituent to be measured. The concentration of that
constituent is determined by measuring the energy that
is reflected or transmitted by the sample, which is
inversely proportional to the energy absorbed. Infrared
spectrometers must be calibrated for each analyte to be
measured and the analyte must be infonnly distributed
in the sample.

For water, near-infrared (NIR) bands (1400-1450,
1920-1950 run) are characteristic of the -0H stretch of
the water molecule and can be used to determine the
moisture content of a food. NIR has been applied to
moisture analysis of a wide variety of food commodi
ties.

The use of mid-infrared milk analyzers to deter
mine total solids in milk (AOAC Method 972.16) is cov
ered in Chapter 27 of this text. The midrange spectro
scopic method does not yield moisture or solids results
except by computer calculation because these instru
ments do not monitor at wavelengths where water
absorbs. The instrument must be calibrated using a
minimum of eight milk samples that were previously
analyzed for fat (F), protein (P), lactose (1), and total
solids (1'5) by standard methods. Then, a mean differ
ence value, a, iscalculated fo r.a11 samples used in cali
bration:

The a value is thus a standard value mathematically
derived. Newer instruments have the algorithm in
their computer software to ascertain this value auto
matically.

[14]

[15]

[161

TS = a + F +P+ L

°C :: O.9623°H- 0.0024

°H = 1.03916"C + 0.0025

n =number of samples
F =fat percentage
P = protein percentage
L =lactose percentage

TS =total solids percentage

Total solids then can be determined from any infrared
milk analyzer results by using the formula

8.5.5 Freezing Point

When water is added to a food product, many of the
physical constants are altered. Some properties of solu
tions depend on the number of solute particles as ions
or molecules present. These properties are vapor pres·
sure, freezing point, boiling point, and osmotic pres
sure. Measurement of any of these properties can be
used to determine the concentration of solutes in a
solution. However, the most commonly practiced
assay of this variety for milk is the change of the freez
ing point value. It has economic importance with
regard to both raw and pasteurized milk. The freezing
point of milk is its most constant physical property. The
secretory process of the mammary gland is such that
the osmotic pressure is kept in equilibrium with blood
and milk. Thus, with any decrease in the synthesis of
lactose, there is a compensating increase in the concen
trations of Na" and Cl", While tenned a physical con
stant, the freezing point varies within narrow limits,
and the vast majority of samples from individual cows
fall between~.525and -o.565"H (temperature in °H or
Hortvet) (-Q.503"C and -o.541"C). The average is very
dose to -Q.540oH (~.517°C). Herd or bulk milk will
exhibit a narrower range unless the supply was
watered intentionally or accidentally. Hortvet is the
surname of the inventor of the first freezing point
apparatus used for many years before automated
equipment forced its obsolescence. All values today are
given in C>Cby agreement. The following is used to con
vert °H to °C, or °C to "H (5, 6):

The principal utility of freezing point is to measure
for added water. However, the freezing point of milk
can be altered by mastitis infection in cows and souring
of milk. In special cases, nutrition and environment of
the cow, stage of lactation, and processing operations
for the milk can affect the freezing point. If the solute

[131a =I(TS - F - P - L)/n
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remains constant in weight end composi tio~, the
change of the freezing point "aries inversely WIth the
amount of solvent present. Therefore, we can calculate
the percent H 20 added:

0.540 - T [l -/J% H 20 add ed = x 100
0.540

where:

0.540 = freezing p oint in ' H of all mi lk entering a
plant

T = freezing point in 'H of a sample

The AOAC cryoscopic method for water added to
milk (AO AC Method of 961.07) assumes a freezing
point for normal milk of -{).SSO'H (-{).527'C) . The Food
and Drug Administration will reject all milk with free z
ing p oints above -{).S2S' H (-{).503' C). Since the differ
ence be tw een the freezing points of milk and water 15

sligh t and since th e freezing p oint is used to calculate
the amount of water added, it is essential that the
method be as precise as p ossible. Tne thermister used
can sense tem perature change to 0.001' H (0.001'c).
The general technique is to supercool the solution and
then induce crystalliza tion by a vibr atin g reed. Th e
temperature will rise rapid ly to the freezing PO~"1~ o ~

eutectic temperature as th e wa ter freezes. In the (eSC 0 :

p ure wa ter, the temperature rCmaL"1S constant c r.:i1 e ll
the water is frozen . In th e case of milk , the tempera ru re
is read when th ere is no fur the r temperarcrc rise.

Ins tru mentation available is : :-l ~' old I-: :-:-:-."{::
cryoscope and the nev..· Advanced Instr-cmenrs (Fi~ . S·
11) and Fiske cryoscop es . Time required for th e . ~ ::r

mated instruments is 1-2 min per sample us:""; g a
p rechi lled sam p le.

8.6 WATER ACTIVITY
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A model4D3 Advan ced Instruments cryoscope
for freezing po in t determination in rnfik.
(Courtesy of Advanced Instruments, Inc" Nor
wood, MA.)

w he re:

c.... ::; water activity
p ::: partia l pres sure of wa ter above the sa m ple

Po ::; va por p res sure of pure water a t th e same
tempera tu re (specified) .

ERH = equilibrium relative humidity surround ing
the product

\,\'o1lcr con tent alone is not a reliable indicator of foo d
stabi lity, since it has been obse rved th at foods wi th th e
sa me writer co n ten t d iffer in their perish abi li ty ( ) ~ ) .

This is at least partly due 10 differences in the way tha t
Wil ler associates \'\' ith o.hr-r constituents in a foo d.
\Va tcr tigh t!\' as sociated wi th other Iood cons titu ents is
less avaTbbic for microbial grow th and chemical rcac
tic ns 10 cau se decom positi on. \V.J ter acti vity (r..J is a
bet te r ind ication of iood perishability th an is water
content. However, it is a lso an import an t qu a lirv facto r
for organolep tic proper ties such as hard / so fl,
crunchyZchcv ...·y, a rid the like. V...'ater activi rv is ct:':in ec.
as follows:

p

<:»:o
ERH

n•. = 100

[lS i

The re are va riou s techniqu es to m easure I. ..... l\
commonly used app roach relies on measur ing the
amount ~f mois ture in the equilib rated hCJCSpilCL:
above a sample of the food product, whi ch cor rel ates
d ire ctly with samp le aw- A sa m p le for such analys is i ~

placed in a small closed cham ber a t cons tan t tem pera
tu re, and a relative hum idity sensor is used to measur e
the ERH o f the sa m p le a tmosphere after equi lib rat ion,
A simpl e and accura te variati on o f this approach is the
ch :!lcd mirror techni q u e, in which the wa ter \·apor In

th e head-c. acc condenses on the surfac e of a mirror rhat
is. ( oa lec · 1:1 a cO:l: rollcd rna-mer, Th e dew point is
C(·:C: :;\;:1t·...: t-v ~he tcm pcra ru n, Jot which condensat ion
~~; . ("5 p ;;ICl·, and this de termines the relat ive humidity
i:o :~ ...' h C,l l;'i':lc..: . 1\\'0 o ther genera l approaches to
r. :1'.1! -'::-1:' ( :: .. a -c 0 ) '..l s ing th e sample freezing poin t
C t'?f \,,· ;-" l(l ! l , . : ; ' : :rl:l ::;! l i :-e Conk:l t to calcul a tc n.... and (2)
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equilibrating a sample in a chamber held at constant
relative humidity (by means of a saturated salt solu
tion) and then.using the water content of the sample to
calculate aw (H).

8.7 COMPARISON OF METHODS

8.7.1 Principles

Oven drying methods involve the removal of moisture
from the sample and then a weight determination of
the solids remaining to c"kubte the moisture content.
Nonwater volatiles can be lost during drying, but
their loss is generally a negligible percentage of the
amount of water lost. Distillation procedures also
involve a separation of the moisture from the solids,
but the moisture is quantitated directly by volume.
Karl Fischer titration is based on chemical reactions of
the moisture present, reflected as the amount of titrant
used.

Dielectric and conductivity methods are based on
electrical properties of water. Hydrometric methods
are based on the relationship between specific gravity
and moisture content. The refractive index method is
based on how water in a sample affects the refraction
of light. Near-infrared analysis of water in foods is
based on measuring the absorption at wavelengths
characteristic of the molecular vibration in water.
Freezing point is a physical property of milk that is
changed by a change in solute concentration.

8.7.2 Nature of Sample

While most foods will tolerate oven drying at high
temperatures, some foods contain volatiles that are lost
at such temperatures. Some foods have constituents
that undergo chemical reactions at high temperatures
to generate or utilize water or other compounds, to
affect the calculated moisture content. Vacuum oven
drying at reduced temperatures may overcome such
problems for some foods. However, a distillation tech
nique is necessary for some food to minimize
volatilization and decomposition. For foods very low
in moisture or high in fats and sugars, Karl Fischer
titration is often the method of choice. The use of a pyc
nometer, hydrometer, and refractometer requires liq
uid samples. ideally with limited constituents.

8.7.3 Intended Purposes

Moisture analysis data may be needed quickly for
quality control purposes, and high accuracy may not
be necessary. Of the oven drying methods, microwave
drying, infrared drying, and the moisture analyzer
technique are fastest. Some forced. draft oven proce
dures require less than 1 hr drying, but most forced
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draft oven and vacuum oven procedures require much
longer. The electrical, hydrometric, refractive index,
and infrared analysis methods are very rapid but often
require correlation to less empirical methods. Oven
drying procedures are official methods for a variety of
food products. Reflux distillation is an AOAC method
for chocolate, dried vegetables, dried milk, and oils
and fats. Such official methods are used for regulatory
and nutrition labeling purposes.

a.8 SUMMARY

The moisture content of foods is important to food
processors and consumers for a variety of reasons.
While moisture detennination may seem simplistic, it
is often one of the most difficult assays in obtaining
accurate and precise results. The free water present in
food is generally more easily quantitated as compared
to the adsorbed moisture and the water of hydration.
Some moisture analysis methods involve a separation
of moisture in the sample from the solids and then
quantitation by weight or volume. Other methods do
not involve such a separation but instead are based on
some physical or chemical property of the water in the
sample. A major difficulty with many methods is
attempting to remove or otherwise quantitate all water
present. This often is complicated by decomposition or
interference by other food constituents. For each mois
ture analysis method, there are factors that must be
controlled or precautions that must be taken to ensure
accurate and precise results. Careful sample collection
and handling procedures are extremely important and
cannot be overemphasized. The choice of moisture
analysis method is often determined by the expected
moisture content, nature of other food constituents
(e.g., highly volatile, heat sensitive), equipment avail
able, speed necessary, accuracy and precision required,
and intended purpose (e.g., regulatory or in-plant
quality control).

8.9 STUDY QUESTIONS

1. Identify five factors that one would need to consider when
choosing a moisture analysis method for a specific food
product.

2. Why is standardized methodology needed for moisture
determina lions?

3. What are the potential advantages of using a vacuum
oven rather than a forced draft oven for moisture content
determination?

4. In each case specified below, would you likely overesti
mate or underestimate the moisture Content of a food
product being tested? Explain your answer.
a. hot air oven

• particle size too large
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• high concentration of volatile flavor compounds
present

• lipid oxidation
• sample veryhygroscopic
• alteration of carbohydrates (e.g., Maillard brown-

ing)
• sucrose hydrolysis
• surface crust formation
• splattering
• desiccator with dried sample not sealed properly

b. toluene distillation
• emulsion between water in sample and solvent not

broken
• water clinging to condenser

c. Karl Fischer
• very humid day when weighing original samples
• glassware not dry
• sample ground coarsely
• food high in Vitamin C
• food high in unsaturated fatty acids

5. The procedure for an analysis for moisture in a liquid food
product requires the addition of 1-2 ml of deionized water
to the weighed. sample in the moisture pan. Why should
you add moisture to an analysis in which moisture is
being detennined?

6. A new instrument based on infrared principles has been
received in your laboratory to be used in moisture analy
sis. Briefly describe the way you would ascertain if the
new instrument would meet your satisfaction and com
pany standards.

7. A technician you supervise is to determirn e the moisture
content of a food product by the Karl Fischer method.
Your technician wants to know what is this "Karl Fischer
Reagent Water Equivalence" that is used in the equation
to calculate percentage of water in the sample, why is it
necessary. and how is it determined. Give the technician
your answer.

8. You are fortunate to have available in your laboratory the
equipment for doing moisture an..lysis by essentially all
methods-s-both official and rapid quality control meth
ods. For each of the food products listed below (with the
purpo~e specified as rapid quality control or official). indi
cate (a) the name of the method you would use. (b) the
principle (n01 procedure) for the method, (c) a justification
for usc of rh.it method (as compared to using a hot air dry
ing oven), and (d) tw o cautions in use of the method to
ensure accurate results.
a. ice cream mix (liquidj-c-quahty control
b. milk chocolate-c-orficial

o c. spiccs-official
d. syrup for canned peaches-e-quality control
e. oal £1our-quality control

8.10 PRACTICE PROBI,..EMS

1. As an analyst. you arc given a sample of condensed soup
to analyze to determine if it is reduced to the correct con
centration. By gravimetric means, you find thaI the con
centration is 26.54% solids. The company standard reads
2B.63%.lf tilt" starting volume were 10ClO pl!!ons at 8.67",.
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solids, and theweight is s.s pounds per gallon. how much
more water must becemoved7

2. Your labontory just received several sample containers of
peas to analyze for moisture content. There is a visible
condensate on the inside of the container. What is your
procedure to obtain a result? "

3. You have the following gravimetric results: weight of
dried pan andglass disc lI: 1.0376 g,weight of pan and liq
uid sample 4.6274 g, and weight of the pan and dried sam
ple 1.7321 g. What was the moisture content of the sample
and what is the percent solids?

Answers

1. The weight of ~e soup initially is superfluous informa·
tion. Bycondensing the soup to 26.54.% solids from 8:6'7%
solids, the volume is reduced to 326.7 gallons [(8.67/26.54)
x 10001.Youneed. to reduce the volume further to obtain
28.63% solids HB.67/28.63) )( 10001, or 302.8 gallons. The
differencein the gallons obtained is 23.9, or thevolwne of
water that must be removed. from the partially condensed
soup to comply with company standards (326.7-302.8).

2. 'Thisproblem focuses on a real issue in the food process
ing industry-when do you analyze a sample and when
don't you? It would appear that the peas have lost water
that should bewithin the vegetable for correct results. You
will need to grind the peas in a food.mill or blender. If the
peas are in a Mason jar or one that fits an Oster blender
head, no transfer is needed. Blend the peas to a creamy
texture. If a container transfer was made. then put the
blended peas back into original container. Mix with the
residual moisture to a uniform blend. Collect a sample for
moisture analysis. You should note on the report form
containing the results of the analysis that the pea samples
had free moisture on container walls when they arrived.

3. Note Equations [2)-[4) in section 8.2.1.7. To use any of the
equations. you must subtract the weight of the dried pan
and glass disc. Then you obtain 3.5898 g of original sam
ple and 0.6945g when dried. By subtracting these results.
you have water removed or 2.8953 g. Then (0.694.5/3.5598)
x 100 == 19.35%solids and (2.8953/3.5898) l( 100 = 80.65%
water.
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9.1 INTRODUCTION

Ash refers to the inorganic residue remaining after
either ignition or complete oxidation of organic matter
in a foodstuff. A basic knowledge of the characteristics
oi various ashing procedures and types of equipment
is essential to ensure reliable results. Three major types
of ashing are available: dry <lshing for the majority of
samples, wet ashing (oxidation) for samples with high
fat content (meats and meat products) asa preparation
for elemental analysis, and low-temperature plasma
dry ashing (also called simply plasma ashing or low
temperature ashing) for preparation of samples when
volatile elemental analyses are conducted. A micro
wave system now is available for both dry and wet
ashing, Most dry samples (i.e., whole grain, cereals,
dried vegetables) need no preparation, while fresh
vegetables need to be dried prior to ashing. High-fat
products such as meats may need to be dried and fat
extracted before ashing. Fruits and vegetables may be
subjected to additional ashing procedures such as sol
uble ash in water and alkalinity of ash. The ash content
of foods can be expressed on either a wet weight (as is)
or on a dry weight basis. Alkalinity of ash is a useful
measurement to determine the acid-base balance of
foods and to detect adulteration of foods with miner
als.

9.1.1 Definitions

Dry ashing refers to the use of a muffle furnace capa
.ble of maintaining temperatures of S00-600°c. Water
and volatiles are vaporized and organic substances are
burned in the presence of oxygen in air to CO2, and
oxides of N 2• Most minerals are converted to oxides,
sulfates, phosphates, chlorides, and silicates. Elements
such as Fe, Se, Pb, and Hg may partially volatilize with
this procedure, so other methods must be used if ash
ing is a preliminary step for specific elemental analysis.

Wet ashing is a procedure for oxidizing organic
substances by using acids and oxidizing agents or their
combinations. Minerals are solubilized without vol
atilization. Wet ashing is often preferable to dry ashing
as a preparation for specific elemental analysis. Nitric
and perchloric adds are preferable, but a special per
chloric acid hood is essential. This procedure must be
conducted in a perchloric acid hood and caution must
be taken when fatty foods are used.

Low-temperature plasma ashing refers to a spe
cific type of dry ashing method whereby foods are oxi
dized in. a partial vacuum by nascent oxygen formed
by an electromagnetic field. Ashing occurs at a much
lower temperature than with a muffle furnace, pre
venting volatilization of most elements. The crystalline
structures usually remain intact.
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Acid insoluble ash generally refers to insoluble
mineral contaminants in foods. Soil minerals (largely
silicates and opaline silica) soluble only in HBr or HF
comprise the mitjar portion of this ash.

Alkalinity of ash is a useful measurement to
determine the add-base balance of foods and to detect
adulteration of foods with minerals.

9.1.2 Importance of Ash in Food Analysis

Ash content represents the total mineral content in
foods. Determining the ash content may be important
for several reasons. It is a part of the proximate analy
sis for nutritional evaluation. Ashing is the first step in
the preparation of a food sample for specific elemental
analysis. Because certain foods are high in particular
minerals, ash content becomes important. We can usu
ally expect a constant elemental content from the ash of
animal products, but that from plant sources is vari
able.

9.1.3 Ash Contents "in Foods

The average ash content of the various food groups is
given in Table 9·1. The ash content of most fresh foods
rarely is greater than 5%. Pure oils and fats generally
contain little or no ash, products such as cured bacon
may contain 6"10 ash, and dried beef may be as high as
11.6% (wet weight basis).

Fats, oils, and shortenings vary from 0.0 to 4.09%
ash, while dairy products vary from 0.5 to 5.1%. Fruits,
fruit juice, and melons contain 0.2-0.6% ash, while
dried fruits are higher (2.4-3.5%). Hours and meals
vary from 0.3 to 1.4% ash. Pure starch contains 0.3%
and wheat genn 4.3% ash. It would be expected that
grain and grain products with bran would tend to be
higher in ash content than such products without bran.
Nuts and nut products contain 0.8-3.4% ash, while
meat, poultry, and seafoods contain 0.7-1.3% ash.

9.2 METHODS

Principles, materials, instrumentation, general proce
dures, and applications are described below for various
ash determination methods. Refer to methods cited for
detailed instructions of the procedures.

9.2.1 Sample Preparation

[t cannot be overemphasized that the small sample
used for ash, or other detenninations, needs to be very
carefully chosen SO that it represents the original mate
rials. A 2-10 g sample generallv is used for ash deter
mination. For that purpose, milling, grinding, and the
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. 1

tab l. Ash-Content of Selected Foods

0.7
1.6
2.1
0.7
2.0
0.7

0.9
2.5
0 .9
, .7
1.0
09

1.5
1.1
0.9
0.6
1.6
0.7
2.5

03
08
0.5
1.8
1.6
0.4

Percent Ash
Foodflem (weI weight basis)

Cereals . bread . and pasta
Rice , brown . long-grain . raw
Corn meal, whole-g rain, yello w
Hominy, ca nned. white
White rice. long-grain, regu lar. fa'...., enncr.ec
Whe at flour, whole-grain
Macaroni, dry. enriched
Rye bread

Dairy produ cts
Milk. whole. fluid
Eva porate d milk. whole
Buner, with salt
Cream . fluid. half and ha lf
Margarine. hard. reputar, soy bea n
Yog urt. p lain, low fat

Fruits and vegetables
Ap p les. raw, with sxm
Bananas. raw
Cherries. sweet. raw
Raisins
Potatoes, raw, skin
Tomatoes, red. ripe . raw

Meat, poult ry, and fish .
Eggs, who le, raw, fresh
Fish fillet, ba ttered or breaded . and tried
Pork. fresh. leg (ham), whole. raw
Hamburger. regu j a ~ , s~ng :e ;;atiy, p lain
Chicken. broiJE>r~ O~ !: ye:s . crees: meat onty. raw
See: . chuck . c.:~i< :J::JI .c as.. ~cw

From US:iA l>l...,(r,€"'l: Da.aoase Ic- Sia-ca-c ::', E' E- '~ r. .:~ . <ereese ~ j. i (Au;us: 19~7)

hl :p :/fv.'\'I'W.naJ.us:::ag~v/:nic:::: ;: '·D :nJn ..::_se&:c'": . ~ :

like probably will not alter the JS:' conten t m uch : h ow
ever. if th is ash is a prepara to ry :- :cp for s p ecific m in 
cral enalvscs. contamination bv microclcments is of
po ten tialconcern. Rem ember, most grinders a nd m in 
cor:. .-: :(' o f ~ kd con struction. Repeated u s c: of £1<1 5s
\" ;lI C can be a sou rce o f con taminan ts as w el l. The
wa ter source used in dilu tions also may con tain con tc
minants of some microelcmcn ts. Distilled-deionized
water sho uld be used .

9.2.1.1 Plant Ma teria ls

Plcn: m a te ria ls arc £C:1l.':".::lly dried by routine methods
prior to grind ins. The icmpcr a tu n- of c:"~'in£ is of l i ttl e
consequence for ashing . Hov.cvc-. the sam ple :nay be
used fa r mul tip le dctcrminations-c-protcin. fice i . J.n':
so on- which require consideration of tempc:'"a:urc fer
drying. Fresh stem and leaf tissue probab ly sh ould be
d ried in two stages (i .e.. firs t at a lower I cmF' l.':-'HU:-~ c!

.:s=c. then c higher tem perature) especially to prevent
art ifact lignin. Plant ma terial with 15%, or less moi sture
may be ashed without prior drying.

9.2.1.2 Fat and Sug ar Products

Anima l produ cts, syrups, and spices rcouirr- treat
me rits prior to ashin g beca use of hig h fa t and moistun
(spancriag. swe lling) or hi gh suga r con tent (foar:1L'1Mi
tha t may result in loss of sample.

:-'1ctlts. sugars. and syru ps need to be evaporcicc to
dryness on a steam bath or ""j :h an infrared (IR) lam p.
0 :.c 0 :- 1>\'0 drop s of olive oil (w hi ch con tains no ash)
:~ : t ' eddc d to ~;io \,' stea m 10 C'sc:lpe as a cru st is formed
(';) :~c : ': oc uct.

5:n 0Li:l':: :.:lC b..lrniil g may oc cur up on ashing [or
~ O::h' ; , : , l ;:: :...1 "::':- {e.g., cheese, seafood, spices). Allow
~ : . : " sm .._ ~ l :l ~ J;:--. ~ bu:-ning to finish s lowl y by keep ing
:: '.' : 11~;: ; ' (- <-WC' : ~ ;:' l' n pri u r In the normal p rocedure. A
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sample may b~ashedafter drying and fat extraction. In
most cases, mmeralloss is minimal during drying and
fat extraction. Under no circumstances should fat
extracted samples be heated until all the ether has been
evaporated.

9.2.2 Dry Ashing

9.2.2.1 Principles and Instrumentation

Dry .ashing is incineration at high temperature (525"C
or higher). Incineration is accomplished with a muffle
furnace. Several models of muffle furnaces are avail
able, ranging from large-capacity units requiring either
208 or 240 voltage supplies to small bench-top units
utilizing nO-volt outlets.

Crucible selection becomes critical in ashing be-'
cause type depends upon the specific use. Quartz cru
cibles are resistant to acids and halogens, but not alkali,':
at high temperatures. Vycor~brand crucibles are stable
to 900°C, but Pyrex'l!l Gooch crucibles are limited to
500°C. Ashing a t a lower temperature of SOo-52SoC may
result in slightly higher ash values because of less
decomposition of carbonates and loss of volatile salts.
Porcelain crucibles resemble quartz crucibles in their
properties but will crack with rapid temperatures
changes. Porcelain crucibles are relatively inexpensive
and usually the crucible of choice. Steel crucibles are
resistant to bo.th acids and alkalies and are inexpensive,
but they are composed of chromium and nickel, which
are possible sources of contamination. Platinum cru
cibles are very inert and are probably the best crucibles
but they are currently far too expensive for routine use
for large numbers of samples.

All crucibles should be marked for Identification.
Marks on crucibles with a felt-tip marking pen will dis
appear during ashing in a muffle furnace. Laboratory
inks ~cribedwith a steel pin are available commercially.
Crucibles also may be etched with a diamond point
and marked with a 0.5 M solution of FeCI, in 20% HCL
An iron nail dissolved in concentrated HCl forms a
brown goo that is a satisfactory marker. The crucibles
should be fired and cleaned prior to use.

The advantages of conventional dry ashing are that
it is a safe method, it requires no added reagents or
blank subtraction, and little attention is needed once
ignition begins. Usually a large number of crucibles
can be handled at once, and the resultant ash can be
used for such other analyses as most individual ele
ments, acid insoluble ash, and water-soluble and lnsol
uble ash. The disadvantagtS are the length of time
required. (12-18 hr, or overnight) and expensive equip
ment. There willbe a loss of the volatile elements and
interactions between mineral components and cru
cibles. Volatile elements at risk of being lost include As,
B,Cd, Cr, Cu, Fe, Pb, Hg, Ni, av and 20.
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9.2.2.2 Procedures

AOAC International has several dry ashing procedures
(e.g., AOAC Methods 900.02 A or B,920.117,923.03) for
certain individual foodstuffs.

The general procedure includes the following
steps:

1. Weigh a 5-10 g sample into a tared crucible.
Predry if the sample is very moist.

2. Place crucibles in cool muffle furnace. Use tongs,
gloves, and protective eyeware if the muffle fur
nace is warm.

3. Ignite 12-18 hr (or overnight) at about 550°C.
4. Tum off muffle furnace and wait to open it until

the temperature has dropped to at least 250°C,
preferably lower. Open door carefully to avoid
losing ash that may be fluffy.

5. Using safety tongs, quickly transfer crucibles to
a desiccator with a porcelain plate and desic
cant. Cover crucibles, close desiccator, and
allow crucibles to cool prior to weighing.

Note: Warm crucibles will heat airwithin the desiccator.
With hot samples, a cover may bump to allow air to
escape. A vacuum may form on cooling. At the end of
the cooling period, the desiccator cover should be
removed gradually by sliding to one side to prevent a
sudden inrush of air. Covers with a ground glass sleeve
or fitted for a rubber stopper allow for slow release of a
vacuum.

The ash content is calculated as follows:

wt after ashing
01 h (d b is) - tare wt of crucible
10 as ry aS1S = " x 100 [1]

original sample wt
x dry matter coefficient

where:

dry matter coefficient = % solids/IOO

For example,.if com meal is 87% dry matter, the dry
matter coeffiaent would be 0.87. If ash is calculated on
an as-received or wet-weight basis (includes moisture),
delete the dry matter coefficient from the denominator.
If moisture was determined in the same crucible prior
to ashing, the denominator becomes (dry sample wt.,..
tared crucible wt).

9.2.2.3 Special Applications

Son:e. of the AOAc.: procedures recommend steps in
addition to th.ose list.~ .previously. If carbon is still
present followmg the initial incineration, several drops
of H20 or H!'JO) should be added; then the sample
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should be re-ashed, If the carbon persists, such as with
high-sugar samples, follow this procedure:

1. Suspend the ash in water.
2. Filter through ashless filter paper because this

residue tends to form a glaze.
3. Dry the filtrate.
4. Place paper and dried filtrate in muffle furnace

and re-ash.

Other suggestions that may be helpful and accelerate
incineration:

1. High-fat samples should be extracted either by
using the crude fat determination procedure or
by burning off prior to closing the muffle fur
nace. Pork fat, for example, can form a com
bustible mixture inside the furnace and bum
with the admission of oxygen if the door is
opened.

2. Glycerin, alcohol, and hydrogen will accelerate
ashing.

3. Samples such as jellies will spatter and can be
mixed with cotton wool.

4. Salt-rich foods may require a separate ashing of
water-insoluble components and salt-rich water
extract. Use a crucible cover to prevent spatter
ing.

:.'I. An alcoholic solution of magnesium acetate can
be added to accelerate ashing of cereals. An
appropriate blank determination is necessary.

9.2.3 Wet Ashing

9.2.3.1 Principle, Materia/s, and Applications

Wet ashing is sometimes called wet oxidation or wet
digestion. Its primary usc is preparation for specific
mineral analysis and metallic poisons.

There arc several odZ1olltagcs to using the wet ash
ing procedure. Minerals will usually stay in solution,
and there is little or no Joss from volatilization because
of the lower temperature. The oxidation time is short
and requires a hood, hot plate, and long tongs, plus
safety equipment.

The disnduan tases of wet ashing arc that it takes vir
tually constant opera tor atrention, corrosive reagents
are necessary, and only small numbers of samples can
be handled at anyone time, All work needs to be carried
out in a special fume hood that may be washed. Those
hoods are f:cnerally called perchluric acid hoods.

Unfortunately, a single acid used in wet ashing
does not give complete nod rapid oxidation of organic
material. Nitric acid with either sulfuric or perchlDric
acids and potassium chlorate or sulfate are used in
varying combinations. Different combinations are rcc-
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ommended for different samples. Sulfur and nitric
oxides are expelled for complete oxidation. The iUtric
perdUoric combination is generally faster than the sul
furic-nitric procedure. PerdUoric acid has a tendency
to explode, so a special perchloric acid hood that has
wash-down capabilities is recommended. The hood
does not contain plastic Or glycerol-base caulking com
pounds.

9.2.3.2 Procedures

The following wet ash procedure for nitrie-perchloric
oxidation is similar to that of the AOAC Method 975.03
for metals in plants:

1. A dried, ground l-g sample is accurately
weighed into a 150-m1 Griffin beaker.

2. Add 10 ml HN03 and allow to soak.lf the mate
rial has a high fat content, allow it to soak
overnight,

3. Add 3 ml of 60% HCI041 (Precaution: Place a
beaker under pipette tip during transport) and
slowly heat on a hot plate up to 350°C until
frothing stops and :E-W03 is almost evaporated.

4. Continue boiling until perchloric reaction
occurs (copious fumes), and then place watch
glass on beaker. Sample should become color
less or light straw in color. Do not let liouid i,:
beaker reduce to dryness.

5. Remove beaker from hot plate and let cool.
6. Wash watch glass with a minimwn of distilled,

deionized water and add 10 m150% HCl.
7. Transfer to appropriate volumetric flask (usu

ally 50 ml) and dilute with distilled, deionized
waler.

8. Start wash-down procedure for hood after last
sample. . .

An alternate procedure (i.e., as a preparation for iron
analysis in meats) that could be used would be to U!"~ t.

2-g sample boiled in 30 ml HN03 on a 350"C hotplate
until 10 ml remain. Then add 10 ml of 60% perchloric
acid and proceed as in step 4 above. Dilute to 100 ml in
a volumetric flask following oxidation.

The wet ashing technique described above is very
hazardous. Precautions for its use are found in the
AOAC methods under "Safe Handling of Special
Chemical Hazards." Perchloric acid interferes in the
assay for iron by reacting with iron in the sample to
form ferrous perchlorate, which forms an insoluble
complex with the o'phcnanthrolene in the procedure. It
should not interfere wi th atomic absorption spec
trophotometry.

The (ollo\\'ing p:-occdure for a modified dry-wet
ash oxidation m,jy be used. It is listed under "Minerals
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in Ready.t~Feed Milk-Based Infant Formula" (AOAC
Method 985.35).

1. Evaporate moist samples (25-50 ml) at 100°C
overnight or in a microwave drying oven.

2. Heat on a hot plate until smoking ceases.
3. Ash at 52S"C for 3-5 hr.
4. Cool and wet with ddonized distilled water

plus 0.5-3.0 ml HNO).
5. Dry on a hot plate or steam bath and incinerate

at 525°C for 1-2 hr.
6. Weigh sample after cooling in a desiccator.
7. Repeat steps 4 and 5 if carbon persists. (Caution:

Some K may be lost with repeated ashing.)

9.2.4 Low-Temperature Plasma Ashing

9.2.4~1 Principles and Instrumentation

The equipment used for low-temperature plasma ash
ing consists of a glass system with a variable number of
chambers for samples that may be evacuated by a vac
uum pump. A small amount of oxygen is introduced
that is broken into nascent oxygen by a radiofrequency
electromagnetic field generator. A variable power fre
quency adjusts the rate of incineration. Air may be
introduced as a gentler incineration procedure to pre
serve microscopic and structural components such as
calcium oxalate crystals in various leaf tissues.

9.2.4.2 Procedures

The spediic procedures for each type of low-tempera
ture plasma ashing instrument may vary. The opera
tor's manual should be consulted for proper operation.

The low-temperature plasma ashers usually con
tain two or more separate glass chambers with glass
boats for holding samples. Intact or ground material is
placed in individual boats, which are inserted into
individual chambers. The chambers are sealed and a
vacuum is applied. Once a vacuum is satisfactory (1
Torr or less), a small flow of oxygen or air is introduced
into the system while maintaining a specific minimum
vacuum. The frequency generator then is activated at a
frequency slightly less than 14 MHz and adjusted by
the amount of wattage applied (50-200 watts) to con
trol the rate of incineration. Some models contain shak
ing devices to stir the sample. The progress of ashing
may be viewed through the chambers.

The instrument is not without operational prob
lems. These are usually due to leaks in the vacuum sys·
tern, Either the seals around the chambers develop a
leak and need to be replaced or breaks occur in the T
joints (usually plastic in the vacuum system). Those
joints need to be replaced by glass material.
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9.2.4.3 Applications

Low-temperature plasma ashing is a variation of dry
ashing, The major advantage of this method is that there
is less chance of losing trace elements by volatilization
than with classical dry ashing techniques. The low
temperature used with plasma ashers (150°C or less)
generally allows the microscopic and crystalline struc
tures to remain unaltered. The major disadvantages are
small sample capacity and the expense of the equip
ment. However, it may be the equipment of choice
under certain circumstances, especially for volatile
salts.

9.2.5 Microwave Ashing

The CE.\1 Corporation (Matthews, NC) has developed
a series of instruments for dry and wet ashing as well
as other microwave digestion series known as "micro
wave assisted chemistry." Programmed microwave
wet digesters and. muffle furnaces decrease time
whether open or closed vessels are used for ashing a
variety of samples. The systems allow for program
ming temperatures that can dehydrate, then ash and
exhaust the system. For instance, dry ashing of flour
takes I(~20 min. Wet ashing in a closed system is rapid
and safe.

A comparative study (Zhang and Dotson) showed
that dry ashing for 40min using the microwave system
was similar to the 4-hr time in a conventional muffle
furnace. Twenty minutes were shown to be adequate
for the plant material used except for Cu determina
tions, which needed 40 min to obtain similar results.
The microwaving technique can speed up analysis sig
nificantly, but can be limited in the number of samples
that can be processed at anyone time.

9.2.6 Other Ash Measurements

9.2.6.1 Soluble and Insoluble Ash in Water

These measurements are an index of the fruit content of
preserves and jellies. A lower ash in the water-soluble
fraction is an indication that extra fruit is added to fruit
and sugar products.

Use the foUowing procedure to measure soluble
and insoluble ash:

1. Weigh the total ash.
2. Add 10 ml distilled H20 .
3. Cover the crucible and heat nearly to boiling.
4. Filter on ashless filter paper and rinse with hot

distilled water several times.
5. Dry and re-ash filter paper at least 30 min.
6. Weigh and calculate as percent H2D-insoluble

ash.
7. Calculate soluble ash by subtracting insoluble
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ash from total ash or dry the filtrate, re-ash, and
weigh.

9.2.6.2 Ash Insoluble In Acid

"This ash determination is a useful measure of the sur
face contamination of fruits and vegetables and wheat
and rice coatings. Those contaminants are generally sil
icates and remain insoluble in acid, except HBr.

Use the following procedure:

1. Add 2S mllO% Hel to total ash or H20-insolu
ble ash.

2. Cover and boilS min.
3. Filter on ashless filter paper and wash several

times with hot distilled water.
4. Re-ash dried filter paper and residue at least 30

min.
5. Weigh and calculate as a percentage.

9.2.6.3 AlkaJlnity ofAsh

The ash of fruits and vegetables is alkaline (Ca,Mg, K,
Na), while that of meats and some cereals is acid (P, S,
Cl), The alkalinity of ash has been used as a quality
index of fruit and fruit juices. The salts of citric, malic,
and tartaric acids yield carbonates upon combustion.
Phosphates may interfere with this procedure. The
procedure has been used for calculating acid-base bal
ance, but its value in dietary calculations is question
able.

The following procedure is used to determine alka
linlty of ash:

1. Place ash (total or water-insoluble ash) in plat
inurn dish and accurately add 10 ml of 0.1 N
HC!. .

2. Add boiling H:O if necessary and warm on a
steam bath.

3. (1':.;1 and tran- fer to an Erlenmcvcr flask,
4. Titrate the excess HCI WiU1 0.1 NNaOH using

methyl OrM1[(' .,~ .IT' indicator.
5, Express in terms of ml of 1 N acid/l00-g sample.

Alkalinity of insoluble ash can be determined by
titrating directly with 0.] :.: Hel using methyl orange.
Express as described previously.

9.3 COMPARISON OF METHODS

Ashing by anyone of three methodologies (dry ashing.
wet ashing, low-temperature plasma ashing) requires
expensive equipment, especially if a large number of
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samples is analyzed, The muffle ~ac:may have to
be placecl.in & heat room along Wlt1l drying ovens and
it require9 anO-volt outlet. It is important to makesure
large furnaces of that type are equipped with a double
pole, single.throw switch. Heating coils are generally
exposed, and care must be taken when' taking samples
in and out with metal tongs. Desk-top furnaces (110
volts) are available for fewer samples. Wet ashing by
the nitric acid method or nitric-sulfuric acid combina
tion requires a hood and corrosive reagents. It also
requires constant operator attention. There are several
digesters currently available for wet ashing, including
microwave ovens and bomb colorimetry. Microwave
technology currently is being assessed and compared
to standard wet and dry ashing equipment and proce
dures. Those may be viable alternatives to a perchJoric
acid hood (which is expensive) even though the nitric
perchloric acid method is rapid. The low-temperature
plasma asher requires a large vacuum pump in addi
tion to the investment in the asher. Obviously, the type
of further elemental analyses will dictate the equip
ment. Some micro- and most volatile elements will
require special equipment and procedures. While wet
oxidation andplasma ashing cause little volatilization,
dry ashing will result in the loss of volatile elements.
Refer to Chapter 10 for specific preparation procedures
for elemental analyses.

9.4 SUMMARY

Three major types of ashing have been described: dry
ashing. wet oxidation (ashing), and low-temperature
plasma ashing. The procedure of choice depends upon
the use of ash following its determination. Dry ashing.
the method most commonly used, is based upon incin
eration at high temperatures in a muffle furnace.
Except for certain elements, the residue may be used
for further specific mineral analyses. Wet ashing ((lxi
dation) is used in meat and meat products as a pcpa
ration for specific elemental analysis by sirnul.ane
ously dissolving minerals and oxidizing all org.inic
material. Low-temperature plasma ashers incinerate
organic matter in a partial vacuum by flJrn.:nS l ...~~.:;-.:

oxygen with a radiofrequency electromagnetic {li,:JJ

generator. Highly volatile elements an: preserved b;:
this method. Wet ashing and low-temperature r1..'lsm<!
ashing conserve volatile elements but are expensive,
require operator time. and are limited to a smaf num
ber of samples. Dry and wet ashing using microwave
technology offers a new, rapid method that requires lit
tle additional equipment (special fume hood) or space
(heat room). TIuec post-ashing procedures (soluble
and insoluble ash in water, ash insoluble in acid, and
alkahnity of ilsh):Ire speCial measurements for certain
food~. .

'.
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9.5 STUDY QUESTIONS

1. Identify four potential sources of error in the preparation
of samples for ash analvsis. and describe a way to over-
come each. .

2. You arc determining the total csh content of a product
using the dry ashing method. Your boss asks you to switch
to a wet ashing method because he/she has heard it takes
less time than dry i1shing.
a. Do you agree or disagree with your boss concerning

the time issue, and why?
b. Not considering the time issues, why might you want

to continue using dry ashing, and why might you
change to wet ashing?

J. Your lab technician was to determine the ash content of
buttermilk by dry ashing, The technician weighed 5 g of
buttermilk into one weighed platinum crucible, immedi
ately put the crucible into the muffle furnace using a pair
of all stainless steel tongs, and ashed the sample for 48 hr
at BOO°e. The crucible was removed from the muffle fur
nace and set on a rack in the open until it was cool enough
to reweigh. Itemize the instructions you should have
given your technician before beginning, so there would
not have been the mistakes made as described above.

.&. Differentiate low-temperature plasma ashing from con
ventional dry ashing with regard to principle and appli
cations.

S. How would you recommend to your technician to over
come the following problems that could arise in dry ash
ing various foods?
3. You seem to be getting volatilization of phosphorus,

when you want to later determine the phosphorus con
tent.

b. You are getting incomplete combustion of a product
high in sugar after a typical dry ashing procedure (i.e.,
the ash is dark colored, not white or pale gray).

c. The typical procedure takes too long for your purpose.
You need to speed up the procedure, but you do not
want to use the standard wet ashing procedure.

d. You have reason to believe the compound you want to
measure after dry ashing may be reacting with the
porcelain crucibles being used.

e. You want to determine the iron content of some foods
but cannot seem to get the iron solubilized after the dry
ashing procedure.

6. Identify an advantage and disadvantage of using
microwave wet digesters or microwave muffle furnaces
compared to conventional units.

7. Explain two special ash measurements that can be useful
for estimating the quality of fruits and fruit products.

9.6 PRACTICE PROBLEMS

1. A grain was found to contain 11.5'''. moisture. A S.214fl.g
sample was placed into a crucible (2S.5<l53 g tare). The
asked crucible weighed 28.5939 g. Calculate the percent
age ash on (a) an as-received basis and (b) a dry-matter
basis.

2. A vegetable (23.3000 g) was found to have 0.0940 g add
insoluble ash. What is the percentage acid insoluble ash?
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3. You wish to have Jt least 100 mg ash from a cereal grain.
Assuming 23';' ash on average, how many grams of the
gTain should toe weighed for ashing?

-to You wish 10 have J coefficient of variation (CV) below 5%
with your ash analyses. The folJowing ash data arc
obtained: 2.13"0. ::'.12':'0,2.07%. Are these data acceptable,
and what is t::t? CV?

5. The following data were obtained on a sample of ham-'
burger: sample wr, 2.03-+ g; wt after drying. 1.07S1 g; wt
<.li~er ether extraction, 0.4679 g; and wt of ash, 0.OD3 g.
\Vhat IS the percentage ash 'on (a) J wet weight basis and
('01 a fat-free basis?

Answers

1. (.1) 1.70% (b) 1.9::'·~;', ::'.0-1%, 3.4 g. -t Yes.1.9%. 5. (u) L ["'''' (b)
1.57%.
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Chapter 10 • Mineral Analysis

10.1 INTRODUCTION

Modem instrumentation has made it possible to quan
titate an entire spectrum of minerals in one process.
Some instruments are capable of detecting mineral
concentrations in the parts per billion range. Instru
mentation capable of such analysis is expensive and
beyond the financial resources of many quality assur
ance laboratories. Large numbers of samples to be ana
lyzed may justify the automation of some routine
analyses and perhaps the expense of some of the mod
em pieces of equipment. The requirements for only
occasional samples to be analyzed for a specific min
eral, however, will not justify the initial costs of much
instrumentation. This leaves the options of (1) sending
samples out to certified laboratories for analysis or (2)
utilizing one of the more traditional methods for analy
sis. Traditional methods generally require chemicals
and equipment that are routinely available in an ana
lyticallaboratory.

In this chapter, the nutritional need for minerals,
their roles in processed food, and methods for analysis
of minerals involving gravimetric, titrimetric, and col
orimetric procedures, and ion detective electrodes are
described. Procedures for analysis of minerals of major
nutritional or food processing concern are used for
illustrative purposes. For additional examples of tradi
tional methods currently in use, refer to references
(1-3). Slight modifications of these methods are often
needed for specific foodstuffs to minimize interfer
ences or to be in the range of analytical accuracy. Meth
ods for water, plant, or animal foodstuffs are reported
here. For analytical requirements for specific foods see
the Official MetJwds of Analysis of AOAC International,
or other official methods.

10.1.1 Importance of Minerals in the Diet

Approximately 98% of the calcium and 80% of the
phosphorus in the human body are found in the skele
ton. Sodium, potassium, calcium, and magnesium are
minerals involved in neural conduction and muscle
contraction. Hydrochloric acid in the stomach greatly
influences solubility and consequently absorbability of
many minerals from foods in the diet. Calcium, phos
phorus, sodium, potassium, magnesium, chlorine, and
sulfur make up the dietary macro minerals, those min
erals required at more than 100 mg per day by the adult
(4). Each of these minerals has a specific function in the
body. Physical malfunctions occur if these minerals are
not provided in the diet on a regular basis.

An additional 10 minerals are required in mil
ligram quantities per day and are referred to as trace
minerals (4). These include iron, iodine, zinc, copper,
chromium, manganese, molybdenum, fluoride, sele-
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nium, and silica. Each of these minerals have specific
biochemical roles in maintaining body functions. Iron,
for example. is part of the hemoglobin and myoglobin
molecules involved in oxygen transport to and within
the cells,

There is also a group of minerals called ultra. trace
minerals that are being investigated for possible bio
logical function, but that currently do not have clearly
defined biochemical roles. These include vanadium,
tin, nickel, arsenic, and boron.

Some mineral elements have been documented to
be toxic to the body and should, therefore, be avoided
in the diet. These include lead, mercury, cadmium, and
aluminum. Essential minerals such as fluoride and
selenium also are known to be harmful if consumed in
excessive quantities, even though they do have benefi
cial biochemical functions at proper dietary levels.

Water, which is the nutrient required in the diet in
the largest quantity (2-3 liters for an adult per day),
may be obtained from drinking water, other beverages,
foods, or as a by-product of metabolism of energy
nutrients..Water as a beverage for drinking is seldom
pure water but contains minerals, the composition of
which depends on the water source. Thus drinking
water maybe a significant dietary source of some min
erals. The introduction of fluoride in culinary water
supplies, for example, has reduced the incidence of
decayed, missing, and filled teeth in 10- to 12-year-old
school children by about 70% in communities that have
fluoridated their water supply at 0.7-1.0 ppm fluoride.

10.1.2 Minerals in Food Processing

Some minerals are inherent in natural foodstuffs. For
example, milk is a good source of calcium, containing
about 300 mg of calcium per B-ounce cup. In some
cases, salt is added in processing to decrease water
activity and act as a preservative, thus increasing sig
nificantly the sodium content of products such as
bacon, pickles, and Cheddar cheese. The enriclunent
law for flour requires that iron be replaced in white
flour to the level at which it occurred naturally in the
wheat kernel before removal of the bran. Fortification
of foods has allowed addition of minerals into some
foods above levels ever expected naturally. Prepared
breakfast cereals often are fortified with minerals such
as calcium. iron, and zinc. formerly thought to be lim
ited in the diet. Fortification of salt with iodine has
almost eliminated goiter in the United States.

Some processing of foods results in decreased min
eralcontent. A large portion of the phosphorus, zinc,
manganese, chromium, and copper found in a grain
kernel is in the bran layer. When the .bran layer is
removed in processing, these minerals. are removed.
Direct acid cottage cheese is very lo~ in calcium
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because of the action of the acid causing the calcium
bound to the casein to be freed and consequently lost in
the whey fraction.

Water is an integral part of food processing. It is
used for washing, rinsing, blanching, cooling, and as
an ingredient in formulations. Microbiological safety
of water used in food processing is very important.
Also important, but generally not appreciated by the
consuming public, is the mineral content of water used
in food processing. Waters that contain excessive min
erals can result in clouding of beverages. Textural
properties of fruits and vegetables can be influenced by
the "hardness" or "softness" of the water used in their
processing. Thus, water quality is a major factor to be
considered in the food processing industry.

The mineral content of foodstuffs is, therefore,
important because of nutritional value, toxicological
potential, and proper processing function and safety of
some foods.

10.2 BASIC CONSIDERATIONS

Some sample preparation is required for traditional
methods of mineral analysis. Methods used in sample
preparation can remove interference for some analy
ses, add contaminants, or cause a loss of volatile ele
ments. Proper handling of samples prior to the final
analysis is very important for obtaining reliable analyt
ical results for mineral content of foodstuffs.

10.2.1 Sample Preparation

Methods such as near infrared and neutron activation
allow for mineral estimation without destruction of the
carbon matrix of carbohydrates, fats, protein, and vita
mins that make up foods. However, traditional meth
ods generally require that the minerals be freed from
this organic matrix in some manner. Chapter 9 de
scribes the various methods used to ash foods in prepa
ration for determination of specific mineral compo
nents of the food. Water samples are in a form such that
minerals ml'l~' be determined without further prepara
tion.

A major concern in mineral analysis is contamina
tion. Solvents such as water can contain significant
quantities of minerals, Therefore, all procedures
involving mineral analysis require the use of the purest
reagents available, In some cases, the cost of ultrapure
reagents may be prohibi rive. When this is the case, the
alternative is to always work with a reagent blank. A
reagent blank is a sample of reagents used in the sam
pic analysis, quantitatively the same as used in the
s•• mple but without any of the material being analyzed.
This reagent blank, representing the sum of the mineral
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contamination in the reagents, is then subtracted from
the samples as. they are quantitated.

10.2.2 Interferences

Factors such as pH, sample matrix, temperature, and
other analytical conditions and reagents influence the
ability of an analytical method to be used accurately to
quantify a mineral. This is very clearly illustrated by
the Parks, Hood, Hurwitz, and Ellis scheme of 12 inor
ganic elements as reviewed by Wmton and Wmton (5).
In this scheme, molybdenum, manganese, iron, and
phosphorus are determined on a dilute hydrochloride
add solution of a nitric acid-perchloric acid wet digest
sample of food sample. An alkaline dithizone extrac
tion then is used to separate sulfur, calcium, magne
sium, potassium, and sodium for further individual
analysis. An acid dithizone extraction then is used for
separation of zinc, cobalt, and copper, which can be
quantifa ted individuall y.

If interferences are suspected, it is a common prac- .
tice to use a sample matrix for standard curve prepara
tion. A sample matrix standard is made up of elements
known to be in the sample at the same level at which
they exist in the sample. For example, if a food sample
was to be analyzed for calcium content, a solution of
the known levels of sodium, potassium, magnesium,
and phosphorus would be used to make up the cal
cium standards for developing the standard curve. If
the major minerals known to exist are usee to make up
the background solution for the standards, then the
standard solutions more closely resemble the samples
in solution. If there are interferences amo:"l3 the major
minerals, the impact in the standards and the samples
should be similar if a sample matrix is used. For some
minerals, there are specific interfering substances that
must be suppressed for accurate analysis.

10.3 METHODS

10.3.1 Gravimetric Analysis

10.3.1.1 Principles

Insoluble forms of minerals arc precipitated. rinsed,
dried, and weighed to estimate mineral content using
gravimetric procedures. Gravimetric analysis is based
on the fact that the constituent elements in any pure
compound are always ;;. the same proportions by
weigh:' For example, N.~C: is always 39.3% sodium. In
gravimetric analysis, the desired constituent is sepi)
rated from wntnminating substances by selective pn"
cipil'ltion and then rinsi:1g to minimize any adhering
Of trapped clements, The precipitated compound then
is dri.d .1"..: W<:lg!kd. Tho weight of the mineral cle-



Obv iously, pH will greatly influence the complex for
mation. The EDTA complexes are highly stable and
therefore can be used for volumetric analysis.
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ment is the same proportion of the weight of the com
pound as it is of the compound formed in the precipi
tated complex. Chloride, for example, is often precipi
tated as silver chloride. The silver chloride is rinsed,
dried, and weighed. The weight of the chloride then
can be calculated from the weight ofthe silver chloride
because chloride is 2-1.701% of the molecular weight of
silver chloride.

m> + H2Y~- - myl- + 2H'"

mJ+ + H2y1- - mY- + 2H'"

m~+ + H~y2 - mY + 2H'"
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[lJ

[2]

[3J

10.3.1.2 Procedure-Modified Gravimetric
Determination of Calcium
(AOAC Method 910.01)

Calcium can be determined by ashing a sample of
known weight, solubilizing the ash in HCI, then
adding ammonium oxalate to precipitate calcium as
the oxalate. The precipitated calcium oxalate (CaC20~)

is washed repeatedly and then converted to calcium
oxide (GaO) by a second ashing step. The weight of the .
CaO is used to calculate the calcium content of the sam
ple (MW Ca/MW CaO =0.7147).

10.3.1.3 Applications

Gravimetric procedures are best suited to large sample
sizes and are limited generally to foods that contain
large amounts of the element to be determined. Proce
dures using silver nitrate have been used to quantitate
chloride. Most trace elements are in such low quanti
ties in foods that gravimetric procedures are too insen
sitive to be of analytical value.

A disadvantage of the gravimetric procedure is the
extra time involved in the second ignition where
CaC20 ..is converted to CaO. Also, repeated washing of
the CaC20 .. precipitate tends to cause some solubiliza
tion. However, copredpitation of other minerals neces
sitates the rinsing steps.

10.3.2 EOTA Complexometric Titration

10.3.2.1 Principles

There are a number of carboxylic adds containing ter
tiary amines that form stable complexes with a variety
of metal ions. Ethylenediamlnetetraacetic acid
(EDTA) is the most important of this class of reagents
referred to as versenes. The disodium salt, usually
written as Na2HiY, is available in high purity as the
dihydcate. Since EDTA has both donor nitrogen and
donor oxygen atoms, it can form as many as six five
membered chelate rings and forms complexes with
practically all metals except the alkali metals of group
J.

In general, 1:1 complexes are formed between
EDTA and metallic ions. Typical reactions could be
summarized as:

10.3.2.2 Procedure-calcium Determination
Using EDTA Titration (AOAC Method 968.31)

Calcium content of foods can be determined by com
plexing calcium with EDTA in a titration procedure
(Fig. 10-1). The standard curve should be established
before running a sample to be certain of the endpoint
color.

10.3.2.3 Applications

EDTA complexometric titration is suitable for fruits
and vegetables and other foods that have calcium

CALCIUM-EDTA TITRATION

Pipette an aliquot ot dissolved ashed sample expected 10contain
2-10 mg atcalcium into a 2~mt beaker.

II
Dilute to SOml and adjust pH to 12.5-13.0 by dropwise addition of
KOH-KCN solutions (dissolve 28 9 KOH and 6.6 9 KCN in 100 ml

01 d H20 ) while Slirring with a magnetic stirrer.

3
Add 100 mg 01 ascorbic acid and about 250 mg of

hydroxynaphthol blue indicator.

II
Titrate immediately with 0.01 MEDTA solution (dissolve 3.72 g 01

Na2H2 EDTA-2H20 . 99-t-% purity. in d H20 in a t-nter voL flask.
Dilute to volume and mix). Tl-.e endpoint in this titratlon is a deep

blue end point.

Standard Curve

Prepare and titrate standard SOlutionscontaining 2.5, 5.0, 7.5. and
10.0 mg 01 calcium to develop a standard curve:

Dry primary standard grade calcium carbonate lor 2 hr at 28s·F.
3

Weigh out 2.5 9 01 the dried calcium carbonate and trar.sler
Quantitatively into a I-liter vol. flask.

J
Dissolve the calcium carbonate in 50 ml of 3 N HCI.

3
Dilute tovolume with d H20 end thoroughly mix. Samples of 2.5,
5.0. 7.5 and 10 mlol this sCJt;tion represent 2.5, 5.0, 7.5, and 10

mg of calcium. respectively.

~
~nx:~ure for calcium determination'by EOTA

. htrahon. AOAC Method 968.31). (Adapted
fIgure from (1).1
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without appreciable magnesium or phosphorus, Phos
pharos may be removed by passing theashedmaterial
through an Omberlite IR-4B resin bed at pH 3.5prior to
adjusting the base for titration. Using calmagite as an
indicator, magnesium content of the sample can be cal
culated by difference (AOAC Method 967.30).

10.3.3 Redox Reactions

10.3.3.1 Principles

The basis of many analytical methods is an oxida
tion-reduction reaction. The reaction of a substance
with oxygen is defined as oxidation. Therefore, a
reduction is the removal of oxygen. As we now know,
oxidation is actually the removal of electrons from an
atom, while reduction is the gain of electrons. Other
reactions that do not involve oxygen involve the loss or
gain of electrons. Any reaction that results in an
increase in positive charge is termed oxidation, while
any reaction that decreases positive charge is termed
reduction whether or not oxygen is involved.

Since electrons cannot be created or destroyed in
ordinary chemical reactions, any oxidation must be
accompanied by a corresponding reduction. All oxida
tion-reduction reactions can be considered to be the
reaction of an oxidizing agent with a reducing agent.
Such reactions cause the oxidizing agent to be reduced
and the reducing agent to be oxidized.

In some oxidation-reduction titrations, a colored
reactant Or product can act as the indicator. Perman
ganate ion is a deep purple, while manganous ion is a
very pale pink. Thus, permanganete titrations have a
built-in indicator.

10.3.3.2 Procedures

10.3.3.2.1 Calcium Determination Using Redox Titra
tion (AOAC Me/hod 921.01) Phosphates and magne
sium tend to interfere with the analysis for calcium.
Therefore. ~:~. described in the gravimetric procedure
(section 10.3.1.2), calcium often is precipita ted as an
oxalate in the redox titration procedure to minimize the
presence c( intcrfcrinr; minerals in ~he final titration
solution. A~ in the gravirnetric method, the redox titra
hem method has the disadvantage of requiring the pre
cipitation and the w<1shing of calcium oxalate. In the
redox titration procedure, the precipitated and washed
calcium oxalate then is solubilized in H~04' heated,
and titrated with potassium permanganate to a slight
pink endpoint. The volume and normality of the titrant
are used to determine the calcium content of the sam
ple.

10.3.3.2.2 Iron Determination Using Redox Reaction
and Colorimetry (AOAC Method 944.02) There arc a
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number of organic compounds that eHectively func
tion as l'edox indicators. These compounds form stable
colersthat can be quantitated calorimetrically by mea
suring light absorhance at characteristic wavelengths.

Iron is quantitated by its ability to complex with
organic compounds, resulting in formation of colored
products proportional to the iron content (Fig. 10-2).
All glassware must be acid washed and triple rinsed in
disti:l.led water to avoid iron contamination. Because
many reagents contain small amounts of iron, it is
important always to use a reagent blank for iron deter
minations.

10.3.3.3 Applications

Generally. redox reactions have been of limited use for
quantitating metals in foods. Calcium, iron, copper,
and iodine concentrations have been determined using
this approach. Determination of iron in foods using
this method appears to have some advantages over
atomic absorption spectroscopy (see Chapter 28).
Higher recovery from spiked samples and closer match
to a wider variety of National Institute of Standards
and Technology (formerly known as the National
Bureau of Standards) samples have been observed for
iron analyzed using this redox colorimetric method
compared to atomic absorption spectroscopy.

Redox methodology is used widely for quantira
tion of elements and compounds in the food industry.
For example, AOAC Method 990.28 uses a redox titra
tion to determine sulfites in foods. With the current
awareness of individual sensitivity to sulfites, the food
service industry, in particular, is checking for sulfites
on fresh produce. AOAC Method 967.21 uses the redox
indicator 2, 6-dich1oroindophenol to determine ascor
bic acid by titration.

10.3.4 Precipitation Titration

10.3.4.1 Principles

When at least one product of a titration reaction is <In
insoluble precipitate, it is referred to as prC'dpjL,!ic;~

titrimctry, Few of the many gravimetric methods.
however, can be adapted to yield accurate volumetric
methods. Some of the major factors blocking the ar!:l;"'I
tation are (1) time to complete a reaction, resulting in <l

complete precipitation of the compound being formed;
(2) failure of the reaction to yield a single product of
definite composition; and (3) Jack of an endpoint indi
cater for the reaction.

The potential of precipitntion titration has resulted
in LIt 1l';ISt rwo methods that are used widely in the food
industry today. The Mohr method for chloride deter
rrunatron is based on the formation of an orange-col-
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IRON-REDOX TITRATION

Weigh into a clean. dried crucible a food sample expected to
contain 50-500 119 0/ iron.

J
Add 10 ml 01 a glycelol--etnar:ol (1: 1) mixture and dry over a low

heat to avoid o::plaltering.

J
Ash for 2-1 hr at SOO"C.

J
After cooling add 1 ml cone. rutric acid and then evaporate to

dryness.

J
Return to the mul1le furnace ::II 6eOd C lor 1 hr to completely

eliminale carbon particles.

U
Cool and add 5 ml of 6 N HCI to the ash.

a
Heat in a steam bath for 15 min.

~
Filter through a hardened filter paper iOlO a 1QO·ml vot, lIask with at

least three rinsings with hot d Hp.
a

Dilote to volume after allowing to reach room temperature.

a
Pipette a tQ-ml aliquot of the dissolved ash solution into a clean

25-ml vol. flask.

a
Add 1 ml of a to% solution of hydroxylamine hydrochloride.

3
Allow to stand alter mixing tor a few minutes.

3
Add 5 ml 01 acetate buffer. (Made by dissolving 8.3 g at sodium
acetate in 20 ml of water in a 100-ml vol. flask, adding 12 ml of

acetic acid, and diluting to volume.)

a
Add as a ector developing agent 1 ml of O. t% orthophenanthroline

or 2 ml of 0.1% a, a-dipyridyl solution.

U
Dilute to volume with mixing.

U
Allow to stand for 30 min.

a
Read absorbance at 510 nm.

Standard Curve

Make an iron standard stock solution of 100 ppm by dissolving 0.1
9 or analytical grade Iron wire in 20 mt or conc. Her and diluting to

1 liler.

a
Prepare working Slandarc:lsby pipening 0.2.0,5.0. 10.0. 15.0.
20.0, 25.0. 30.0, 35.0. 40.0. and 45.0 ml ot tne standard stock

solulion plus 2 ml or cone. HCI into 100·ml vel, llasks and diluting
to volume.

4
10 ml 01 each 01these working standardS sk10iJld be trsaled as the

10 ml of samples in the anaty1icalprocedure above.
4

Plot the standard curve and use il to calCUlate iron concentration in
. your sample.

Procedure for iron determination using redox
reaction and colorimetry. AOAC Method
944.02. [Adapted from (1)./
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ored solid. silver chromate after silver from silver
nitrate has complexed with all the available chloride.

Ag" + CJ- - AgCl (until all cr is complexed) HI
2:\~· + c-o.> - Ag2crO~

(orange only after
0- is all cornplexed) [51

The Volhard Method is an indirect or back-titra
tion method in which an excess of a standard solution
of silver nitrate is added to a chloride-containing solu
tion. The excess silver nitrate is then back-titrated
using a standardized solution of potassium or ammo
nium thioryinate with ferric ion as an indicator. In a
back-titration such as the Volhard method, the excess
silver is then back-titrated to calculate the amount of
chloride that precipitated with the silver in the first
steps of the reaction.

Ag" + cr - AgCl (until all Cl" is camplexed) [6]

Ag" +S~ - AgSCN (to quantitate silver
nat complexed with chloride) [7]

SCN- + Fe..3 - FeSCN (red when
there is any SCN" not complexed to Ag") [81

10.3.4.2 Procedures

10.3.4.2.1 Mohr Titration of Salt in Butter (AOAC
Method 960.29) Salt in foods may be estimated by
titrating the chloride ion with silver (Fig. 1Q-3). The
orange endpoint in this reaction occurs only when all
chloride ion is complexed, resulting in an excess of sil
ver to fonn the colored silver chromate. The endpoint
of this reaction is therefore at the first hint of an orange
color. When preparing reagents for this assay, use
boiled water to avoid interferences from carbonates in
the water.

10.3.4.2.2 Vofhard Titration of Chloride in Plant Mater
ial (AOAC Method 915.01) In the Volhard method
(Fig. 104), water must be boiled to minimize errors
due to interfering carbonates, since the solubility prod
uct of silver carbonate is greater than the solubility
product of silver chloride. Once chloride is determined
by titration, the chloride weight is multiplied by 1.648
to obtain salt weight, if salt content is desired.

10.3.4.3 Applications

Gravimetrictitr.ation methods are well suited for any
foods that may be high in chlorides. Because of added
salt in processed cheeses and meats, these products
should certainly be considered for using this method to
detect chloride; then salt content isestimated by calcu
la ticn. The Quantab chloride titration used in AOAC
Method 971.19 is an adaptation of the principles
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SALT-MOHR TITRATION

Weigh about 5 9 of butler into 25O-m1 Erlenmeyer flask and add
100 mI of boiling H:O.

•Lei stand 5-10 min with occasional swirling.

•Add 2 ml of a 5% SOlution of KzCrO. in d H:O.

I
Titrate wilh 0.1 N AgNOs standardized as below until an orange-

brown color persists for 30 sec.

Standardization of 0.1 N AgNO,

Accurately weigh 300 mg 01 recryslal1ized dried KCI and transfer
to a 250-ml Erlenmeyer flask with 40 ml of water.

•Add 1 ml 01KzCrO. solution and titrate with AgNO:s solution until
first perceptible pale rea-brown appears.

•From the titration volume subtract the milliliters of the AgN03
solution required to produce the end point color in 75 ml of water

containing 1 mlof KzCaO.-
I

From the next volume of AgN03 calculate normality of the AgN03
as:

. . mgKCI
Normality AgN03 =ml AgNO

J
" 74.5559 KCVmole

Calculating Salt In Slitter

P I
ml 0.1 N AgNOs " 0.585

areent sa t '" I
go sample

[0.585 = (58.5 9 NaC~/mole)'1DOJ

Procedure of Mohr titration of salt in butter.
AOAC Method 960.29. [Adapted from (l).]

involved in the Mohr titration methods. This adapta
tion allows for very rapid quantitation of salt in food
products. The Quantab adaptation is accurate to :t10%
over a range of 0.3-10% NaCl in food products,

10.3.5 Colorimetric Methods

10.3.5.1 Principles

In the visible region of the electromagnetic spectrum,
certain wavelengths arc absorbed and others arc
reflected from an object. The reflected wavelength
range is the color we see. In the colorimetric methods,
a chemical reaction must result in a stable color that
develops rapidly and is the result of a single colored
product. The color-forming reaction should be selec
tive for the mineral being analyzed.

As a color intensity increases, less light is able to
pass through a solution, As the light passes through <l

longer pathway of the solution, there is also less Esht
transmitted. Beer's law, which defines these relation
ships. is explained in detail in Chapter 26.

With the ability to quantitate light transmitted
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through a solution, or conversely, light absorbed by a
solution, it is possible to determine concentrations of
reacting substances. 'This prirlciple has been used to
develop methods for determining concentration of
many minerals.

10.3.5.2 Procedure-Determination 01
Phosphorus By Colorimetry
(AOAC Method 986.24)

The color intensity of phosphomolybdovanadate can
be quantitated spectrophotometrically as shown in Fig.
10-5.This is only one ofmany methods described using
the phosphomolybdate reaction. This procedure has
the ad vantage of producing a more stable color than
most and therefore is preferred.

10.3.5.3 Applications

Colorimetry is used for a wide variety of minerals. The
example of iron detennination given as an example of
oxidation-reduction reaction is quantitated using col
orimetry. An oxidation-reduction reaction is, however,'
involved in the color development.

Some detergents contain phosphorus. It is neces
sary to thoroughly rinse all glassware carefully at least
three times with distilled water to avoid contamination
in determination of phosphorus by colorimetry.

10.3.6 lon-Selective Electrodes

10.3.6.1 General Information

The concept of measuring [H"] is considered in Chap
ter 7. One must question whether this application of
potentiometry can be used in the measurement of other
ions. It is only in recent years that much attention has
been given to this question. Indeed, many electrodes
have beendeveloped for the direct measurement of
various cations and anions. such as bromide, calcium,
chloride, fluoride, potassium, sodium, and sulfide.
There are even electrodes available for measuring dis
solved gnscs. such as ammonia, carbon dioxide. and
oxygen. While some of these methods are limited in
their application due to interference from other ions, i:
often is possible to overcome this problem by pH
adjustment, reduction of the interferent, or removal of
the interfcrcnt by complexing or precipitation.

Varying the composition of the glass in a glass elec
trode is one means of Changing the sensitivity of the
glass membrane to other ions. An electrode membrane
containing 71% SiO" 11';'n N,hO and 18~o AI,Q- is sen-.. _ I _ .J

sitiv« to potassium.
r\ typica! glass membrane sodium-indicating

electrode operates in the range of 1-10-<> M or 23,000 to
0,0::3 ppm. Intericr(,!1ces from silver, lithium, potas
sium, an,l ;lmmonium ion!': are a possibility. Response
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SALT-VOLHARDTITRATION

Moislen 5·g sample in crucible with 20 ml 01 5~. Na~ CO J in water.
3

Evaporute to dryness.
a

Char on a t,ot plate under a hood '..mil smck:ng steps.

U
Combust at SOO·C for 24 hr.

a
Dissolve residue in 10 ml 01 5 N HNOJ .

a
Dilute to 25 ml '."ith d H20.

a
Titrate with standardized AgNO) solution (from the Mohr method) until white AgCI stops precipitating and then add a slight excess.

a
Slir well. lilter through a retentive liller paper. and wash ~gCllhoroughly.

a
Add 5 ml of a saturated solution of FeNH.(SO.)z' 12HzO to the combinedtitrate and washings.

a
Add 3 ml 01 12 NHN03 and titrate excess silver with 0,1 N potassium thiocyanate.

159

Standardization of Potassium Thiocyanate Standard Solution

Determine working titer of the O. I N potassium thiocyanate standard solution by accurately measuring 40-50 ml 01 the standard AgN03 and
adding it to 2 rnl 01FeNH.(SO.li 12HzO indicator solution and 5 ml 01 9 N HNOJ .

l
Titrate with thiocyanate solution until solution appears pale rose after vigorous shaking.

CalCUlating CI Concentration

Net Volume of the AgNO] = Totalvolume AgN03 added - Volume titrated with thiocyanate
1 ml of 0.1 M AgN03 =3.506 mg chloride

ITimI
~

Procedure for Volhard titration of chloride in plant material AOAC Method 915.01. [Adapted. from (1).J

internal buffer solution. Upon passing through the
membrane, the gas dissolves in a thin layer of buffer
solution that surrounds the combination pH electrode.
The dissolved gas causes the pH of the solution to
change, and the combination electrode detects this
change. Ammonia, carbon dioxide, sulfur dioxide, and
oxygen can be measured by this type of electrode.

10.3.6.2 Activity Versus Concentration

In using ion-selective electrodes, the concept of activity
versus concentration must be considered. Activity is a
measure of chemical reactivity, while concentration is
a measure of all forms (free and bound) of ions in solu
tion. Due to interactions of ions with themselves and
with the solvent, the effective concentration or activity
is, in general, lower than the actual concentration.
Activity and concentration are related by the following
equation:

time is less than 30 sec. Combination polymer-body
sodium ion-selective electrodes also are available, a
calomel reference half-cell being used in this system.

Solid-state ion-selective electrodes also are avail
able. These electrodes do not use a glass-sensitive
membrane. Instead, the active membrane consists of a
single inorganic crystal treated with a rare earth. The
fluoride electrode serves as a good example, consisting
of a crystal of lanthanum chloride treated with
europium, p;h.ich permits ionic charge transport and
lowered ~cal resistance. Fluoride concentrations
of 0.02?p~y be detected with this electrode. Other
commonly used solid-state ion-selective electrodes are
available. For example, bromide can be detected at con
centrations of 0.01 ppm and chloride at 0.178 ppm.
Response time for all the solid-state electrodes is less
than 30 sec. These electrodes also are subject to inter
ferences from various anions.

In addition to the various glass membrane and
solid-state electrodes, it should be noted that there are
other types of these electrodes, such as precipitate
impregnated, liquid-liquid membrane, and even en
zyme electrodes. The use of gas-sensing electrodes is
also increasing. These electrodes possess a gas-perme
able membrane and a combination pH electrode with

A=VC

where:

A:: activity
V =activity coefficient
C:= concentration

[9]
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PHOSPHORUS-COLORIMETRIC ASSAY

Ash a 2-g sample for 4 hr at 600"C.,
Cool: add 5 ml of 6 N Hel and several; drops of nitric acid.

i
Heat to dissolve the ash completely.

~
Cooland transfer to a 1ClO-mI vol. flask and dilute 10volume

with d HzO.
I

Pipette an aliquol expected to contain O.~1.5 mg of phosphorus
into a 1QO.ml vol. flask.,

Add 20 ml of molybdovanadate reagent. (This reagent is prepared
by dissolving 20 g of ammonium molybdate in 200 ml of hoi H20 ,
then dissolving 1 9 01ammonium meta vanadate in 125 ml 01hot
Hp 10whiCh when cooled is added 140 mI01 cone. nitric acid.

The cooled molybdate and vanadate solutions are then combined
and dHuled to 1 liler.)

U
Dilute the sample and the molybdovanatate reagent to 100 m1.

~
Allow the color to develop for 10 min.

I
Read the absorbance at 400 nm against a phosphorus

standard curve.

Preparation of Standard Curve

Make a stock standard solution 012 mg P/ml by weighing 8.7674 9
of KH2PO. that has been dried at 10S'C for 2 he

t
Quantitatively transfer to a 1 liter vol. flask and add about 750 ml of

d H20 to dissolve.

~
Dilute to volume With h~O

n
Store refrigerated until use.

l.t
Make 8 working standard soleton con:aining 0.1 mg

phosphorus!mJ by diluting 50 ml or the stock solution to 1 liter
with d H20.

n
TransfClsliquott of the working standard sotunon of O.5,6. 10.

and '5 ml to !reshly rinsed 10(l.ml vol. flaSkS. (These represent 0,
O.!:, 0.8, 10. and 1.5 mg 01 phosphorus. respectively)

8
A:l: 20 ml of the rnolybdovanadale reagent to each flask

containing the s:andnrd:::

8
Dilute to volume Wllh H20 and mix well.

'iv

LeI flasks stand lor 10 min to complete color development.

U
Read absorbance at 400 nrn, Use the 00 siancero (blank) to zero

tt'E: sp.. ctrcpnoromeier.

Procedure (or determination of phosphorus by
colorimetry. AOAC Method 986.24. [Adapted
from (I ).)

The activity coefficient is a function of ionic strength.
Ionic strength is a function of the concentration of, and
the charge on, all ions in solution.

By adjusting the ionic strength for all test samples
and standards to it nearly constant level. the Ncmst
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equatibn (see Chapter 7) canbe used to relate electrode
response to the concentration of the measured species.
In practice, both samples and calibrating standards are
adjusted to a high but constant ionic strength. An
ionic-strength adjustment buffer is.used for this pur
pose. It is a solution of neutral or noninterfering ions
that raises the total ionic strength of the solution to the
level at which the effects of other ions are canceled.
These buffers also can be used to control pH, remove
ionic interferences, and limit chemical interferences
arising from association and complexation. Thus, to
measure accurately the concentration of ionic species
using an ion-selective electrode, the following require
ments must be met:

1. Maintain a constant reference potential.
2. Operate a constant temperature.
3. Adjust ionic strength.
4. Adjust pH.
5. Remove electrode interferences.
6. Eliminate method interferences

10.3.6.3 Calibration Curves

In working with ion-selective electrodes it is common
practice to develop a calibration curve. The two elec
trodes (indicator and reference) are immersed in a series
of solutions of known concentration. The electrode po
tential (millivolts) developed in these standard solu
tions is recorded and plotted (on semilog paper) against
the logarithms of the standard concentrations (Fig.
10-6), Upon analysis of a test sample, the observed mil
Iivolt reading for the electrode potential is used to
determine the concentration by referring to the calibra
tion curve.

The calibration curve has a linear region at which
the electrode has a constant response to changes in con
centration, fitting the Nernst equation (E =P - 0.059
[ionj), Note also the nonlinear region of the curve at
low concentrations. The total ionic strength and the
concentrations of interfering ions arc among the :<1.::to:,s
that determine the lowest level of activity that can be
detected in practical applications. Examples of cal.bra
tion curves for various ions are found in Fig. JO-7.

10.3.6.4 Other Jon-Selective
Electrode Methodologies

Although a calibration curve is the most common
means of using ion-selective electrodes, there are other
applications. For ex;,:1~Fk, in II titration the [SEm<lY be
employed to detect thl' equivalence point of the titra
tion. The ISE m:ly be respcnsive to either the sample
species (S.~it~ation) 0, the tltrant (T titration), the latter
probably in more common use.

In thl' T titration, litlle change in electrode poten-
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60 dClCtn)de
pocQnial
(my)

potential is determined. Then an aliquot containing a
known concentration of the measured species is added
(standard addition) to the sample, and a second mea
surement of electrode potential is determined. These
measured values in electrode potential then may be
used to determine the concentration of the active
species in the original sample. This method may not
require the use of an ionic strength adjustment buffer.
It is of great value when only a few samples are to be
measured and time does not permit the development
of a calibration curve. It also eliminates complex
unknown background effects.

tilnnt VOIumIl. mls

A typical T-type titration. [From (6), used with
permission.JIlin

~

molarity

Io..(olddlansor-
-$6 rnv I

I

A typical calibration curve for ion-selective
electrodes. [From (6), used with permission.]
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Examples of ion-selective electrode calibration
curves for ions important in foods. (Courtesy of
Phoenix Electrode Co., Houston. TI<.)

Haloccurs as titrant is added because it is reacting with
the sample species. However, when all of the sample
species has reacted with the titrant, a large increase in
the electrode potential occurs, revealing the equiva
lence point of the titration (Fig. 1lJ.8).

Finally, the method of standard addition will be
considered, as it does have application in ISE method
ology. The electrodes (indicator and reference) are
immersed in the sample, and the initial electrode

10.3.6.5 Applications

The pH meter with both a pH scale and millivolt scale
may be used for ion-selective electrode analyses as
described previously. One simply replaces the glass
electrode for measuring pH with the ISE of choice and
follows instructions for the detennination.

Some examples of applications of ion-selective
electrodes are salt and nitrate in processed meats. salt
content of butter and cheese, calcium in milk. sodium
in low-sodium ice cream, carbon dioxide in soft drinks,
potassium and sodium levels in wine, and nitrate in
canned vegetables. An ISE method applicable to foods
containing <100 mg sodium/100 g is an official method
of AOAC International (AOAC Method 976.25). This
method employs a sodium combination ISE,pH meter,
magnetic stirrer. and a special type of graph paper for
plotting a standard curve. Obviously, there are many
other applications, but the above serve to demonstrate
the versatility of this valuable measuring tool.

A major adVQntag~ in the use of ion-selective elec
trodes lies in the ability to measure many anions and
cations directly. Such measurements are ~lath'elysim
ple compared tomest other analytical techniques, par
ticularly because the pH meter may be used as the volt
meter. Ana.!yses .are independent of sample volume
when making direct measurements, while turbiditv,
color, and viscosity are all of no concern. .

A major disadvantage in the use of ion-selective
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electrodes is their inability to measure below 2-3 ppm,
although there aresome elt!ctrodes that are sensitive
down to 1 part per billion. At IQW levels of measure
ment (below 1~ M), the electrode response time is
slow. Finally some electrodes have had a high rate of
premature failure or a short operating life and possible
excessive noise characteristics.

10.4 COMPARlSON OF METHODS

All minerals of concern nutritionally. for food process
ing, and toxicologically cannot be assessed by any sin
gle method with an equal degree of analytical accuracy.
For labeling, processing, and even practical nutrition,
we are concerned only with a few minerals, which gen
erally can be analyzed by traditional methods. The tra
ditional methods available for mineral analysis are var
ied; a very limited number of examples have been
given.

Generally, for a small laboratory with skilled ana
lytical personnel, the traditional methods can be car
tied out rapidly, with accuracy and at minimal costs. If
a large number of samples of a specific element are to
be run there is certainly a time factor in favor of using
atomic absorption spectroscopy or emission spec
troscopy (see Chapter 28), depending on the mineral
being analyzed. The graphite furnace on the atomic
absorption spectrophotometer is capable of sensitivity
in the parts-per-billion r<lngc. This is beyond the limits
of the traditional methods. However. for most minerals
of practical concern in the food industry, this degree of
sensitivity is not required.

Individual choice of methods for mineral analysis
must be made based on cost per analysis completed.
Equipment availability, equipment cost, analytical
time, analytical volume, and requirements for sensitiv
ity should all be considered in making the final deci
sion on which methods to use.

10.5 SPECIAL CONSIDERATIONS

The Nutrition Lahdi:1S and Education Act (NLEA) of
1990 has made health claims on food labels legal under
some conditions. Two minerals that are specifically
identified as relating to health claims are calcium and
sodium. Sodium analysis also is important in making
claims for low-sodium-content food items that are
being promoted for people with hypertension. lmplc
menta tion of the NLE:\ has led to a need for more rapid
and accurate analysis of these elements. Traditiona!
methods describedin this chapter can be used for qual
ity assurance work and labeling compliance by compa
rues with few specialized products. Methods such as
atomic absorption spectrometry and emission spec-
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trometry described in Chapter 28 are utilized com
monly by laboratories specializUtgin providing large
quantities ofminerll1 data for labeling pwposes and for
compliance checks.

10.6 SUMMARY

The mineral content of water and foodstuffs is impor
tant because of nutritional value, toxicological poten
tial, and proper processing function and texture of
some foods. Traditional methods for mineral analysis
include gravimetric, titrimetric, and colorimetric prcr
cedures. Foods are typically ashed prior to these analy
ses, since the methods generally require that the min
erals be freed from the organic matrix of the foods.
Sample preparation must include steps necessary to
prevent contamination Or loss of volatile elements and
must deal with any potential interferences. The basic
principles of gravimetric, titrimetric, colorimetric, and
ion-selective electrode methods for mineral analyses
are described in this chapter, with procedures given fOI
some minerals of concern in the food industry.

The procedures described in this chapter for min
eral analyses generally require chemicals and equip
ment routinely available in an analytical laboratory
and do not require expensive instrumenta tion. These
methods may be suited to a small laboratory wit.~

skilled analytical personnel and a limited number of
samples to be analyzed. Adequate quantities of sam
ples must be available, and a high degree of sensiriviry
must not be required.

Traditional methods for mineral analysis are being
kit-adapted for rapid analysis. Tests for water hardness
and the Quantab for salt determination are examples
currently being used. The basic principles involved i:1
these methods will continue to be utilized to develop
inexpensive rapid methods for screening mineral con
tent of foods and beverages.

Ion-selective electrodes (ISEs) are available for the
direct measurement of various cations and anions,
such <IS sodium, potassium, and calcium, It .d~o is p()::;

sible to measure dissolved gases such as ammonia and
carbon dioxide. Since the pH meter has :: rnillivol:
scale, ~t may be used for such measurements by SL'TlP:Y
replacing the glass electrode with the desired ISE.

10.7 STUDY QUESTIONS

1. \~;It is the major concern in sample prepar:ltion for sp,-
cure mineral analysis? How can this COncern ~

;jCld ressed?
:. ~;:I~icm can be quanliti'llcd by gravimetric analysis.

ED1·\ complexomctric titration, and redox titration. DiE
il.·:t:nli.'te these techniques with regard to the principles
ITWI.,!n·J.
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On a sheet of graph paper, construct a standard CW"\'e
and determine the equation of the Line.

e. A S.ml sample is diluted to 500 mJ, and 3 ml of this
solution is analyzed as per the standard samples; the
absorbance of 0.50 units at 500 nm. Use the equation
of the line calculated in part (b) and information
about the dilutions to calculate what the concentra-

analyzed for salt (N.:lCI) content by the Volhard titration
method. The weight of the dried sample was 5 g,and the
ashed sample weighed I g. Then 30 ml of 0.1 N Ag:.'iOJ
was added to the ashed sample, the resultant precipitate
was filtered out,.md a small amount of ferric ammonium
sulfate was added to the filtrate. The filtrate W"5 then
titrated with 3 rnJ of 0.1 Nt KSCN to a red endpoint.
.1. '.\!hat was the moisture content of the sample,

expressed as percent H20 (wt/wt)?
b. Wnoltwas the ash content of the sample. expressed as

pe('('ent ash (wt/wt) on a dry-weight basis?
c. What was the salt content of the original sample in

terms of percent (wt/wt) NaCl? (molecular weight
Na =23; molecular weight CI = 355)

4. Compound X in a food sample was quantitated by a col
orimetric assa.y. Use the following information and
Beer's law to calculate the content of Compound X in the
food sample, in tennsof mg Compound X1100 g sample:
a. A -l-g sample was ashed.
b. Ashed sample was dissolved with 1 rnl of acid and the

volume brought to 250 ml,
c. A 0.75-ml aliquot was used in a reaction in which the

total volume of the sample to be read in the spec
trophotometer was SO mi.

d. Absorbance at 595 nm for the sample was 0.543.
e. The absorptivity constant for the reaction (i.e., molar

extinction coefficient) was known to be li3-1 liters
gm-2 cm-l.

f. Inside diameter of cuvette for spectrophotometer was
1 en.

5. Colorimetric analysis
a. You are using a colorimetric method to determine the

concentration of Compound A in your liquid food
sample. This method allows a sample volume of'; mi.
This volume must be held constant but can be com
prised of diluted standard solution and water. For
this standard curve, you need standards that contain
0, 0.25, 0..50, 0.75, and 1.0 mg of Compound A. Your
stock standard solution contains 5 g/liter of Com
pound A.

Devise a dilution scheme{s) for preparing the sam
ples for this standard curve that could be followed bv
a lab technician. Bespecific. In preparing the dilutio~
scheme, use no volumes less than 0.2 mJ.

b. You obtain the following absorbance values for your
standard curve:

J. The Mohr and Volhard titration methods often are used
to determine the NaCl content of foods. Compare and
contrast these two methods, as you explaln the princi
ples involved.

.1. In a back-titration procedure, would overshooting the
endpoint in the titration cause In over- or underestima
tion of the compound being qu.lntitated? Explain your
answer.

5. What is the function of a sample matrix standard? How
is it prepared?

6. Describe analytical conditions tholt may call for the use of
a reagent blank.

7. Explain the principles of using an ion-selective electrode
to measure the concentration oi a particular inorganic
element in food. Explain how an ion-selective electrode
works and why electrode potential can be correlated to
concentration when one is really measuring activity and
not concentration.

8. Your lab technician forgot to add the appropriate ionic
strength adjustor (ISA) solution to samples and stan
dards when preparing solutions for analysis with an ion
selective electrode. Should you tell the technician to pro
ceed with the samples as already prepared, or go back
and prepare samples and standards with !SA solution?
Explain your answer, with reference to the principles of
using an ISE to quantitate ions.

9. To measure accurately the concentration of a particular
element with an ion-selective electrode, ionic strength of
the sample being analyzed is only one of the factors that
must be controlled. List the other things one must do
(i.e., factors to control, consider, or eliminate) for an accu
rate measure of concentration by the 15Emethod.

10. You have decided to purchase an ion-selective electrode
to monitor the sodium content of foods produced by
your plant. List the advantages this would have over the
atomic absorption/emission method or the Mohr/Vel
hard titration method. List the problems and disadvan
tages of ISE that you should anticipate.

11. Vv'hat factors should be considered in selecting a specific
method for mineral analysis for a food product?

10.8 PRACTICE PROBLEMS

1. If a given sample of food yields 0.750 g of silver chloride
in a gravimetric analysis, what weight of chloride is pre
sent?

2. Ala g food sample was dried, then ashed, and analyzed
for salt (NaCl) content by the Mohr titration method
(AgNO) + Cl" - AgCI). The weight of the dried sample
was 2 g. and the ashed sample weight was 0.5 g. The
entire ashed sample was titrated using a standardized
AgNOJ solution. It took 6.5 ml of the AgNOJ solution to
reach the endpoint, as indicated by the red color of
Ag2CO.. when K1CrO, was used as an indicator. The
AgN~ solution was standa:dized. using 300 mg of dried
KCl as described in Fig. 1()'3. The corrected volume of
AgNO) solution usedin the titration was 40.9mI. Calcu
late the salt (NaO) content of the original foodsample in
terms of percent (wt/wt) NaC!.

3. A 25-g food sample was dried, then ashed, and finally

SAMPLE

0.00 mg
0.25 mg
0.50 mg
O.75mg
1.00mg

ASS (500nm)

0.00
0.20
0.40
0.60
0.80
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non is of Compound A in your original sample in
termsof glnter.

Answers

1.

x g 0 35.45 g/mole
IE

0.750 g AgO 143.3 g/mole

x :: 0.1855 g a

2.
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O.25mg ~x xml = Smg
5 ml x 0.2ml 1 mI ml

x=4ml

" Dilution of 1 m1 to 4 m1 would give 0.25 mg in a
O.2-ml sample.
Say that you /lave dllu~ the 3 mg/mJ solution by 1
to 10. How much of this diluted solution do yOU

pipette 10 geta concentration of 0.25 mg/Sm1' (in"the
total sample volume)?

0.25 mg lC 5 ml 10 ml _ 5 mg
5m1 %m1

x
Iml- ml

%"'0.5ml

.• Dilution of 1 ml 10 10 ml would give 0.25 mg in a
O.5-ml sample.
Using diluted stock solution of 0.25 mg/0.5 ml:

0.5mg m1
ml X% =1.0mg

r=2ml
etc. for 0.75, 0.50, 0.25 mg

O'8~0.6
Asoo 0.4 .

0.2
o

o 0.25 0.5 0.75 1

mgAlSml
Equation of the line: y :: o.ex <#- 0

NAgN~'"' 0.3gKCl
ml AgND) K 74.555 g KCl/mole

0.3g
0.0984 N c 40.9ml x 74.535

(0.0984 M AgN03) (0.0065 liter) =0.0006396 mole Ag+
- 0.0006396 mole 0-
- 0.006396 mole NaCl

5S.5gNaCl
(0.0006396 mole NaO) )( 1 - 0.0374 g NaCl

moe

3.

a. 25 g wet sample - 5 g dry sample x 100 =80%
25 g wet sample

b. 1 g ash x 100 = 20"10
5 g dry sample

c. moles Ag added =moles Cl" in sample + moles SCN-
added

moles Ag'" (0.1 mole/liter) x (0.03 liter) =0.003 mole
moles seN- II: (0.1 mole/liler} x (0.003 liter) -0.0003 mole
0.003 mole Ag = moles CI- + 0.0003 mole SCN-
0.0027 mole = moles CI-

mgA/3ml

o
.25
.50
.75

1.0

b.

ml diluted stock solution ml H20

o 5.0
5 4.5

1.0 4.0
1.5 3.5
2.0 3.0

58.5 ~ NaCI
(0.0027 mole en )( I =0.1580 g NaCl

moe
0.1580 g NaCl = 0.00632 g NaCI )(100

25 g wet sample S wet sample

=0.632% NaC! (wt/wt)

4. A = a/!c
0.543 =(1.574 liter g-l arcl) (1 em) c

c =3.4498 x 10-1g/Iiter
c =3.4498 x 10-1mg/ml

3.4498 x 10-' mg
ml x 50 ml =1.725)( 10-2 mg

l.:n-S x 10-2 mg 250 ml _ ~
0.75 ml x 4 g - 1.437 ml;/g

=143.7m b/ 1OG S
5. a. Say that you want to know .....hat dilution to do on 111<'

3 mg/ml stock solution to pipette 0.2 m! for Ih,' low
est point on the standard curve (O.~ mg/5 mP. Wh;\l
dilution must you do?

c.
A500 .. 0.50=Y
0.50 .. a.8x + 0

% .. 0.625
O.625mg 5ml ~_

5m1 )( 3ml)( 5ml -20.83mg/ml

= 20.83 g/liler
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11.1 INTRODUCTION

Carbohydrates are important in foods as a major source
of energy, as imparters of crucial physical properties,
and as modifiers of human physiological processes.
Worldwide, c..rbohydrates account for> 70% of the
caloric value of the human diet. It is recommended that
all individuals should limit the calories from fat (the
other significant source) to not more than 30% and that
most of the carbohydrate calories should come from
starch. Carbohydrates provide to foods many attrib
utes, including bulk, body, viscosity, stability to emul
sions and foams, water-holding capacity, freeze-thaw
stability, browning, flavors, aromas, and a range of
desirable textures (from crispiness to smooth, soft gels).
Carbohydrates also provide satiety. Basiccarbohydrate
structures, chemistry, and terminology can be found in
references (I) and (2).

Primacy occurrences of major carbohydrates in
foods are presented in Table 11-1. Carbohydrates are
almost exclusively of plant origin, with milk lactose
being the major exception. Of the monosaccharides
(sometimes called simple sugars), only o-glucose and
o-fructose are found in other than minor amounts.
These and other monosaccharides are the only carbo
hydrates that can be absorbed from the small intestine.
Higher saccharides (oligo- and polysaccharides) must
first be digested, Le., hydrolyzed to monosaccharides,
before absorption and utilization can occur. Humans
can digest only sucrose, lactose, maltooligosac
charides, and starch. All are digested with enzymes of
the small intestine.

At least 90"10 of the carbohydrate in nature is in the
fonn of polysaccharides. As stated, starch polymers are
the only polysaccharides that humans can digest and
use as a source of calories. Other polysaccharides are
nondigestible. Nondigestible polysaccharides can be
divided into soluble and insoluble classes and, along
with lignin, make up dietary fiber (see Chapter 12).As
soluble and insoluble dietary fiber, they regulate nor
mal bowel function, reduce the hyperglycemic re
sponse, and may lower serum cholesterol. However,
nondigestible polysaccharides most often are added to
processed foods because of the functional properties
they impart, rather than for their physiological effect.
Nondigestible oligosaccharides serve as prebiotics and
are, therefore, increasingly common ingredients in
functional foods and neutraceuticals.

Carbohydrate analysis is important from several
perspectives. Qualitative analysis ensures that ingre
dient labels present accurate compositional informa
tion. Quantitative analysis ensures that added compo
nents are listed in proper order on the ingredient label.
Quantitative analysis also ensures that labeled amounts
of specific components of consumer interest, for exam
ple, ~-glucan, are proper. Both qualitative and quanti-

169

tative analysis can be used to detect adulteration of
products such as fruit juices.

In this chapter. the most commonly used methods
of carbohydrate determination are presented. How
ever, particular methods often must be made specific to
a particular food product because of the nature of the
product and the presence of other constituents. Ap
proved methods are at least referenced, but methods
approval has not kept pace with methods develop
ment; so where better methods are available, they are
presented. Methods that have been in long-time' use,
although not giving as much or as precise information
as newer methods, nevertheless can be useful for qual
ity assurance and product standardization. References
(3) and (4) contain additional information on determi
nation of food carbohydrates.

In general, evolution of analytical methods for car
bohydrates has followed the succession: qualitative
color tests, adaptation of the color test for reducing
sugars based on reduction of Cul<- to Cu" (Fehling test)
to quantitation of reducing sugars, qualitative paper
chromatography, quantitative paper chromatography,
gas chromatography of derivatized sugars, qualitative
and quantitative thin-layer chromatography, enzy
matic methods, high performance liquid chromatogra
phy. Methods employing nuclear magnetic resonance
(Chapter 30), mass spectrometry (Chapter 29), capil
lacy electrophoresis, near-infrared (NIR) spectrometry
(section 11.6.2), antibodies (immunoassays, Chapter
21), and fluorescence spectrometry (Chapter 26) have
been published, but are not yet in general use for car
bohydrate analysis. Methods continue to evolve and be
developed.

It should be noted that, according to nutrition
labeling regulations of the United States Food and
Drug Administration, the "total carbohydrate" con
tent of a food (Table 11-2) must be calculated by sub
traction of the sums of the weights of crude protein,
total fat, moisture, and ash from the total weight of the
food (5), i.e., carbohydrate is determined by difference.
The content of "other carbohydrate" (formerly called
"complex carbohydrate") is obtained by calculating
the difference between the amount of "total carbohy
drate" and the sum of the amounts of dietary fiber, sug
ars, and sugar alcohol (Table 11-1), where sugars are
defined as glucose, fructose, sucrose, and lactose and
the sugar alcohol is sorbitol (5).

11.2 SAMPLE PREPARATION

Sample preparation is related to the specific raw mate
rial, ingredient, or food product being analyzed and the
specific carbohydrate being determined, because car
bohydrates have such a wide range of solubilities.
However, some generalities can be presented (Fig.
11-1).
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.: SomeOC~mmc...of Major Carbohydrates In FoQds

Monoaaccharlde$1
o-Glucose (Dextrose)

e-Fructose

Sugar alcohol1
Sorbitol (~Glucilol)

DlsBccharldes1

Sucrose

Lactose

Maltose

Higher oUgosaccherldes 1

MaJtooUgosaccharides

Raffinose

Stachyose

Polysaccharides
Starch 2

Food gumslhydrocolloids3

Algins
Carboxymethyfcelluloses
Carrageenans
Guar gum
Gum mabie
HydroxypropylmethylcelJuloses
Locust bean gum
Mc:hylcelk.:I::$cS
Pectins
Xanthan

Cell~wan poly~accharldes3
Pectin (native)
Cellulose
Hermcenuloses
f)-Gluean

Souttt§..

Naturally OCclJrringin honey. fruits. and fruit
juices. Added as a component of corn (glu
cose) syrups and higt\..fruclOgecorn syrup.
Pfoduced during processing by hydrolysis
(inversion) of sucrase.

Naturally occurring in honey, fruits. and fruit
juices. Added as a component of high-fruc
tose corn syrup. Produced during processing
by hydrolysis (inversion) of sucrose.

Added to food products. primarily as a humec
tant.

Widely distributed in fruit and vegetable tissues
and juices in varying amounts. Added sugar
(crystalline and liqUid)

In milk and products derived from milk

In malt. tn varying amounts in various corn (glu
cose) syrups and maltodextrins

In varying amounts in various corn (glucose)
syrups and maltodextrins

Smal: amounts in beans

Sma:: amounts in beans

Wides.,read in cereal grains and tubers. Added
to processed foods.

Added as ingredients

Naturally occurring

Constituenl($)

~Glucose

o-Fructose

~Galactose

~Glucose

~Glucose

o-GJucose

o-Glucose
o-Fructcse
o·Galactose

o-Glucose
o-Fructose
o-Galactose

o-Glucose

'For analysis, see secton 11.3
2For analy~is. see section 11.4.1,1.
~or analysis, see section 11.'1.2.
·For compositions, characleristics, and apilhca:ions. see reference (2) (T<lb~ 11.2).
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In part from USDA Nutrient Database forStandard Reference
Release 11·1 (AugUSI1997)
http://www.nal.usda.gov/frlc/cgi-bin/nuLsearch.pl

~ Total Carbohydrate Contents of
~ Selected Foods

Residue

1. Grind
2. 95:5 CHCI3·MeOH

I
Residue

General scheme for sample preparation and
extraction of mono- and disaccharides, .

Jon exchange

Mono- and
disaccharides

I
Dehydrated

material

~II
Lipids and
lipio·scluc:e components

I
Water

50% ethanol (AOAC method 982.14), rather than the
method described below.

Raw ma:erial.
Ir~rec;et1t. or
Fnisl'!ec product

f Cry
I

11.3 MONO· AND OLiGOSACCHARIDES

11.3.1 Extraction

Foodstuffs and food products are complex, heteroge
neous, biological materials. Thus, it is quite likely that
they may contain substances that interfere with mea
surement of the mono- and oligosaccharides present,
espedally if a spectrophotometric method is used.
Interference may arise either from compounds that
absorb light of the same wavelength used for carbohy
drate analysis or from insoluble, colloidal material that
scatters light (Light scattering is measured as ab
sorbance.) Also, the aldehyde or ketone group of the
sugar can react with other components, especially
amino groups of proteins, a reaction (the nonenzymatic
browning or Maillard reaction) that both produces
color and destroys the sugar that needs to be measured.
Even if chromatographic methods, such as HPLC (sec
tion 11.3.4.1), are used for analysis, substances that
might min the column or other components of the sys
tem must be removed first. Thus, for determination of
any mono- (glucose, fructose), di- (sucrose, lactose,
maltose), tri- (raffinose), tetra- (stachyose), or other
oligo- (maltodextrins) saccharides present, the dried,
lipid-free sample is extracted with hot 80% ethanol
(final concentration, in the presence of precipitated cal
cium carbonate to neutralize any acidity) (AOAC
Method 922.02, 925.05). Higher oligosaccharides from
added malta- or fructooligosaccharides also may be
extracted. Carbohydrates are soluble in polar solvents.

17-19
4

20
16-17

15
12

10--11
10
5.2
4.2

o

22-27
4.7-6.9

4.7

7.4
1.3

86
79-82
71-75

75
50

75-82
59

10--34
3.3-22
11-12
7.1-11

Appropriate Percent
Carbohydrate

(wet weight basis)Food

Cereals, bread, and pasta
Corn flakes
Granola bars. low fat
Granola bars
Macaroni. dry, enriched
8read. while

Dairy products
Ice cream
Yogurt, plain
Milk, whole

Fruits and vegetables
Applesauce. canned, sweetened
Grapes
Apples, raw, with skin
Potatoes. raw, with skin
Orange juice
Carrots, raw
Broccoli, raw
Tomato, tomato juice

Meat, poultry, and fish
Fish fillets, battered or breaded
Bologna and other luncheon meats
Chicken. broilers or fryers, breast

meat
Other

Honey
Milk chocolate
Salad dressing, pourable, fat-tree
Salad dressing. pourable
Soft drinks, caloric
Iced tea, sweetened, bottled
Creamof mushroom soup, from

condensed and canned
Ught beer

For most foods, the first step is drying, which also
can be used to determine moisture content. For other
than beverages, drying is done by placing a weighed
amount of material in a vacuum oven and drying to
constant weight at ssoC and 1 mm Hg pressure. Then,
the material is ground to a fine powder, and lipids are
extracted using 95:5 vel/vol chloroform-methanol in a
Soxhlet extractor (see Chapter 13). Prior extraction of
lipids makes extraction of carbohydrates easier and
more complete.

However, other~ample preparation schemes may
be required. For example, the AOAC International
method (6) for presweetened, ready-to-eat breakfast
cereals calls for removal of fats by extraction with
petroleum ether (hexane) and extraction of sugars with
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However, muchof the compositionofa food (other than
water) is in the form of polymer'S, and almost all poly.
saccharides and proteins are insoluble in hot 80%
ethanol. Thus, this extraction is rather specific. nus
extraction is done by a batch process. Refluxing for 1 hr,
cooling, and filtering is standard. (A Soxhlet apparatus
'with the sample in a thimble in the middle section of the
extraction unit cannotbe used becauseaqueous ethanol
undergoes azeotropic distillation as 95% ethanol.) Ex
traction should be done at least twice to check for and
ensure completeness of extraction. If the foodstuff or
food product is particularly acidic, for example, a low
pH fruit, neutralization before extraction may be neces
saryto prevent hydrolysis of sucrose, which is particu
larly acid labile; thus, precipitated calcium carbonate is
added routinely.

The 80% ethanol extract will contain components
other than carbohydrates, in particular ash, pigments,
organic acids, and perhaps free amino acids and low
molecular-weight peptides. Because the mono- and
oligosaccharides are neutral and the contaminants are
charged, the contaminants can be removed by ion
exchange techniques (see Chapter 31). Because reduc
ing sugars can be absorbed on and isomerized by
strong anion-exchange resins in the hydroxide form, a
weak anion-exchange resin in the carbonate (Cry-)) or
hydrogencarbonate (HCer3) form should be used.
[Reducing sugars are those mono- and oligosaccha
rides that contain a free carbonyl (aldehyde or ketone)
group and, therefore, can act as reducing agents; see
section 11.3.3.] Because sucrose and sucrose-related
oligosaccharides are very susceptible to acid-catalyzed
hydrolysis, the anion-exchange resin should be used
before the cation-exchange resin. However, because
the anion-exchange resin is in a carbonate or hvdro
gencarbonate form, the cation-exchange resin (in H+
form) cannot be used in a column because of CO2 gen
eration. Mixed-bed columns are not recommenced for
the same reason. AOAC Method 931.02C reads basi
cally as. follows for clean-up of ethanol extracts: Place a
SO-ml aliquot of the ethanol extract in a 25~ml Erlen
meyer flask. Add 2 g of cation-exchange resin (acid
form) and 3 g of anion-exchange resin (hydroxide
fonn) (/I.OAC Method 931.02C). Let stand 2 hr with
occasional swirling.

The classic method for determining sucrose con
centration by polarimetry (section 11.6.5) requires a
clear solution, and thus application of a clarifying
agent. In place of an ion-exchange treatment, addition
of basic lead acetate or an alternative rea rent, followed
by filtra tion or centrifuge lion, is recommended (AOAC
Methods 44.1.07B. 44.2.10,44.6.01).

The aqueous alcohol of the eth..mol extract is
removed under reduced pressure using a rotary evapo
rator and a temperature of 45-S0cc. The residue is dis
solved in a known, measured amount of water, Filtra-
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lion should' not be req¢red, but should be used ifnec
essary. 30ure methods employ a final p~gethrough
a hydrophobic coiwnn (Sep--Pak CIa cartridge, Waters
Assedates, Milford, MA) as a final clean-up step to
remove. any residual lipids, proteins, or pigments, but
this should not be necessary if the lipids and lipid
soluble components were properly removed prior to
extraction. (Extracts may contain minor carbohydrates,
such as cyc1itols and naturally occurring or added
alditols. These are not considered in sections 11.3.2 or
11.3.4.)

11.3.2 Total Carbohydrate: Phenol-Sulfuric
Acid Method

11.3.2.1 Principle and Character/stlcs

Carbohydrates are destroyed by heat and acid. They
are particularly sensitive to strong acids and high tem
peratures. Under these conditions, a series of complex
reactions take place, beginning with a simple dehydra
tion reaction as shown in Equation [1]:

H H H
I 1 I-f-f- -...,-\-- -c=i- ~-CH2-i- rn
OH OH H:!0 OH 0

Continued heating in the presence of acid pro
duces various furan derivatives (Fig. 11-2). These prod.
ucts then condense with themselves and other prod
ucts to produce brown and black substances. They will
also condense with various phenolic compounds, such
as phenol, resorcinol, orcinol, a-naphthol, and n~p

thoresorcinol, and with various nitrogen-containing:
compounds, particularly nitrogen heterocycles, to FO
duce colored compounds that are useful for carbohy
drate analysis (3).

The most widely used condensation is with phenol
itself (4, 7-9, AOAC Method 44.1.30). This method is
simple, rapid, sensitive, accurate, specific for carbohv
dratcs, and widely applied. Virtually all classes , :
sugars, including sugar derivatives and oligo- an.
polysaccharides, can be determined. (Oligo- and r('ll~.•

saccharides react because they undergo hydrolysis in
the presence of the hot, strong acid, releasing monc....
saccharides.) The reagents are inexpensive, readily
available, and stable. A stable color is produced, and
results are reproducible. Under proper conditions, the
phenol-sulfuric method is accurate to ~2%.

With this method and with methods for measuring
reducing sugar content (section 11.3.3), the response is
never stoichiometric and is, in part, a function of the
structure of the sugar. Therefore, a standard curve
must be used. Ideally, the standard curve will be pre
pcrcd using mixtures of the sugars present in the same
r.ino il! tncy are found in the unknown. If this is not
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FUraldehyde
(Furfural)

Hydroxyrnethylfuraldehyde
(HMF)
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Furan products that could arise from, in order, pentoses and hexuronic acids, hexoses, 6-deoxyhexoses. and keto
hexoses [see reference (1)].

possible, for example, ifa pure preparation of the sugar
being measured is not available, or if more than one
sugar is present either as free sugars in unknown pro
portions or as constituent units of oligo- or polysaccha
rides or mixtures of them, o-glucose is used to prepare
the standard curve. In these cases, accuracy is deter
mined by conformity of the standard curve made with
o-glucose to the curve that would be produced from
the exact mixture of pure carbohydrates being deter
mined. In any analysis, the concentrations used to con
struct the standard curve must span the sample con
centrations and beyond, i.e., all sample concentrations
must fall within the limits of the standard concentra
tions, and both must be within the limits reported for
sensitivity of the method. If any concentrations are
greater than the upper limit of the sensitivity range,
dilutions can, and should, be used.

11.3.2.2 Outline of Procedure

1. A clear, aqueous solution of carbohydrate(s) is
pipetted into a small tube. A blank of water also
is prepared.

2. An aqueous solution of phenol is added, and the
contents are mixed.

3. Concentrated sulfuric acid is added rapidly to
the tube so that the stream produces good mix
ing. The tube then is agitated. (Adding the sul
furic acid to the water produces considerable
heat.) A yellow-orange color results.

4. Absorbance is measured at 490 nrn.
5. The average absorbance of the blanks is sub

tracted, and the amount of sugar is determined
by reference to a standard curve (section
11.3.2.1).

11.3.3Total Reducing Sugar

11.3.3.1 Somogyi-Nelson Method

11.3.3. 1.1 Principle The most often used method to
determine amounts of redUcing sugars is the Somo
gyi-Nelson method (4, 9-12). This and other reducing
sugar methods (section 11.3.3.2) can be used in combi-

nation with enzymatic methods (section 11.3.4.3) for
oligo- and polysaccharide determination. In these
cases, specific hydrolases are used to convert the oligo
or polysaccharide into its.constituent monosaccharide
or repeating oligosaccharide units which are measured
using a reducing sugar method.

o 0

" nR-C-H + 2 Cu(OHh - R-C-O-Na+ {2l
+ NaOH + CUzO + 3 H20

The Somogyi-Nelson method is based on reduc
tion of Cu 2

+ ions to Cu" ions by reducing sugars. The
Cut ions then reduce an arsenomolybdate complex,
which is prepared by reacting ammonium molybdate
[(NHJ~~24] and sodium arsenate (Na2HAs07) in
sulfuric acid. Reduction of the arsenomolybdate com
plex produces an intense, stable, blue color that is mea
sured spectrophotometrically; This reaction is not stoi
chiometric and must be used with a standard curve of
the sugar(s) being determined or with o-glueose.

11.3.3.1.2 Outline of Procedure
1. A solution of copper(II) sulfate and an alkaline

buffer are added by pipets to a solution of
reducing sugars(s) and a water blank.

2. The resulting solution is heated in a boiling
water bath.

3. A reagent prepared by mixing solutions of
acidic ammonium molybdate and sodium arse
nate is added.

4. After mixing, dilution, and remixing, absor
bance is measured at 520 run.

S. After subtraction of the absorbance of the
reagent blank, the A2S0 is converted into glucose
equivalents using a standard plot of micro
grams of glucose versus absorbance (section
11.3.2.1).

11.3.3.2 Other Methods

The dinitrosalicylic add method (13) also may be used
to measure reducing sugars naturally occurring in
foods or released by enzymes. In this reaction, 3,5-dini-



174 Part II • Chemk;aI.compo$IIJon and Characteristics of Foods

trosalicylate is reduced to the reddish monoamine
derivative:

Other methods are, like the Somogyi-Nelson
method, based on reduction of copper(lI} ions in alka
line solution to copper(I) ions that precipitate as the
brick-red oxide CU20. Tartrate or citrate ions are added
to keep the copper(D) ions in solution under the alka
line conditions.

The Munson-Walker method (AOAC Method
906.03) has various forms. The precipitate of cuprous
oxide can be determined gravimetrically (AOAC
Method 31.039, 14th ed.), bv titration with sodium
thiosulfate (AOAC Method 31.040, 14th ed.), by titra
tion with potassium permanganate (AOAC Method
31.042, l"th ed.), by titration in the presence of methyl
ene blue (the Lane-Eynon method; AOAC Method
923.09,920.183b), and electrolytically (AOAC Method
31.D-H, 14th ed.) (4). These methods also must be used
with standard curves because each reducing sugar
reacts differently. Because assay conditions affect the
outcome, they generally also must be done by trained,
experienced analysts so that they always are done
exactly the same way. These methods are still used
where specified. Although a ketone group cannot be
oxidized to a carboxylic acid group, and thus ketoses
are not reducing sugars, under the alkaline conditions
employed, ketoses are isomerized to aldoses (1), and
thus are measured as reducing sugars. However, the
response is less with ketoses, so a different standard
curve should be used if o-fructose is present.

HC=O

H{OH + ococrn;:
3HOCH

I
HCOR 02N N02

I Sodium 3, S-
HCOH DinilrOsalicylate

I
CH20H

D-Glucose

COO·

H{OH + oCOO-N~:
3 HOCH

I
HCOH 02N· NH2

I Sodium 3-Amino-5-
HCOH nitrosalicylate

I
CH20H

D·G1uconate [3]

Methods that both identify individual carbohy
drates present and determine their amounts are .pre
Ierred over general reducing sugar methods and are
described next

11.3.4 Specific Analysis of Mono
and Oligosaccl1arides

11.3.4.1 High Performance
liquid Chromatography

High performance liquid chromatography <HPLC)
(Chapter 32) is the method of choice for analysis of
mono- and oligosaccharides and can be used for analy
sis of polysaccharides after hydrolysis (section 11.4.2).
HPLC gives both qualitative analysis (identification of
the carbohydrate) and, with peak integration, quanti
tative analysis. HPLC analysis is rapid, can tolerate a
wide range of sample concentrations, and provides a
high degree of precision and accuracy. HPLC requires
no prior derivatization of carbohydrates, as does gas
chromatography (section 11.3.4.2), but does require
micron-filter filtration prior to injection. Complex mix
tures of mono- and oligosaccharides can be analyzed.
The basic principles and important parameters of
HPLC (the stationary phase, the mobile phase, and the
detector) are presented and discussed in Chapter 32.
Some details related to carbohydrate analysis are
discussed here. Specific details of methods of anal
yses of specific food ingredients or products should
be obtained from the literature. Use of HPLC to deter
mine soluble food carbohydrates has been tabulated
(l4).

11.3.4. 1.1 Stationary Phases
1. Anion-Exchange Chromatography. Carbohy

drates are weak acids and have pK. values in the range
12-14. In a high pH solution, some of the hydroxyl
groups of carbohydrates are ionized, allowing sugJrs
to be separated by anion-exchange resins, Specia: col
umn packings have been developed for this purpo:ce.
The general elution sequence is sugar alcohol
(alditols), monosaccharides, disaccharides, and oligo
saccharides.

Anion-exchange chromatography is used most
often in conjunction with electrochemical detection
(see Chapter 32 and section 11.3.4.1.2) Anion-exchange'
chromatography has been used to examine the corn
plex oligosaccharide patterns of honey (1S), br(:w:nf;
syrups (16). beet sugar hydrolysates (17), and orangp
juice (17). The method has the advantage of being
applir::blc' Ic.' baseline separation within each class of
carbohydrdes and of providing separation of homolo
bOus series of uligosacch::lrid('s into their components
(18) (fiS" 11-3). "

2. Normal·rho1se Chromatography. In normal-
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High performance liquid chromatogram of the mono- and oligosaccharides of honey employing anion-exchange
chromatography and pulsed amperometric detection. [From (15), used with permlssion.] Peak 1, neotrehalose; 2,
glucose; 3, fructose; 4, melibiose; 5, isomaltose, maltulose; 6, sucrose; 7, kojibiose: 8, turanose, gentiobiose; 9, plari
nose; 10, melezitose; 11, isomaltotriose; 12, nigerose; 13, maltose, 1-kestose; 14, theanderose; 15, laminaribiose; 16,
isopanose; 17, erlose: 18, panose: 19, maltotriose; 20, laminaritriose.

phase chromatography, the stationary phase is polar
and elution is accomplished by employing a mobile
phase of increasing polarity. It is a widely used HPLC
method for-carbohydrate analysis. Silica gel that has
been derivatized with one or more of several reagents
to incorporate amino groups is used. These so-called
amine-bonded stationary phases, that are generally
used with acetonitrile-water (50-85% acetonitrile) as
the eluent, ar.e effective in carbohydrate separations.
The elution order is monosaccharides and sugar alco
hols, disaccharides, and oligosaccharides. Amine
bonded silica gel columns have been used successfully
to analyze the carbohydrate content of foods such as
honey, beverages, brea kfast cereals, ice cream, cakes,
snacks, infant foods, fruits, vegetables, and meat prod
ucts (19).

A severe disadvantage of amine-bonded silica gel
is the tendency for reducing sugars to react with the
amino groups of the stationary phase, which results in
a deterioration of column performance over time. This
situation can be partially alleviated through the use of
amine-modified silica gel columns. To prepare amine
modified. silica gel columns, small amounts of modi
fiers, which are soluble amine compounds, are added
to the mobile phase to modify the packing in situ. The
modifier must have at least two amino groups, for one
is needed to adsorb to the silica gel and the other must
be free for the carbohydrate. Because the modifier is in
the eluent, the colw:nn is continuoUsly regenerated.

3. Cation-Exchange Chromatography. Micropar
ticulate spheres of sulfonated resin are used for cation
exchange stationary phases, The resin is loaded with

one of a variety of metal counter ions, dep:ending on
the type of separation desired. Usually Ca2+, Pb 2+, or
Ag" is used as the counter ion. The mobile phase used
with these columns is water plus varying amounts
(typically < 40%) of an organic solvent such as acetoni
trile and!or methanol. These columns normally are
operated at elevated temperatures (>800 q to increase
column efficiency by increasing the mass transfer rate
between the stationary and mobile phases, resulting in
peak narrowing and improved resolution (20).

Carbohydrate elution from cation-exchange resins
takes place in order of decreasing molecular weight.
Oligosaccharides with a degree of polymerization COP)
greater than 3 elute first, followed by trisaccharides,
disaccharides, monosaccharides, and alditols. There is
some resolution of disaccharides, but the real strength
of this stationary phase is in the separation of individ
ual monosaccharides.

4. Reversed-Phase Chromatography. In reversed
phase chromatography, the stationary phase is
hydrophobic, and the mobile phase is largely water
(Fig. 11-4). The hydrophobic stationary phase is made
by reacting silica gel with a reagent that adds alkyl
chains..suchasan 18"'Carbonatom alkyl chain (a C18col
umn) or a phenyl group (a phenyl column). Reversed
phase chromatography has been used for separation of
mono-, di-, and trisaccharides by groups (21), for exam
ple, for determination of sucrose, raffinose, and
stachyose in-soybeans and soy products (22) and for
det~ti~n. ~f invert sugar, sucrose, maltose, and
maltotri~ein J~.l1ces,syrups, and brewery worts (20,23).

A major disadvantage of this stationary phase is
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High performance, reversed-phase liquid chromatogram of maltodextrins (OP 1-9). [From (24), used with permis
sion.]

the short retention times of monosaccharides, which
result in elution as a single unresolved peak. The addi
tion of salts (such as sodium chloride) can increase
retention on the stationary phase and the utility of this
method for monosaccharide analysis (25). Reverse
phase chromatography is complicated by peak dou
bling and/or peak broadening due to the presence of
anomers. This problem can be alleviated by the addi
tion of an amine ~o the mobile phase to accelerate
anomerization (mutarotation), but separation may be
negatively affected by shorter retention times.

A wide variety of stationary phases is available,
including phases not included in one of the four groups
given above, and new improved phases continue to be
developed. Both normal- and reversed-phase columns
have long lives, have good stability over a wide range
of so!ventcomposition and pH (from pH 2 to pH 10), are
suitable for the separation of a range of carbohydrates,
and are of relatively low cost. All silica-based stationary
phases share the disadvantage that silica dissolves to a
small extent in water-rich cluents,

1j .3.4. 1.2 Detectors
1. Refractive Index Detection. The refractive

.index (Rn detector is commonly employed for carbo
hydrate analysis. RI measurements are linear over a
wide range of carbohydrate concentrations and can be
universally applied to all carbohydrates, but the RI
detector has its drawbacks. RI is a bulk physico1rro;1
erty that is sensitive to changes in flow, pressure, and
temperature, but with modem HPLC equipment and
a temperature-controlled detector, problems ari~l!1~

from these changes can be minimized. The mo~! ~;t.:iif·

kant limiting factor with RI detection is that gradient
elution cannot be used. The other is that, since an RI
detector measures mass, it is not sensitive to low con
centrations.

2. Electrochemical Detection. The triple-ptili-,;-d
electrochemical detector, called a pulsed amperomet
ric detector (PAD), which relies on oxidation of carbo
hydrate hydroxyl and aldehydo groups, is universally
used with anion-exchange chromatography (Fig. 11-3)
(15).It requires a high pH and, thus, post-column addi
tion of sodium hydroxide solution, which requires an
additional pump. It can be used with gradient elutions.
The solvents employed are simple and inexpensive
(water or sodium hydroxide-sodium acetate solution).
Limits are approximately 1.5 ng for rnonsaccharides
and 5 ng for di-, trio,and tetrasaccharides. The detector
is suitable for both reducing and nonredvcing arbe.
hydrates; detection limits are slightly lowe; for r<:OU':

ing sugars.
3. Post-Column Derivatization (-i). I'cst-cclu».n

derivatization involves addition of reagents that wli;
provide colored compounds whose concentration ca:.
be measured using absorbance (visible) or fluorcscncc
detection. Post-column reaction is straightforward:
requires only one Or two additional PUfl1P$. a mixing
coil. and a thermostaned bath; and provides greater
sensitivity than does an RI detector.

11.3.4.2 Gas Chromatography

For gas chrom..togr..phv <GC) (gas-liquid chromatog
r:lphy, GLC), sugars m~;~t be converted into volatile
derivatives, TL\! mr-st cOr':',:nonly used derivatives art'
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the alditol peracetates (and aldonic acid peracetates
from uronic acids) (26,27). These derivatives are pre
pared as illustrated in Fig. 11-5 for o-galactose and
o-galacturonic acid. Conversion of sugars into per
acetylated aldononitrile (aldoses) .and peracetylated
ketooxime (ketoses) derivatives for GC is also done
(28), although this procedure is not used nearly as
much as the preparation of peracetylated aldoses and
aldonic acids. However, GC analysis of sugars has
been, for the most part, replaced by HPLC. Like HPLC,
GC provides both qualitative and quantitative analysis
of carbohydrates. A flame ionization detector is the
detector of choice for carbohydrates.

The most serious problem with GC for carbohy
drate analysis is that two preparation steps are in
volved: reduction of aldehyde groups to primary alco
hol groups, and conversion of the reduced sugar into a
volatile peracetate ester or pertrimethylsilyI ether
derivative. Of course, for the analysis to be successful,
each of these steps must be 100% complete. The basic
principles and important parameters of GC (the sta
tionary phase, temperature programming, and detec
tion) are presented and discussed in Chapter 33.

11.3.4.2.1 Neutral Sugars: Outline of Procedure (4,29)
1. Reduction to Alditols. Neutral sugars from the

80% ethanol extract (section 11.3.1) or from hydrolysis

of a polysaccharide (section 11.4.2.2) are reduced with
an excess of sodium borohydride dissolved in a solu
tion of ammonium hydroxide. After reaction at room
temperature. glacial acetic acid is added dropwise until
no more hydrogen is evolved. nus treatment destroys
excess sodium borohydride. The acidified solution is
evaporated to dryness. Borate ions are removed as
methyl borate by successive additions and evaporation
of methanol.

A potential problem is that, if fructose is present,
either as a naturally occurring sugar, from the hydrol
ysis of inulin, or as an additive (from high fructose Com
syrup [H:FCS) or invert sugar, for example), it will be
reduced to a mixture of o-glucitol (sorbitol) and D

mannitol (Fig. 11--6).
2. Acetylation of Alditols. Acetic anhydride is

added. The flask is stoppered and heated at 121"C, then
cooled. Water is added to decompose excess acetic
anhydride, and the contents are evaporated to dryness.

3. GC of Alditol Peracetates (30). The residue is
dissolved in reagent-grade chloroform. AJditol acetates
may be chromatographed isothermally and identified
by their retention times relative to that of inositol hexa
cetate added as an internal standard (see section
11.4.2.1). It is wise to nul standards of the additol per
acetates of the sugars being determined with inositol
peracetate as an internal standard.

HC=O CH20H CH20Ac
I I . I

HCOH HCOH HCOAc
I I 1 0

HOCH HOCH AcOCH 11
I NaB14 1 AC2D I Ac=-C-CH3HOCH ~ HOCH ... AcOCH
I I I

HCOR HCOR HCOAc
I I I
CH20H CH20H CH20Ac

D-Galactosc D-Galactitol D-GaJactitol
pentaacetate

L-Galactonic
Acid

CChH
I .

TMSOCH
I

NH iM
HCOTMS

M~Si- -S e3 I .
~ HCOTMS

I
TMSOCH

I
CH20TMS

L-Galactonic Acid
Tc~(trimethylsilyi) Ether

C~H

I
HOCH

I
HCOH

I
HeOR

I
HOCH

I
CH20H

=

HC=O CH20H
I I

HCOR HeOH
I I

HO<fH NaBf4 HOTH

HOCH ... HOCH
I I

HCOH HeOH
I I
C02H C02H

D-Galacturonic
Acid

Modification of l>galactose and o-gaiacturonic acid in preParation for gas chromatography.
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~OH

C=OrHOCH NaBH.!.

I
HrOH

HICH
CH20H

D-Fructose

~OH

HeOH
I

BOCH
I

HCOH
I

HCOH
I
CH20H

D-Glucitol

+

~OH

HOCH
I

HOCH
I

HCOH
I

HCOH
I
CH20H

D-Mannitol

Reduction of D-fructose to a mixture of alditols,

11.3.4.2.2 Hydrolyzstes of Polysaccharides Contain
ing Uronic Acids: Outline of Procedure(31) A method
different from that used for neutral sugars (section
1l.3.4.2.1) is required when monic acids are present.

1. Reduction. As with hydrolyzates containing
only neutral sugars, the hydrolyzate is evaporated to
dryness. The residue is dissolved in sodium carbonate
solution and treated with an excess of sodium. borohy
dride. Excess borohydrlde is decomposed by addition
of glacial acetic acid, and borate is removed by addi
tion and evaporation of methanol (section 11.3.4.2.1).
This procedure reduces monic acids to aldonic acids
and aldoses to alditols (Fig. 11-5).

2. Preparation and Chromatography of Tri
methylsilyl (TMS) Derivatives. The aldonic acids are
converted into per-TMS ethers rather than peracet.ate
esters (Fig. 11-5). Several procedures and packaged
reagents have been developed for this etherification.
The reaction mixture is injected directly into the chro
matograph. Temperature programming is required.
Components arc identified by their retention times rel
ative to that of docosane.

11.3.4.3 Enzymatic Methods

11.3.4.3.1 Overview The method of choice for the
determination of starch employs a combination of
enzymes in sequential enzyme-catalyzed reactions
and is specific for starch, providing purified enzyme
preparations are used (see section 11.4.1.1).

Other enzymatic methods for the determination of
carbohydrates have been developed [Table 11-3) (see
also Chapter 22). They are often, but not always, spe
cific for the substance being measured. Kits for severcl
enzymatic methods have been developed and mar
keted by biochemical supply companies. The kits CO:1

tain enzymes, other required reagents, buffer salts, and
detailed instructions that should be followed because
enzyme concentration, substrate concentration. con
centration of other required reagents, pH, and temper-

ature all affect reaction rates and results. A good.
method will point out any interferences and other lim
itations.

Methods involving enzyme- or coupled enzyme
catalyzed reactions generally have low detection lim
its. They also are usually quite specific, although not
always 100% specific. However, it is not often that
determination of a single component is desired, the
notable exception being the determination of starch
(section 11.4.1.1). Other exceptions are the identifica
tion and quantitative determination of ~-glucan and
inulin (see section 11.4.2.2). What is most often sought
is determination of total carbohydrate, or a class of car
bohydrate, or most often, all carbohydrates individu
ally. Thus, chromatographic methods (sections 11.3.4.1
and 11.3.4.2) that give values for each of the sugars pre
sent are preferred.

11.3.4.3.2 Sample Preparation It sometimes is rec
ommended that the Canez treatment (4), which breaks
emulsions, precipitates proteins, and absorbs some
colors, be applied to food products prior to deterrn
ination of carbohydrates by enzymatic methods. The
Carrez treatment involves addition of a solut.on of
potassium hexacyanoferrate (K4[Fe(CN)6L potassium
ferrocyanide), followed by addition of a solution of
zinc sulfate (ZnS04) , followed by addition uf a solution
of sodium hydroxide. The suspension is filtered, and
the Clear filtrate is used directly in enzyrne-cata.yzed
assays.

11.4 POLYSACCHARIDES

11.4.1 Starch

Starch is second only to water as the most abundant
component of food. A var.erv of commercial starches
are available worldwide as food additives. These
include com [maize], waxy maize, high-amylose corn,
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Selected Enzymatic Methods of Carbohydrate Analysis

Carbohydrate

Monosaccharides
Pentoses

L-Arabinose
a-Xylose

Hexoses
o-Fructose
a-Galactose
o-Galacturonic acid
o-Glucose

Using glucose oxidase
Using glucose dehydrogenase
Using glucokinase (hexokinase)

o-Mannose

Monosaccharide Derivatives
o-Gluconate/D-glucono-o-1actone
o-Glucitol/sorbitol
o-Mannitol
Xylitol

Ollgosaccharldes
Lactose
Maltose
Sucrose
Raffinose. stachyose, verbascose

Polsaccharides
Amylose. amylopectin (contents and ratio)
Cellulose
Galactomannans (guar and locust bean gums)
~-Glucan (mixed-linkage)
Glycogen
Hemicellulose
Inulin
Pectin/poly(o-qalacturonic acid)
Starch

Reference

32.33
32.33

32,33
32,33

32

33, section 11.4.1.1
32,33
32,33
32.33

32.33
32,33
32,33
32,33

32,33
32,33
32,33
32,33

32,33
32
32

32,33
32,33
32.33
32.33

section 11.4.1.1,
32.33

Kit Form'

x
X

x

x

x
x

x

x
x
x
x

x

x

x

x

,Available in kit form from companies such as Boehringer Mannheim. Megazyme, and Sigma Chemical Co.

potato, wheat, rice, barley, tapioca (cassava), arrow
root, and sago starches. In addition, starch is the main
component of flours such as wheat, rye, barley, oat,
rice, com, and pea flours. Starch is also found in all
parts of plants (leaves, stems. roots, tubers, seeds).

11.4.1.1 Total Starch

11.4. 1. 1.1 Principle The only reliable method for
determination of total starch is based on total conver- .
sion of the starch into p-glucose by purified eIl%ymes
specific for starch, and determination of the o-glucose
released by an enzyme specific for it (Fig.11-7)(see also
Chapter 22).

11.4.1.1.2 Potential Problems The starch-hydrolyz
ing enzymes (amylases) must be purified to eliminate
any other enzymatic activity that would release o-glu-

cose (cellulases, for example) and catalase, which
would reduce the stability of the dye complex. The for
mer contamination would give false high values and
the latter, false low values. Even with purified en
zymes, problems Can be encountered with this method.
It may not be quantitative for high-amylose starch or
other starch at least partially resistant to enzyme-cat
alyzed hydrolysis. Resistant starch, by definition, is
com.posed of starch and starch-degradation products
that escape digestion in the small intestine (34). There
are three stan:h sources that are resistant to digestion or
so slowly digested. that they pass through the small
intestine: (a) starch that is physically inaccessible to
amylasesbeca~ it is trapped within a food matrix; (b)
starch that tesl5tsl!IUyme-catalyzed hydrolysis be
cause of the nature of the starch granule (raw potato
and ban.anastarches are examples); and (c) retrograded
starch, i.e., starch polymers that have recrystallized
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Flow sheets for determination of total starch
(section 11.4.1.1) and determination of the de
gree of starch gelatinization (section 11.4.1.2).

after gelatinization of" the granules (for example,
cooled cooked potatoes may contain resistant starch)
(section 11.4.1.3).

11.4.1.1~3 Outline ofProt:edura
1. Finely milled: sample in a test tube is wet with

80% vol/vol ethanol. ·OMSO is added to the
ethanol-wetted sample, and the contents of the
tube are mixed vigorously. Then, the tube is
heated in a boiling water bath.

2. Thermostable e-amylase.solution is added with
vortex mixing, and the tube is returned to. the
boiling water bath.

3. After 5 min, the tube is brought to 50°C. Sodium
acetate buffer, pH 4.5, and glucoamylase (amy
loglucosidase) solution is added, and the con
tents are mixed. The tube then is incubated at
50°C. .

4. The tube contents are transferred quantitatively
to a volumetric flask using distilled water to
wash the tube and to adjust the contents to vol
ume.

After thorough mixing of the flask, aliquots
are removed, treated with GOPOD reagent, and
incubated at SO"C. Absorbance of the test sam
ple and a reagent blank is measured at the
wavelength required by the GOPOD reagent
being used.

Glucose and starch samples low in protein
and lipid, such as potato starch, of known mois
ture content are used as standards. Addition of
DMSO can be omitted, and the diluted ther
mostable a-amylase solution can be added
directly to the ethanol-wetted sample if it is
known from experience that no starch resistant
to the a-amylase under the conditions used is
present in the samples being analyzed.

11.4.1.2 Degree of Gelatinization of Starch

\-\,Then starch granules are heated in water to a temper
ature specific for the starch being cooked, the granules
swell, lose their crystallinity and birefringence, and
become much more susceptible to enzyrne-caralyzed
hydrolysis. Heating starch in water produces phcnorn
ena that result from two processes: gelatinization and
pasting, often referred to simply as reiatini:':ilt1C1:l.
They are vcry important in determining the texture
and digestibility of foods containing starch.

Several methods have been developed that make
usc of the filet that certain enzymes act much more
rapidly on cooked starch than they do on native starch.
A particularly sensitive method employs a combine
tion of pullulanaseand ~-ilmylase, neither of which is
able to act or. uncooked starch granules (36). With gcla
tiruccd or pasted s!arch, the enz.yme pullulanase,
\\'r.i..:h cleaves 1,6 l::<kages, debranches amylopectin
and any branched a~.ylosemolecules, giving a mixture
of Iinc:\r. svgrncnts of various sizes. (Isoamylase,
another debr:,nc!1ing enzymc, also may be used.) ~-

[4]

DEGReE OF GELATINIZATION

Starch solution/suspension

1Debranchlng enzyme

Unear segments of amylose
and amylopectin

.1 ~Amylase
Maltose (primarily)

j Reducing sugar
determination

Compare value with thaI
obtained for completely
gelatinized Slarch

TOTAL STARCH

Starch

1Gelatinizalion

Starch solution

1a·Amy~"
Unear and branched
fragments of amylose
and amylopectin

1Glucoamylose

[).Glucose

1
1. Glucose oxidase
2. Peroxidase and

a Ieucodye

Color

HC=O
I

HCOH
I

3HOCH +
I

HCOH
I

HCOH
I

One method of starch analysis purports to over
come these problems (35). In it, the starch is dispersed
in dimethyl sulfoxide (DMSO), and then is converted
quantitatively to p-glucose by treatment with ther
mostable «-amylase to effect depolyrnerization and
solubilization of the starch. Clucoarnylase (amyloglu
cosidasc) effects quantitative conversion of the frag
ments produced by the action of a-amylase into o-glu
cose, which is determined with a glucose oxidase!
peroxidasr- (GOPOD) reagent (AOAC Method 969.39,
American Association of Cereal Chemists Method 76
13). This rcngent contains .) colorless (leuco) dye that is
oxidized to a colored compound by the hydrogen per
oxide (produced by the glucose oxidase-catalyzed oxi
dation of glucose, Equation [4J) in a reaction catalyzed
by peroxidase. This method determines total starch. It
does not reveal the botanical source of LJ,e starch cr
whether it is native starch or modified food starch. The
botanical source of the starch rna)' be determined
microscopically (section 11.6.1) if the material being
analyzed has not been cooked. Some information
about modification also may be determined with a
microscope.
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Amylase then acts on the linear chains, converting
them into maltose (Fig. 11-i). The degree of gelatlniza
tion is determined by measuring the amount of reduc
ing sugar formed (section 11.3.3).

11.4.1.3 Degree of Retrogradation of Starch

Upon storage of a product containing cooked starch,
two starch polymers, amylose and amylopectin, asso
ciate with themselves and with each other in polycrys
talline arrays. This process of reordering is called ret
rogradation. (Retrogradation is a contributing factor to
the staling of bread and other bakery products, for
exarnple.) Retrograded starch, like native starch, also is
acted on only very slowly by the enzyme combination
pullulanase plus l3-amylase. Therefore, the method
described in section 11.4.1.2 can be used to determine
retrogradation. The decrease in reducing power (from
maltose released by action of the enzyme combination)
after storage is a measure of retrogradation.

11.4.2 Nonstarch Food Gums/Hydrocoiloids

11.4.2. 1 Overview

A starch or starches may be used as ingredients in a
food product, either as isolated starch or as a compo
nent of a flour, or may occur naturally in a fruit or veg
etable tissue. Other polysaccharides are almost always
added as ingredients, although there are exceptions.
These polysaccharides, along with the protein gelatin.
comprise the group of ingredients known as food
gums or hydrocolloids. Their use is widespread and
extensive. They are used in everything from processed
meat products to chocolate products, from icecream to
salad dressings, etc.

Analytical methods are required for these polysac
charides to enable both suppliers and food processors
to determine the purity of a gum product, to ensure
that label declarations of processors are correct, and to
monitor that gumshave not been added to standard
ized products in which they are not allowed. It also
may be desirable to determine such things as the (3
glucan content of oat or barley flour or breakfast cereal
for a label claim or the arabinoxylan content of wheat
flour to set processing parameters. Another processor
may want to determine other polysaccharides not
declared on the ingredient label such as those intro
duced by microorganisms during fermentation, for
example, in making yogurt-based products.

Food gum analysis is problematic because poly
saccharides present a variety of chemical structures,
solubilities, and-molecular-weights. Plantpolysaccha
rides do not have uniform, repeating-urot-type struc
tures; rather their structures vary from molecule to
molecule. In addition, the average structure can vary
with the source and the conditions under which the
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plant is grown. Some polysaccharides are neutral;
some are anionic. Some are linear; some are branched.
Some of the branched polysaccharides are still effec
tively linear; some are bushlike. Some contain, in addi
tion to sugar units, ether, ester, and/or cyclic acetal
groups, either naturally or as a result of chemical mod
ification. Some are soluble in cold water: some are sol
uble only in hot water; and some require <lqueoussolu
tions of acids, bases, or metal ion-chelating compounds
to dissolve them. Some, like cellulose, are insoluble in
anything but very special solvents. Polysaccharide
preparations always are composed of a mixture of mol
ecules with a range of molecular weights. All this struc
tural diversity complicates qualitative analysis of food
gums when their nature is unknown or when more
than one is present. Structural heterogeneity compli
cates quantitative analysis.

Current methods depend on extraction of the
gum(s), followed by fractionation of the extract. Sepa
ration invariably results in some loss of material. Most
often, isolated gum is identified by identifying and
quantitating its constituent sugars after acid-catalyzed
hydrolysis. However, sugars are released from poly
saccharides by hydrolysis at different rates and are
destroyed by hot acids at different rates, so the exact
monosaccharide composition of a polysaccharide may
be very difficult to determine. The problems associated
with the determination of gums in foods and various
procedures that have been used have been reviewed
(30,37,38).

Qualitative identification tests, specifications, and
analytical methods for many food-approved gums/
hydrocolloids, including modified starches, have been
established for the United States (39) and Europe (40).
None of the qualitative methods are conclusive. AOAC
International has established methods for analysis of
some specific food products. Not all gums approved
for food use are included; not all methods that deter
mine total gums can be used if starch is present, and
not all methods can be used to determine all gums.
HydrocoUoid/gum suppliers and food processors
often have their own specifications of purity and prop
erties.

11.4.2.2 GumlHydrocolloid
Content Determination

Several schemes, some.published, some unpublished,
have been developed for analysis of food products for
food gums- Most are targeted to a specific group of
food products, as it is difficult, perhaps impossible, to
develop auniversal scheme. A general scheme that is
reported to work successfully (31) is presented here.
Figure U.s presents the scheme for isolation and
purification of water-soluble polysaccharides. Letters
in the parentheses below refer to the same letters in Fig.
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Sample

1Freezedry (a)

Dry sampleIFat extract (a)

Fat-free sample aQUeOUs ethanolextract (b)1Proteindigestion (c)

Protein-free sample

1Ethanolprecipitation (d)

Polysaccharideprecipitate

1Starch digestion (e)

Starch-free sample

1Centrifugation (e)

l""--- 1
Insoluble fiber Soluble fiber

1Precipitation (f)

Polysaccharide precipitate

1Dialysis (g)

Polysaccharideextract

1Freeze dry (g)

Dry polysaccharide extract

~
ydrolYSiS (h)

Derivatization

HPLC GC
analysis a~aJysis

Flow sheet for isolation and analysis of polysaccharides.

Solublesugars, other
I Iow-molecular·weight

compounds. and ash

11-8. Several of the steps in the method utilize princi
ples previously described.

(a) It is difficult to extract polysaccharides quanti
tatively when fats, oils, waxes, and proteins are pre
sent, Lipid-soluble substances are removed first. Before
this can be effected, the sample must be dried. Freeze
drying is recommended. If the dried material contains
lumps, it must be ground to a fine consistency. A
known weight of dry sample is placed in a Soxhlet
apparatus, and the lipid-soluble substances are re
moved with 95:5 vol/vol chloroform-methanol. (n
Hexane also has been used, but a more polar solvent is
recommended) Solvent is removed from the sample by
air-drying in a hood, then by placing the sample in OJ

vacuum dessicator.
(b) Although not in the published scheme, soluble

sugars, other low-molecular-weight compounds, and
ash can be removed at this point using hot 80% ethanol
as described in section 11.3.1. (Hot 80% methanol also
has been used.)

(e) Protein is removed by enzyme-catalyzed
hydrolysis. The cited procedure (31) uses papain as the
protease. One must always be aware of the fact that
commercial enzyme preparations almost always have
carbohydrase activities in addition to proteolytic activ
ity. Thus, bacterial alkaline proteases are recom
mended by some because carbohydrases have acidic
pH optima.

In this procedure (31), proteins arc denatured for
easier digestion by dispersion of the sample in sodium
acetate buffer, pH 6.5, containing sodium'chloride, and
heating the mixture. Papain (activated by dispersing it
in sodium acetate buffer, pH 6.5, containing cysteine
and EDTA) is added to the sample, and the mixture is
incubated.

(d) Any solubilized polvsaccharides are precipi
rated by addition of sodium chloride solution to the
cooled dispersion, [allowed bv 4 volumes of absolute
ethanol. Themix~re is ccntrihJged. .

(t.')TI,e pellet 1S Suspended in acetate buffer, usually
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pH 4.5. To this suspension is added a freshly prepared
solution of glucoamylase/ Jmyloglucosidase in the
same buffer. This suspension is then incubated. Just as
in the analysis of starch, highly purified enzyme must
be used to minimize hydrolytic breakdown of other
polysaccharides (see section l1.·U .1). This step may be
omitted if it is known that no starch is present. Cen
trifugation after removal of starch removes and isolates
insoluble fiber (cellulose, some hernicelluloses, lignin).

The presence of starch can be tested for by adding
a solution of iodine in potassium iodide solution and
observing the color. A color change to brownish-red or
blue indicates the presence of starch. A microscope
may be used to a look for stained intact or swollen
granules or granule fragments (section 11.6.1). How
ever, unless a definite blue color appears, the test may
be inconclusive, A better check is to analyze the
ethanol-soluble fraction from step (f) for the presence
of glucose (section 11.3.4). If no glucose is found, the
starch digestion part of step (e) may be omitted in
future analyses of the same product.

(f) Solubilized polysaccharides again are precipi
tated by addition of sodium chloride solution to the
cooled dispersion, followed by 4 volumes of absolute
ethanol. The mixture is centrifuged. The insoluble
residue (pellet) is the insoluble dietary fiber (primarily
cellulose and lignin) (section 11.5).

(g) The pellet is suspended in deionized water,
transferred to dialysis tubing, and dialyzed against fre
quent changes of sodium azide solution. (Sodium
azide is used to prevent microbial growth). Finally, the
tube contents are dialyzed against deionized water to
free it from sodium azide. The retentate is recovered
from the dialysis tubing and freeze-dried.

(h) Polysaccharide identification relies on hydroly
sis to constituent monosaccharides and identification
of these sugars (section 11.3.4). For hydrolysis, poly
saccharide material is added to a Teflon-lined, screw
capped vial. Trifluoroacetic add solution is added, and
the vial is tightly capped and heated. After cooling, the
contents are evaporated to dryness in a hood with a
stream of air or nitrogen. Then, sugars are determined
by HPLC (section 11.3.4.1) or GC (section 11.3.4.2). If
GC is used, inositol is added as an internal standard.
Qualitative and quantitative analysis of the polysac
charides present can be determined from the sugar
analysis. For example, guaran, the polysaccharide
component of guar gum, yields o-mannose and D
galactose in a molar ratio of 1.00:0.56.

This acid-catalyzed hydrolysis procedure does not
release wonk acids quantitatively. The presence of
urcnic adds can be indicated by either the modified
carbazole assay (41,42) or the m-hydroxydiphenyl
assay (4,43,44). Both methods are based on the same
principle as the phenol-sulfuric acid assay (section
11.3.2.1). i.e., condensation of dehydration products
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with a phenolic compound to produce colored com
pounds that can be measured quantitatively by means
of spectrophotometry. With uronic acids, decarboxyla
tion accompanies dehydration.

11.4.2.3 Pectin

11.4.2.3.1 Nature of Pectin Pectin is a very important
food polysaccharide, yet no official methods for its
determination have been established. What few meth
ods have been published basically involve its precipi
tation with alcohol from jams, jellies, etc. in which it is
the only polysaccharide present.

The definition of pectin is somewhat ambiguous.
The structure of native pectin depends on the source,
including the' stage of development (degree of ripe
ness) of the particular fruit or vegetable. Generally, it
can be described as a main chain of poly(methyl a-D
galactopyranosyluronate) interrupted by t-rhamnopy
ranosyl units (1,2). Many of the rhamnosyl units have
arabinan, galactan, or arabinogalactan chains attached
to them, ather sugars, such as D-apiose, also are pre
sent.In the manufacture of commercial pectin, much of
the neutral sugars is removed. Commercial pectin is,
therefore, primarily poly(a-o-galacturonic acid methyl
ester) of various degrees of esterification, and some
times amidation, Enzyme action during develop
ment/ripening or during processing can partially
deesterify or depolymerize native pectin. Enzyme-cat
alyzed reactions are important determinants of the sta
bility of fruit juices, tomato sauce and paste products,
apple butter, etc. in which some of the texture is sup·
plied by pectin and its interaction with calcium ions. It
is probable that the fact that pectin is a moving target
has precluded development of methods for its deter
mination.

11.4.2.3.2 Pectin Content Determination The constant
in pectins is D-galacturonic acid as the principal com
ponent (often at least 80%). However, glycosidic link
ages of uronic adds are difficult to hydrolyze without
decomposition, so methods involving add-catalyzed
hydrolysis and chromatography (section 11.4.2.1) are
not applicable.

One method employed for pectin uses saponifica
tion in sodium hydroxide solu tion, followed by acidifi
cation, and addition of Caz+- to precipitate the pectin.
The calcium pectate is collected, washed, dried, and
measured gravimemcally Precipitation with a quater
nary ammonium salt such as cetylpyridinium bro
mide, whose complex with pectin has a much lower
critical electrolyte concentration than its complex with
other acidicpolysacc:harides (45), has been used. How
ever, pectin and other acidic polysaccharides are not
likely to be found together. For a review of methods,
see reference (46).
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Because of the dominance of ~galacturonic acid in
its structure, pectins are most often determined using
the carbazole or m-hydroxydiphenyl methods (sec
tion 11.4.2.2). Isolation of crude pectin usually precedes
analysis.

11.4.2.3.3 Degree of Esterification The degree of
esterification (DE) is an important parameter in both
natural products and added pectin. DE may be mea
sured directly by titration before and after saponifica
tion. First, the isolated pectin (section 11.4.2.2) is
washed with acidified alcohol to convert carboxylate
groups into free carboxylic acid groups, then washed
free of excess acid. Then, a dispersion of the pectinic
acid in water is titrated with dilute base, such as stan
dardized sodium hydroxide solution, to determine the
percentage of nonesterified carboxyl ester groups.
Excess base is added to saponify the methyl ester
groups. Back-titration with standardized acid to deter
mine excess base following saponification gives the
DE. Also, methanol released by saponification can be
measured directly by gas chromatography (47).

11.5 DIETARY FIBER

Dietary fiber (Chapter 12) is the sum of the nondi
gestible components of a foodstuff or food product.
Most is plant cell wall material (cellulose, hemicellu
loses, lignin). However, because only those polysaccha
rides in cooked starch are digestible (section 11.';.1.2),
all other polysaccharides are components of dietary
fiber. Some are components of insoluble fiber. Insolu
ble fiber components are cellulose, microcrystalline ce1
lulose added as a food ingredient, hemicelluloses en
trapped in a lignocellulosic matrix, and resistant starch
(section 11.4.1.1.2). Others, induding the majority of
food gums/hydrocolloids (section llA.2), are classified
as soluble fiber. Their determination often is important
in terms of making food label claims and is described ill
section 11..1.2. Determination of the ll-g)uc.1ncontent of
products made with oat or barley flours is an example.
In general, the pellet from centrifugation [step (e), Fig.
] ]-S] Is insoluble fiber, and those components precipi
tated irom the supernatant with alcohol [step (f), Fig.
11-81 constitute: soluble fiber.

11.6 PHYSICAL METHODS

11.6.1 Microscopy

Microscopy can be a valuable tool in food analysis. Var
ious kinds of microscopy (light, fluoresence, confocal.
mR [Fourier transform infrared], scanning electron,
transmission electron) have been used tu srvdy th..'
organization of food products and the ~:.!Loj;:::, d
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emulsions and foams, and to identify and quantitate
extraneous matter (Chapter 23). Microscopy is particu
larly useful in examinations of starchy foods. Cell-wall
fragments in £lours can be seen with a light microscope,
for example. More importantly, the plant source of a
starch can be readily identified with a polarizing light
microscope, since the morphologies and certain prop
erties of starch granules are characteristic of the plant
source. Granule size, shape, form, position of the hilum
(botanical center of the granule), the degree of bright
ness under polarized light, and in some cases, iodine
staining characteristics are all inherent to the starch
source (48).

In cooked starch products, the extent of retrogra
dation (49)and the effects of storage on miaostructure
have been evaluated by iodine staining and light
microscopy (50-56). The degree that starch has been
damaged mechanically during dry milling (57) and the
extent of digestion by enzymes can be determined
microscopically. Microscopy also can determine over
cooking, undercooking, and correct cooking of prod
ucts containing a starch product.

11.6.2 Spectrometry

In addition to the spectrophotometric methods alread y
mentioned, near-infrared (NIR) transmittance spec.
trometry has been used to determine sugar content
(57). NIR spectrometry is described in Chapter 27.

11.6.3 Specific Gravity (3)

Specific gravity is defined as the ratio of the density of
a substance to the density of a reference substance
(usually water), both at a specified temperature. TIle
concentration of a carbohydrate solution can be deter
mined by measuring the specific gravity of the solution
and referring to appropriate specific gravity tables.

Measurement of specific gravity as a means 0:
determining sugar concentration is accurate only for
pure sucrose or other pure solutions (AOAC tvh.:\r':1
932.14), but it can be, and is, used for obtaining appro.<
irnate values for liquid products (see also Ch:lr~·.:r ~,

section 8.5.2). Two basic means of dctermininc 5':"''''ci:::
gravity are used. By far the most common is~usc of ;
hydrometer calibrated either in °Blix, which corrr
sponds to sucrose concentrations by weight, or i:~

Baume Modulus (OBe). A calibrated pycnometer ,;;,1:.-:
mOlY be used.

11.6.4 Refractive Index (3)

When electromagnetic radiation passes from one
medium to another, it changes direction, being ben! or
refracted. 11)(' rotiClofthe sine of the angle of incidence
to the sine of the ~nble of refraction is termed :n(' index
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of refraction, or the refractive index (Rl). The Rl varies
with the nature of the compound, temperature, wave
length of light, and concentration of the compound. By
holding the first three variables constant, the concen
tration of the compound C.1n be determined by mea
suring the RIo Thus, measurement of refrilctive index is
another way to determine total solids in solution (see
also Chapter 8, section 8.5.3). Like determination of
specific gravity, use of RI to determine concentrations
is accurate only for pure sucrose or other pure solu
tions. but also like the determination of specific gravity,
is used for obtaining approximate sug:lr concentration
values for liquid products. In this case, the solution
must be dear. Refractorneters that read directly in
sucrose units are available.

11.6.5 Polarimetry (3)

Most compounds that contain a chiral carbon atom will
rotate the plane of polarization of polarized light. A
polarimeter measures the extent to which a compound
in solution rotates the plane of polarized light. Carbo
hydrates have chiral carbon atoms, so they have opti
cal activity. Carbohydrates rotate the plane of polar
ized light through an angle that depends on the nature
of the compound, temperature, wavelength of light,
and concentration of the compound. The concentration
of the compound can be determined from a value
known as thespecific optical rotation if all other fac
tors are held constant and if the solution contains no
other optically active compounds.

Determination of specific optical rotation is used to
measure sucrose concentration (AOAC Methods
896.02, 925.46, 930.37). Instnunents are available that
read in units of the International Sugar Scale. Determi
nation of specific optical rotation before and after
hydrolysis of sucrose into its constituent sugars, o-glu
cose and o-fructose, a process called inversion, can be
used to determine sucrose in the presence of other sug
ars (AOAC Methods 925,47, 925.48, 926.13, 926.14).

11.7 SUMMARY

For determination of low-molecular-weight carbohy
drates, older colorimetric methods for total carbohy
drate and various reducing sugar methods largely
have been replaced by chromatographic methods. The
older methods suffer from the fact that they are not
stoichiometric and, therefore, require standard curves.
This makes them particularly problematic when a mix
ture of sugars is being determined. However, they are
still used. Chromatographic methods (HPLC and GC)
separate mixtures into the component sugars, identify
each component by retention time, and provide a
quantitative measurement of each component. Enzy-
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marie methods Me specific and sensitive. but seldom.
except in the case of starch, is determination of only a
single component desired.

Polysaccharides are important components of
many food products. Yet there is no universal proce
dure ior their analysis. Generally, isolation must pre
cede measurement. Isolation introduces errors because
no extraction or separation technique is quantitative.
Identification and measurement are done by hydroly
sis to constituent monosaccharides and their determi
nation. An exception is starch, which can be digested to
glucose using specific enzymes (amylases), followed
by measurement of the glucose released.

11.8 STUDY QUESTIONS

1. Give three reasons why carbohydrate analysis is impor
tant.

2. Distinguish chemically between monosaccharides,
oligosaccharides, and polysaccharides, and explain how
solubility characteristics can be used in an extraction
procedure to separate monosaccharides and oligosac
charides from polysaccharides.

3, Discuss why mono- and oligosaccharides are extracted
with 80"10 ethanol rather than with water. What is the
principle involved?

4. Define reducing sugar. Classify each of the following as
a reducing or nonreducing carbohydrate: o-glucose, D

fructose (Conditions must be described. Why?), sucrase,
maltose, raffinose, maltotriose, cellulose, amylopectin.

5. Brierlyexplain one method that could be used for each
of the following:
a. to prevent hydrolysis of sucrase when sugars are

extracted from fruits via a hot alcohol extraction
b. to remove proteins from solution for an enzymatic

analysis
c. to measure total carbohydrate
d. to measure total reducing sugars
e. to measure the Sucrose concentration of a pure

sucrose solution by a physical method
f. to measure glucose enzymatically
g. to measure simultaneously the concentrations of

individual free sugars
6. What are the principles behind total carbohydrate deter

mination using the phenol-sulfuric add method? Give
an example of another assay procedure based on the
same principle.

i. \Vhat is the principle behind determination of total
reducing sugars using the Somogyi-Nelson and similar
methods?

8. The Munson-Walker, Lane-Eynon, and Somogyi-Nel
son methods can be used to measure reducing sugars.
Explain the similarities and difference among these
methods with regard to the principles involved and the
procedures used.

9. Describe the principle behind anion-exchange chro
matography of carbohydrates.

10. Describethe general procedure for preparation of sugars



186

for gas chromatography. What is required for this
method to be successful?

11. What difference is there between the preparation of an
extract of reducing sugars for gaschromatography and
the preparation of polysaccharide hydrolyzates contain
ing urONC acids for gas chromatography? What two dif
ferences are there in the final derivatives?

12. Why has HPLC largely replaced GC for analysis of car
bohydrates?

13. Compare and contrast RI and PAD detectors.
14. What is theadvantage of an enzymatic method? What is

the limitation (potential problem)?
15. Describe the principles behind the enzymatic determi

nation of starch. What are the advantages of this
method? What are potential problems?

16. Describe the principle behind each step in Fig. 11·8.
What is the reason for each step?

17. Describe the principles behind separation and analysis
of cellulose, water-soluble gums, and starch.

18. Describe two methods for determination of pectin.
19. Describe the principles behind and the limitations of

determining sugar (sucrose) concentrations by (a) spe
cific gravity determination, (b) refractive index measure
ment, and (c) polarimetry.
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12.1 INTRODUCTION

12.1.1 Importance of Dietary Fiber

In the early 1970s; Burkitt and Trowell (1) postulated
that the prevalence of heart disease and certain cancers
in Western societies was related to inadequate con
sumption of dietary fiber. Their observations stimu
lated much interest, and a great deal of research has
been done to test the fiber hypothesis. While the
research has not always produced consistent results
and the great expectations inspired by Burkitt and
Trowell have not materialized. it is dear that adequate
consumption of dietary fiber is important for optimum
health.

Liberal consumption of dietary fiber from a variety
of foods will help protect against colon cancer and also
help normalize blood lipids, thereby reducing the risk
of cardiovascular disease. Certain types of fiber can
slow glucose absorption and reduce insulin secretion,
which is of great importance for diabetics and probably
for nondiabetics as well. Fiber helps prevent constipa
tion and diverticular disease. With this wide range of
beneficial effects attributable to dietary fiber, it is easy
to lose perspective and consider dietary fiber a magic
potion that will correct or prevent all diseases. A more
correct view is that dietary fiber is an essential compo
n~nt of a well-balanced diet, and adequate intake of
dl~tary fiber throughout one's lifetime will help mini
mize some of the most common health problems in the
United States. References (2-5) provide an extensive
c0r:'pilatio~ of articles related to the physiological
action of dietary fiber and resistant starch.

The Daily Reference Value (DRY) for dietary fiber
has been set at 25 g per 2000 kcal to promote optimal
health. However, dietary fiber includes a variety of
fibrous materials that in tum produce a variety of
physiological actions (2-5). For example, the pentose
fraction of dietary fiber seems to be the most beneficial
in preventing colon cancer and reducing cardiovascu
lar disease. Pectin and the hydrocolloids are most ben
eficial in slowing glucose absorption and lowering
insulin secretion. Pectins and hydrocoUoids are of little
value in preventing diverticulosis and constipation;
however, a mixture of hemicellulose and cellulose will
help prevent these gastrointestinal dvsfuncticns.
Recognition of the importance of dietarv "fiber and of
the fact that certain physiologic effects ca~ be related to
specific fiber components has led to the emergence of a
number of methodologies for detennining dietary
fiber. Two commonly used methods for analyzing
dietary fiber are described in this chapter.

12.1.2 Definition of Fiber

Dietary fiber is most frequently defined as polysaccha
rides and lignin that are not digested by human
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enzymes (6). Mos: starch is readily digestible by
human glucosidases. However, some starch escapes
oiigestion in the small intestine and the starch that is
not digested is called resistant starch. Since resistant
starch is a plant polysaccharide. it technically fits the
definition of dietary fiber. However, another common
definition of dietary fiber is lignin plus plant nonstarch
polysaccharides. By this definition resistant starch is
not a component of dietary fiber.

12.1.3 Major Components of Dietary Fiber

The major components of dietary fiber are cellulose
hernlcelluloses, pectins, hydrocolloids, and lignin~
From a botanical view, fiber is categorized as cell wall
polysaccharides, non-cell-wall polysaccharides, and
lignin.

12.1.3.1 Cell Wall Polysaccharides

12.1.3.1.1 Cellulose Cellulose is a long, practically
linear polymer of a-1,-t-linked glucose units. Some
pol~ers may contain 10,000glucose units. Hydrogen
bon~g between parallel polymers forms strong mi
crofib.~..Cellulo.se ~crofibrils provide the strength
and rigidity required 10 plant primary and secondary
cell walls.

12.1.3.1.2 Hemicelluloses Hemicelluloses are a het
erogeneous group of substances containing a number
of sugars in their backbone and side chains. Xylose,
rnannose, and galactose frequently form the backbone
structure, while arabinose, galactose, and uronic acids
~~e present in th~ Sid~ chains. Hemicelluloses by defin
ition are soluble in dilute alkali but not in water. Mole
cular size and degree of branching also are highly vari
able. A typical hemicellulose molecule contains 50-200
sugar .units. Hemicelluloses are matrix polysaccharides
that tie together cellulose microfibrils and form co
valent bonds with lignin.

12.1.3.1.3 Pectins Pectins are rich in uronic acids.
They are soluble in hot water and form gels. The back
bone structure consists of unbranched chains of 1 4
linked galactw~nic acid. Side chains may con~in
rhamnose, arabinose, xylose, and fucose. Solubility is
reduced br methyla~onof the free carboxyl group and
by f~nna?on of c~lcl\,un and magnesium complexes.
PectinS, like hemicelluloses, are matrix polysaccha
rides in cell walls.

12.1.3.2 Non-Cell-Wall Polysaccharides

Non-eell-wa~ polysaccharides include hydrocolloids
such as mu~ages, gums, and algal polysaccharides.
Hydrocollolds are hydrophilic polysaccharides that
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form viscous solutions or dispersions in cold or hot
water, Typical mucilages are guar and locust bean
gums. Oats and barley also contain mucilages. Plant
exudate gums include Arabic, Ghatti, Karaya, and Tra
gacanth gums, while algal polysaccharides include
agar, alginates, and carrageenan, The non-cell-wall
polysaccharides contain a variety of neutral sugars and
uronic acids.

12.1.3.3 Lignin

Lignin is a noncarbohydrate, three-dimensional poly
mer consisting of approximately 40 phenol units with
strong intramolecular bonding. Ugnin often is cova
lently linked to hemicellulose.

12.2 GENERAL CONSIDERATIONS

Fiber components or subfractions are methodology
dependent and not distinct entities. These fractiona
tions are somewhatarbitrary and frequently have little
relationship to either plant or mammalian physiology.
Although considerable progress has been made in
relating fiber composition to physiological action dur
ing the past 20 years, much remains to be learned.
Pectins and hydrocolloids have long been used as
additives in food processing. However, Improving the
nutritional value of foods by adding fiber Ormodifying
resistant starch content remains a challenge for the
food scientist.

12.3 METHODS

12.3.1 Overview

Dietary fiber is estimated by t"\v·o bask apprcaches-«
gravimetric or chemical. In the first approach di
gcstibl« carbohydrate. lipids, and proteins nrc sclec
tivc!v solubilized bv chemicals and/or cnzvmos.
Undigcstil-le material's then are collected by filtration,
and the fiber residue is quantitated gravimetrically. 1n
the second approach. digestible carbohydrates are re
moved by enzymatic digc~tion. fiber components arc
hydrolyzed by acid. and monosaccharides nrc mea
sured. The sum of monosaccharides in the acid hydro
lysate represents fiber.

Southgate (7,fi) was the first to svstcrncticallv
quantitate dietarv fiber in .1 wide r.lngc of foods. The
carbohydrate chemistry nsed by Southgate has been
improved and modernized, but his .:?pr('l;,\ch lmn,:; L'W
foundation for m.,ny of the currently used sraviml'1ril
and chemical methods for fiber determination.

The food component th:ll is most problc-mOlt:.: in
fiber analysis is starch, In both gravlmctric and chcmi-
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cal approaches, it is essential that all starch be removed
for accurate estimates of fiber. With the gravimetric
approach, incomplete removal of starch increases the
residue weight and inflates the estimate of fiber. In the
chemical approach, glucose in the acid hydrolysate is
considered fiber. Therefore, glucose that is not removed
in the eacly analytical steps causes an overestimation of
dietary fiber. The starch hydrolases utilized in fiber
methods include a-amylase, amyloglucosidase, and
pullulanase. a-Amylase catalyzes the hydrolysis of
internal a-l,4-linked. p-glucose units, while pullulanase
hydrolyzes internal a-1,~linked glucose units. Amy
loglucosidase hydrolyzes a-1,4- and a-l,6-glucosidic
bonds from nonreducing ends ofstarch. TakadiastaseT!14

is a heat-stable fungal a-amylase, and TennamylTM is a
heat-stable bacterial o-amylase.

All fiber methods include a heating step at 8~
130°C for 10 min to 3 hr to swell and disintegrate (gela
tinize) starch granules. Even with gelatinizatio~resis
tant starch (retrograded starch, starch associated with
Maillard reactions, and highly crystalline starch) is not
hydrolyzed by glucosidases. Thus, resistant starch is .
measured as fiber in the gravimetric procedures unless
the analyst specifically corrects for resistant starch.

In the gravimetric approach, it is essential that
either all digestible materials be removed from the sam
pie so that only undigestible polysaccharides remain or
that the undigestible residue be corrected for remaining
digestible contaminants. Lipids are removed e2sily
from the sample with organic sol vents and generally do
not pose analytical problems for the fiber analyst. Pro
tein and minerals that are not removed from the sample
during solubilization steps should be corrected by Kiel
dahl nitrogen analysis (see Chapter 15) and by ashir.g
(sec Chapter 9) portions of the fiber residue.

The descriptions of the various specific proccd ures
1.., 6is chapter nrc meant to be overviews of the meth
ods. The reader is referred to the referenced original
articles for specifics regarding chemicals, reagents,
apparatus, and step-by-step instructions.

12.3.2 Sample Preparation

Estimates of fiber are most consistent when the sa:n
pies arc low in fat (less than 5-10% fat), drv, and [inelv
sround. If the sample contains more th~n lO~o I"t.
extract {::l hy mixin~ the sample with 25 parts (vo!/\\"!i
prtrolcum «thcr or hexane. Centrifuge and decant ::.(.
O,(:OI:,:C ~l.]\ cr.:. Ret'C.ll the lipid extraction two man:
time'S, Dry l~l' scrnple overnight ill a vacuum OV(':1 .. :

iO°C .1:1d F :nd 10 ?ilSS Ihro'lgh a 0.3-0.5 rnm mesh
SCfn:::. T~L'c(';J i,)~:; pf weight due to fat ana moisture
r\.·I:hl\·.1! .. :1,: :n.-:kL' ,':'propn.:1tc correction 10 the final
rcr:l':::.l~l.· (: :C:.ll)· {i: cr value found in the analysis.

~":'W::.J : ..mF':cs 'css thi)1l10% fiber are best ana
JY;·l·d ;If:,'r :yflf'nilizJtion and treated as described pre-
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viously, Nonsolid samples greater than or equal to 10%
fiber can be analyzed without drying if the sample is
homogeneous and low in fat and if particle size is suf
ficiently small to allow efficient removal of digestible
carbohydrate and protein.

12.3.3 Gravimetric Methods

12.3.3.1 Crude Fiber

The crude fiber method was developed in the 18505to
estimate undigestible carbohydrate in animal feeds.
Since an easy alternative was not available, fiber in
human foods was measured as crude fiber until the
early 1970s (except for Southgate in England). Crude
fiber is determined by sequential extraction of the sam
ple with 1.25% H:SO~ and 1.25% NaOH. The insoluble
residue is collected by filtration and the residue is
dried, weighed, and ashed to correct for mineral con
tamination of the fiber residue. Crude fiber measures
variable amounts of the cellulose and lignin in the sam
ple, but hemicelluloses, pectins, and the hydrocolloids
are solubilized and not detected. Therefore, crude fiber
determinations should be discontinued.

12.3.3.2 Detergent Methods

The acid detergent fiber and neutral detergent fiber
methods were developed to more accurately estimate
lignin, cellulose, and hemicellulose in animal feeds.
Acid detergent fiber measures lignin and cellulose in
the sample. Neutral detergent fiber is equal to acid
detergent fiber plus hemicelluloses, Neither method
measures pectins and hydrocolloids. Since pectins and
hydrocolloids tend to be minor constituents in most
feedstuffs, the detergent methods were quite adequate
and well accepted for animal industries. The neutral
detergent fiber method was the forerunner of the cur
rent American Association of Cereal Chemists (AACC)
method (9) for determining insoluble fiber (AACC
Method 32-20). Since pectins and hydrocolloids are
important to human health, it is difficult to justify
using these methods any longer to analyze foods.

12.3.3.3 Total, Insoluble, and Soluble Fiber

With the recognition that insoluble fiber and soluble
fiber produce quite different physiological responses
and that both types of fiber are important to human
health, a number of methods with only minor differ
ences were simultaneously proposed. A common pro
cedure was developed from the earlier ones into what
is now the widely accepted method of AOAC Interna
tional (AOAC Method 991.43) (10). This method repre
sents a slow evolution of methodologies that combined
crude fiber, detergent fiber, and Southgate methodolo
gies.
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12.3.3.3.1 Prir:ciple Dry, fat-extracted ground food
samples arc enzymatically digested with c-arnylase,
amyloglucosidasc. and protease to remove starch and
protein. Insoluble fiber is collected by filtration. Solu
btl! fiber is precipitated by bringing the filtrate to 78%
ethanol and collected bv filtration. The filtered fiber
residues are washed with ethanol and acetone, oven
dried, and weighed. The fiber residues are analvzed for
protein and ash content [fiber » residue wt - (w't of pro
tein + wt of ash)].

12.3.3.3.2 Procedure A flow diagram outlining the
general procedure for the AOAC method of determin
ing total, insoluble, and soluble dietary fiber is shown
in Fig. 12-1. Samples are mixed with buffer, a heat-stu
ble a-amylase is added, and the pH is adjusted. Starch
is gelatinized and digested by heating the digestion
mixture in a boiling water bath. After cooling, a pro
tease enzyme is added to digest protein. After protein
digestion, the pH is adjusted and starch digestion is
completed with arnyloglucosidase.

The next few steps differ depending on whether
total, insoluble, or soluble fiber is being determined. If
total fiber is to be determined without partitioning
fiber into soluble and insoluble fractions, proceed as
described in the note at the bottom of Fig. 12-l.

To determine insoluble and soluble fiber fractions,
the digestion mixture following amyloglucosidase
treatment is filtered through fritted crucibles contain
ing Celite. The insoluble fiber retained by the filter is
washed with water. The soluble fiber is in the filtrate.
Four volumes (vel/vel) of 95% ethanol are added to
the filtrate plus water washes to precipitate the soluble
fiber. The precipitate is allowed to form and the mix
rure is vacuum filtered through fritted crucibles con
taining Celite. The soluble fiber residue is washed suc
cessively three times with 78% ethanol.

The fiber residue (total, insoluble, or soluble fiber)
in the crucibles then is washed with 95% ethanol and
acetone. The crucibles are oven dried, cooled, and
weighed. Since some protein and minerals are cam
plexed with plant cell wall constituents, fiber values
must be corrected for these contaminants. If resistant
starch is to be determined, triplicate samples should be
analyzed. If resistant starch is not determined, dupli
cate samples are analyzed. One sample is used to
determine nitrogen content by the Kjeldahl procedure,
and another sample is incinerated to determine ash
content. Resistant starch in fiber residue can be deter
mined by suspending the residue in2MKOH (11).The
base solubi~resistant starch that then is digested by
amyloglucostdase after the pH is adjusted to 4.0-4.7.
Liberated glucose then is determined enzymatically or
calorimetrically.

. Duplicate reagent blanks must be run through the
entire procedure for each type of fiber determination.



Food sample (1 g)

•Add 40 mlof buffer (pH 8.2)
Add heat-stable «-amylase

•Incubate 15 min at 95-1000c

•Cool to 6O'"C

•Add protease

I
Incubate 30 min at 6O"C

•Adjust pH to 4.C-4.7
Add amylogll.rcosidase

I
Incubate 30 min at 6O"'C

I
Filter the digest

•Wash filtered residue with 10 ml of water (2 times)

I
Filtrate + water washesare used for soluble fiber determination (see note below)

I

Insoluble F1ber
Wash residue with 10 ml of 95% ethanol (2 times)

•Wash residue with 10 ml of acetone (2 times)

I
Ovendry

I
(ta) Weigh crucible,

(lb) Ash one Of ttle duplicates and reweigh
(525°C for alleast 5 hr)

(1C) Determine residual protein on the other duplicate (Kjeldahl N " 6.25)
(1d) calculate Insoluble fiber content

Soluble Fiber'
Bring filtrate and water washes to 80 9 with water

•Add 320 mi of 95% eihanol preheated to 6D"C

U
Precipitate formation (1 hr at room temp)

U
Filler the digest

U
Was", filtered residue with 20 mt of 78% ethanol (3 times)

V
Wash residue with 10 ml of 95% ethanol (2 limes)

n
Wash residue with 10 ml or acetone (2 times)

C
Oven dry

U
(2a) Weigh crucible

U
(2b) Ash one of the duplicall!S and reweigh

(2e) Deterrmne residua! protein on the olhe~ O"uOlic'lI(· (Kjeldilhl N " 6.25)
(2d) CaJculale soluble flbE'f content

To:al Dieta~ Fibe' .. Insclub'" .. Soluble' fiber

'Total dlelary fiber can be delermined directly by weighing me d'gesl rnllow,.ng arnyJoglcJcoslClase digestion and either (1) adding ... \lolumf'~

(voVvol) of 95% emanol preheated 1060·C or (2) adjusting lht- volume .c flO~ Wit"' water and L'len sddlng 320 ml 0195% ethanol prt-~calta 1(,

50·C. Afler (1) or (2). follow Ihe procedure for Cieterminmg soJu:M fiDE! s:::.r;,·,;; ;'1 lhe prO:C';;,I.,t& tcrmaucn step. Calculalion 01 (2:::) "OUlC

produce IotaI dietary fiber.

Method to determine total dietary fiber C.;l:-:~,'nt C'f Ioods. AO,\C mClhod ~<11..t3, [Adapted from (10).)
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Dietory Fiber Sample and Blank Dolo Sheet
._-------------,
SAMP!.=
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Insoluble
Aber

Sample wt (mg) rn,

Crucible + Celite w! (mg)

Crucible + Celite + residue wt (mg)

Residue wt (mg) Rl

Protein (mg) P

Crucible + Cente + ash wt (rr.g)

Ash wt(mg)A

Blank wt (mg) 8

Fiber (%)

Adapted with permission trcrn(12). The Journal 01AQAC International. 1gSe. 71(5): 1019. Copyright 1988
by AOAC International.

R + R?8Iank(mg) =-'--P-A
2

R, + R? _ P _ A _ 8

Fiber (%) = 2~ x 100

2

Table 12-1 shows a sample and blank sheet used to cal
culate fiber percentages. Using the equations shown,
percent dietary fiber is expressed on a dry weight basis
if the sample weights are for a dried sample.

12.3.3.3.3 Applications The AOAC method for deter
mining fiber has been tested extensively and found
suitable for routine fiber analyses for research, legisla
tion, and labeling purposes. Table 12-2 shows the fiber
content of select foods analyzed by the AOAC method.

Totol, Soluble, and Insoluble Dietary Fiber
In Foods as Determined by the AOAC
Method 991.431

Food Soluble Insoluble Total

Barley. cenunec.
rolled 5.02 7.05 12.25

High-fiber cereal 2.78 30.52 33.73
Oat bran 7.71 9.73 16.92
Soy bran 6.90 60.53 67.14
Apricots 0.53 0.59 1.12
Prunes 5.07 4.17 9.29
Raisins 0.73 2.37 3.13
Carrots 1.10 2.81 3.93
Green beans 1.02 2.01 2.89
Parsley 0.64 2.37 2.66

Adapted from (10). The OlficialMethoas ofAnalysis. 16thEd. Copy
right 1997 by AOAC lnlernalional.
'Grams of fiber per 100 g of food on an as is. fresh weight basis.

Fiber residues can be utilized to determine resistant
starch, This method can be used to determine fiber con
tent of all foods.

12.3.4 Chemical Methods

12.3.4.1 Overview

In chemical methods for fiber determination, fiber is
equal to the sum of all nonstarch monosaccharides plus
lignin. Monosaccharides are measured either indirectly
by colorimetric methods or by chromatographic [gas
chromatography (GC) (Chapter 33) or high perfor
mance liquid chromatography (HPLC) (Chapter 32)}
methods.

Carbohydrates in the presence of strong acids com
bine with a number of substances to produce chro
mogens that can be measured spectrophotometncally.
Under specific, standardized conditions, hexoses can
be measured with anthrone, pentoses with orcinol, and
uronic acids with carbazole. There is mutual interfer
ence among groups of sugars that can and should be
corrected mathematically (11). The sum of hexoses,
pentoses, and uronic acids is taken as total polysaccha
ride content.

Uronic add is technically difficult to measure by
chromatography. Therefore, most procedures estimat
ing fiber from monosaccharide analyses measure
uronic acids colorimetrically by the carbazole method
(13). The uronic acid values then are corrected for the
presence of hexoses and pentoses as noted previously.
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Englyst-Cummings procec Uh: ior dcurrnina
tion of soluble, insoluble, .1IId luI .. : clietarv
fiber. [Adapted from (l4).) -

Total Dietary Fiber =Neutral Sugars ... UrO'IIC A:.,;.z

'To measure insoluble fiber, use 40 ml of buHer in~:eaCl of 40 ml of
ethanol, and extract soluble fiber at 100DC lor 30 r.1in. Cor~:,nuallon

01 the procedure yields insoluble fiber. Sctub.e 'jb,"~ = tOW' fiber 
insoluble fiber

mixture (or 30 min in a boiling water h;~t:l. The insolu
ble fiber is collected by centrifugation, washed, dried.
and hydrolyzed as described previously. Sol ublc fibL'~

= total fiber - insoluble fiber. Cummings, Englyst, and
\Vood I]6) provide details {or measuring resistant
starch.

The cellulose C..mtent of the total fiber can be
obtained by omittinl; the hydrolysis step with 12 l,!
H~SO~ and proceeding directly to hydrolysis of nonccl-

I
Measure uronlc aeics

COlon~elnc<;:Jy

I
Measure neutral
sugars by GC

FoodsampJe
(£200 mg of dry matter)

•Add 2 mIof DMSO
Gelatinize at 1oo·C for 30 min

•Add buffer containing
pancreatin and pullanase

I
Digest for 10 min at 100"C

I
Add amyIogJucosidase

•Digest for 30 min at SO-C.
10 min at 100"C

I
Add 40 ml of 100% ethanol',

Precipitate formation at O"C for 30 min

•Centrifuge at 1000 l< gfor10 min

•Wash precipitate by resuspending in 50 ml of 85% ethanol
Centrifuge at 1000 l< g for 10 min

I
Wash with 100% ethanol (2 times)

I
Wash with acetone

I
Dry residue

(place tubes in 65DC water
bath lor several min)

3
Add 5 rnl ot 12 MH:tS0£
Hydrolyze cellulose for

1 hr at 35°C
a

Make H~O. to 2 M by adding 25 ml 01wate'
Hydrolyze 1 hr at 100"C

I
Hydrolysate

1

12.3.4.2.1 Principle Starch is gelatinized and enzy
matically digested. The remaining nonstarch polysac
charides are hydrolyzed by suJfuricacid to liberate free
monosaccharides. Neutral sugars are determined by
GC and uronic adds are determined colorimetrically.
An alternate, rapid procedure measures all monosac
charides by a colorimetric method (15). Values for total,
soluble, and insoluble fiber can be determined by both
approaches. With the GC procedure, fiber can be
divided into cellulose and noncellulosic polysaccha
rides with values for constituent sugars.

12.3.4.2 Englyst~ummingsProcedure

This procedure (14) is a modernized version of the
Southgate procedure (7,8) and is a reasonable alterna
tive to the AOAC method..

12.3.4.2.2Procedure A flow diagram of the Englyst
Cummings procedure is shown in Fig. 12-2 Samples
containing s200 mg of dry matter are mixed with
dimethyl sulfoxide and heated in a boiling water bath
to gelatinize and disperse starch. Starch and protein are
digested with pancreatin and pullanase. Starch diges
tion is completed by incubating the samples with amy
loglucosidase. Fiber is precipitated by adding 100%
ethanol and placing samples in a refrigerator. The fiber
residue is collected by centrifugation and the super
natant is decanted as much as possible without dis
turbing the residue. The fiber is washed by resuspend
ing the residue in 85% ethanol, and the residue is
collected by centrifugation. Additional washes are
done with 85% ethanol, 100% ethanol, and acetone.
Then the fiber residue is dried. All supernatants from
centrifugation steps are discarded.

Cellulose in the residue is hydrolyzed by mixing
the dry residue with 12 M H2S04 and heating. Noncel
lulosic polysaccharides are hydrolyzed by rapidly
adding water, mixing, and heating in a boiling water
bath. The acid hydrolysate is used for sugar analysis. A.
portion of the hydrolysate is used to derivatize neutral
sugars for GC analysis, and a second aliquot is used for
uronic acid determination by a colorimetric procedure.
The rapid version of the Englyst-Cummings method
[15] estimates monosaccharide content of the acid
hydrolysate by a single colorimetric method. Fiber
weight = monosaccharide weight in the rapid method
or = neutral sucar ... uronic acid weight in the GC
method. No corrections are made for sugar losses dur
ing hydrolysis or for the addition of one molecule of
water per glycoside bond since the corrections tend to
offset each other.

The procedures just described yield total dietary
fiber. To determine insoluble dietary fiber, the oj;) rnl of
absolute ethanol is replaced with pH 7 buffer, n:.,~ the
water-soluble fib..:r is extracted by heating the dif~~:cd
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lulose polysaccharides with 2 M H2S04, Monosaccha
ride weight after hydrolysis with 2MH~4 = noncel
lulosic polysaccharides. Cellulose content =total fiber
- noncellulosic polysaccharides.

12.3.4.2.3 Applications The rapid colorimetric proce
dure is essentially a single-rube assay and does not
require special analytical skills or equipment other
than a colorimeter. The GC-bas~d procedure can be
used to provide more detail rego:lrding chemical com
position of the fiber in addition to quantitating fiber
content. The Englyst-Cummings procedure does not
measure and therefore does not include lignin as a
component of total dietary fiber. Since most foods do
not contain significant amounts of lignin, this is a suit
able method for determining fiber content of most
foods. For foods containing a significant quantity of
lignin, the AOAC procedure or procedures described
by Marlett {17,18] or Theander and Westerlund [19)
should be used.

In the Englyst-Cummings procedure, resistant
starch is not included as a component of fiber. The
detailed Englyst-Cununings procedure (16) includes a
step to measure resistant starch, but this step is not
included in Fig. 12-2.

12.4 COMPARISON OF METHODS

The AOAC and the Englyst-Cummings methods are
the most widely used procedures for determining
dietary fiber. These and several other. very similar
methods all give quite comparable estimates of fiber
content for a wide variety of foods. In general, the
Englyst-Cummings method gives the lowest fiber val
ues because lignin and resistant starch are not included
as part of fiber in this method. Obviously, foods with a
significant amount of resistant starch, such as com
flakes, and foods with significant lignin, such as cereal
brans, will show the greatest deviation, The current
AOAC method suggests that foods rich in simple sug
ars (glucose, fructose, and sucrose) be extracted with
85% ethanol. If sugars are not extracted from foods
such as dry fruits and composite meals prior to fiber
analysis, fiber content is overestimated. This does not
appear to be a problem with the Englyst-Cummings
procedure, possibly because of the small sample size
relative to the large amount of ethanol used to precipi
tate soluble fiber. With the small sample size (:s;2oo mg
dry matter) in the Englyst-Cummings procedure, it is
imperative that the food be completely homogeneous
so that accurate subsamples can be taken for fiber
analysis.

Both the AOAC and the Englyst-Cummings pro
cedures incorporate a proteolytic enzyme to digest
protein. Proteolysis allows some of the fiber to be solu
bilized, which in effect moves some of the insoluble
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fiber fraction into the soluble fiber fraction, In addition,
proteolysis has the general effect of reducing the
amount of material measured as lignin.

The AOAC procedure includes resistant starch as a
dietary fiber component. Baked, flaked, and extruded
products will have a significantly higher fiber value if
determined by the AOAC procedure rather than by the
Englyst-Cummings method. Correcting fiber values
determined by the AOAC procedure for resistant
starch produces fiber values more similar to fiber val
ues determined by the Englyst-Cummings procedure.

The rapid Englyst-Cummings procedure requires
the least amount of time, technical skill, and special
ized equipment compared to the other commonly used
methods. Overall, the Englyst-Cummings precedure is
slightly more reproducible than the AOAC procedure.

Which fiber analysis method to choose is in part
determined by (1) how much technical skill is avail
able; {2} what the time constraints are; (3) availabiliry of
GCs and HPLCs; and (4) the importance of knowledge
of constituent sugar composition, cellulose, noncellu
lose, pectin, or lignin content Ifonly total, soluble. and
insoluble fiber analyses are needed, the AOAC and the
rapid Englyst-Cummings methods are preferable. If
the major components of fiber or constituent sugar
composition are required, then the Englyst-Cwnmings
GC procedure or the approaches used by Marlett
[17,18) or Theander [19) would be the method of
choice.

12.5 SUMMARY

Dietary fiber can be defined as polysaccharides and
lignin that are indigestible by mammalian enzymes.
An alternate definition of dietary fiber is lignin plus
plant nonstarch polysaccharides. The major compo
nents of dietarv fiber are cellulose, hemicellulose,
pectin, lignin, ~d hydrocolloids (gums, mucilages,
and algal polysaacharides). The crude fiber measure
ment drastically underestimates dietary fiber in foods
since it measures only cellulose and lignin. All current
methods use a combination of heat-stable a-amylase
and amyloglucosidase to digest and remove starch
from the sample. Gravimetric procedures then digest
and remove protein with a protease. The remaining
indigestible material (fiber) is collected by filtration
and weighed. The fiber residue is corrected for residual
protein and ash contamination.

Chemical procedures collect macromolecules in the
amylase-amyloglucosidase digest by filtration with or
without ethanol precipitation. The polysacchOlrides in
the precipitate are hydrolyzed with sulfuric acid and
quantitate.d colo~etricaily or chromatographically.
The combined weight of sugars in the add hydrolysate
is equal to fiber weight. .
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12.6 STUDY QUESTIONS

1. Define the tenn dietaryfiber, and give theconstituents that
compose dietary fiber.

2. Below are four values Jor the fibercontent (percent dwb)
of wheat bran. Using your knowledge of methods to mea
sure aude £ibe:r,acid detergent fiber, neutral detergent
fiber (with amylase), and the AOAC method for total
dietary fiber, indicate which method most likelyfits with
each of the four values below. Justify your answer by list
ing the constituents measured by each method.

Filtration and precipitation of polysaccharides
with ethanol at specific: steps in both the gravimetric
and chemical methodologies allow differentiation of
soluble, insoluble, and total fiber.

Current gravimetric: and chemical methods pro
duce similar estimates of total dietary fiber for most
foods. However, there are method-dependent variabil
ities in estimates of soluble and insoluble fiber and in
fiber estimates for foods that contain appreciable
amounts of lignin or resistant starch.

12.7 PRACTICE PROBLEMS

33.231.0

Soluble

32,377.5 33,216.4

32.421.6 33,255.3
3.9

31,989. ,

33.019.6 31.981.2

33.033.4 33,995.6
3.3

Insoluble

B/Bnk

InstJlubie

32.195.2

1002.1 1005.3

31,637.2 32,173.9

31,723.5 32.271.2
6.5

Semple WI.mg
Crucible +" Celite

wt.mg
Crucible + Celite

+ residue WI, mg
Protein, mg
Crucible + Celite

ash WI.mg

Crucible + Celile
wt, mg 31.563.6 32.198.7

Crucible + Celite
+ residue wt. mg 31.578.2 32.213.2

Protein, mg 32
Crucible + Celite

+ ash wt, mg 32.206.8

1. The following tabular data were obtained when a high
fiber cookie was analyzed for fiber content by the modi
fied AOAC Method 991.43.

Procedure
Constituents
MeasuredMethods

Percent
Fiber

46.0
8.9

40.2
11.9

What is the: (a) total. (b) insoluble, and (c) soluble fiber
content of the cookie?

2. The amount of dietary fiber in a navy Dean cultivar was
determined by the Englyst-Cummings procedure. The
following data were obtained:

Answers

What is total fiber o~ (a) without and (1)) with correction
for resistant starch?

1. a '" 6.06%;b ~ 6.06%; c ~ 2.OC....a.
2. 17.9S~~.

3. ;l '" 11.12%; bl:; 7.5ol%.

How much dietary fiber is in the beans?
3. The following data were obtained when an extruded

breakfast cereal was analyzed for total fiber by the AOAC
method:

191.30
25.74
8.64

Simple b

195.10
26.36
8.74

Sample a

~'Xl2.8

;51.9
13.1
21.1

6.1
35.9

Sample weight. mg
Neutral sugars, mg
Uronic acids, mg

Sample wt (mg)
Residue wI (mg)
Protein wt (mg)
Ash wt (mg)
Blank IN! (mg)
Resistant starch (mg)

3. You are teaching your technician to use the AOAC
method for total dietary fiber to determine the dietary
fiber content of a new line of high-fiber snack foodsbe ing
developed b~· your company. Explain to him or her the
purpose(s) of the steps in the total dietary fiber procedure
listed below:
a. heating sample and treating with amyloglucosidase
b. treanng sample wi th protease
c. adding four volumes of 95% ethanol to sample after

treatment \\;th arnyloglucosidase and protease
d. after drying and weighing the filtered and washed

residue, he.1ting one duplicate final product to 525°C in
a muffle furnace and analyzing the other duplicate
sample for protein.

4. Compare and contrast the AOAC method and the
Englyst-Cummings method for determination of total
dietary fiber. Consider the principles. procedures, appli·
cations, and advantages and disadvantages.

5. Explain how both gravimetric and chemical methods
allow differentiation of soluble. insoluble, and tOl.l1

dictarv fiber.
6. What' is the physiological definition and the ;:hemic.1!

nature of resistant starch? Wh:lt types of foods have rela
tively high levels of resistant starch? For such foojs. ",W
the AOAC proce-dure or the Englyst-Cumming- PfOCl"
durc give you hishcr fiber values?
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13.1 INTRODUCTION

13.1.1 Definitions

With proteins and carbohydrates, lipids constitute the
principal structural components of foods. Lipi~s are a
group of substances that, in generJ.1, are soluble In :ther,
chloroform, or other organic solvents but are sparingly
soluble in water. This solubility characteristic, rather
than being a common structural feature of all macro
molecules, is unique to lipids (l). Lipids comprise a
broad group of substances that have some common
properties and compositional similarities (2). However,
some lipids, such as triacylglyccrols, are very hydro
phobic. Others, such as di- and monoilcylg~yc.ero~s,

have both hydrophobic and hydrophilic moieties in

their molecules and are soluble in relatively polar sol
vents (1). TriacylglyceroIs are fats and oils that represen t
the most prevalent category of a series of compoun~s
known-as lipids in foods. The terms lipids, fats, and oils
are sometimes used interchangeably.

13.1.2 General Classification

The general classification of lipids that follows is use
ful to differentiate the lipids in foods (2).

13.1.2.1 Simple Lipids

Ester of fatty acids with alcohol:

• Fats: Esters of fatty acids with glycerol-triacyl
glycerols
Waxes: Esters of fatty acids with long-chain alco
hols other than glycerols-for example, myricyl
palmitate, cetyl palmitate, Vitamin A esters, and
Vitamin D esters
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13.1.2.3 Derived Lipids

Derived lipids are substances derived from neutral
lipids or compound lipids. They have the general
properties of lipids---examples ilr~ filt~ acids, long
chain alcohols. sterols, fat-soluble vitamins, and hydro
carbons.

13.1.3 Content of Lipids in Foods

The lipid content in bovine milk is shown in Table
13-1. It shows the complexity of milk lipids that differ
in polarity and concentrations.

Foods may contain any or all lipid compounds, but
those of greatest importance are the triacylglycerols
and the phospholipids. Liquid triacylglycerols at
room temperature are referred to as oils, such as soy
bean oil and olive oil, and are generally of plant origin.
Solid triacylglycerols at room temperature are termed
fats. Lard and tallow are examples of fats, which are
generally from animals. The term/at is applicable to all
triacylglycerols whether they are normally solid or liq
uid at ambient temperatures, Table 13-2 shows the
wide range of lipid content in different foods.

13.1.4 Importance of Analysis

An accurate and precise quantitative analysis of lipids
in foods is important for nutritional labeling, to deter
mine whether the food meets the standard of identity
and is uniform, and to understand the effects of fats
and oils on the functional and nutritional properties of
foods.

Uplds of Bovine Milk

Adapted frem (3) with l::ermlssion of S. Patton, and (4) Principles 01
Dairy Chemistry. Jenness. R., and Patton, S. Copyright (: 1959,
John Wiley & Sor:s. Ir:c.....ith p~rmjss:cn.

13.1.2.2 Compound Lipids

Compounds containing groups in addition to an ester
of a fatty acid with an alcohol:

• Phospholipids: Glycerol esters of fatty acids,
phosphoric acids, and other grou~s contain.ing
nitrogen-for example, phosphatidyl choline,
phosphatidyl serine, phosphatidyl ethanol
amine, and phosphatidyl inositol

• Cerebrosides: Compounds containing fatty
adds, a carbohydrate, and a nitrogen moiety
such as galactocerebroside and glucocerebr~

side.
• Sphingolipidsl Compounds containing fatty

adds, a nitrogen moiety, and phosphoryl
group-for example, sphingomyelins

KindS of lipidS

Triacylglycerols
Diacylglycerols
Monoacyrglycerols
Phospholipids
Sterols
Squalene
Free fatty acids
Waxes
Vitamin A
Carotenoids
Vitamin 0
Vitamin E
Vitamin K

Percent of Total Lipids

97-99
0.28-0.59

0.016-0.038
0.2-1.0

0.25-0.40
Trace

0.10-0.44
Trace

7-8.5 lLg!g
8-10 lJ.g/g

Trace
2-5 Jlg/g

Trace
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E' fat COntent of Selected Foods

Foodlts"J

Cereals. bread, and pasta
Rice, white. long-grain, regular, raw, enriched
Sorghum
Wheat. soft white
Rye
Wheat germ, crude
Rye bread
Cracked-wheat bread
Macaroni. dry, enriched

Diary products
Milk, whole. fluid
Skim milk. fluid
Cheddar cheese
Yogurt, plain, whole milk

Fats and oils
Lard, shortening, oils
Butter. with salt
Margarine, regular, hard, soybean
Salad dressing

Italian, commercial, regular
Thousand Island, commercial, regular
French. commercial, regular

Mayonnaise, soybean oil, with salt
Fruits and vegetables

Apples, raw, with skin
Oranges, raw. all commercial varieties
Blackberries, raw
Avocados. raw, al/ commercial varieties
Asparagus, raw
Lima beans. inmature seeds. raw
Sweet corn, yellow. raw

Legumes
Soybeans. matu'e seeds, raw
Black beans. maiu-e seed. raw

Meal poultry. and fish
Beef, flank. secaracle lean and fat
Chicke:i. broHe~s or :ryers, breast meat only
Bacon. pork. cu'ed
Pork. fresh, loin, whOle
Finfish, halibut. Atlantic and Pacific, raw
Finfish, cod, Atlantic. raw

Nuts
Coconut meat. raw
Almonds, dried. unblanched
Walnuts, black, dried
Egg, whole. raw. fresh

PercentFst
(wet weight baSis)

0.7
3.3
2.0
2.5
9.7
3.3
3.9
1.6

3.3
0.2

33.1
3.2

100.0
B1.1
BO.5

4B.3
35.7
41.0
79.4

0.4
0.1
0.4

15.3
0.2
0.6
1.2

19.9
1.4

10.7
1.2

57.5
12.6
2.3
0.7

33.5
52.2
56.6
10.0

From USDA Nutflent Database for Standerd Reference. Release 11-t (August 1997)
htlP:/{www.nal.usda.govlfnicJcgi-bin/nul_search.pl

13.2 GENERAL CONSIDERATIONS

Lipids are soluble in organic solvents and insoluble in
water. Therefore, water insolubility is the essemial ana
lytical property used as the basis for the separation of
lipids from proteins, water, and carbohydrates in
foods. Glycolipids are soluble in alcoholsand han? a

low solubility in hexane. In contrast, triacylglyecrols
are soluble in hexane and petroleum ether, which are
nonpolar solvents. The wide range of relative hyd roo
phobicity of diHerent lipids makes the selection of a
single universal solvent impossible for lipid extraction
of fo~s. So:n~ lipids in foods are components of com.
plo:»: hpoprotrll'isand Ilposaceharidas, therefore, sue-
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IfmJ Effect of Acid Digestion on Fat Extraction
~ fromFood$

food tissues. The ether, which is hydroscopic, becomes
saturated with water and inefficient for lipid extrac
tion. Drying the sample at elevated temperatures is
undesirable because some lipids become bound to pro
teins and carbohvdrates, and bound lipids are not eas
ilv extracted with organic solvents. Vacuum oven dry
i~g at low temperature or lyophilization increases the
surface area of the sample for better lipid extraction.
Prcdrying makes the sample easier to grind for better
extraction, breaks fat-water emulsions to make fat dis
solve easily in the organic solvent, and helps free fat
from the tissues of foods (6).

13.3. 1.1.2 Particle Size Reduction The extraction
efficiency of lipids from dried foods depends on parti
ele size; therefore, good grinding is very important.
The classical method of determining fat in oilseeds
involves the extraction of the ground seeds with
selected solvent after repeated grinding at low temper
ature to minimize lipid oxidation. For better extraction,
the sample and solvent are mixed in a high-speed com
minuting device such as a blender. Lipids are extracted
with difficulty from soybeans because of the limited
porosity of the soybean hull and its sensitivity to deh~

drating agents. The lipid extraction from soybeans IS

easily accomplished if the beans are broken mechani
cally by grinding.

13.3.1.1.3 Acid Hydrolysis A Significant portion of
the lipids in foods such as dairy, bread, flour, and ani
mal products is bound to proteins and carboh'y~rate~,

and direct extraction with nonpolar solvents 1S ineffi
cient. Such foods must be prepared for lipid extraction
by acid hydrolysis (Table 13-3). Acid hydrolysis can
break both covalently and ionically bound lipids into
easily extractable lipid forms. The sample is predi
gested by refluxing for 1 hr with 3 N hydrochloric acid,
and ethanol and solid hexametaphosphate are added
to facilitate separation of lipids from other components
before foods are extracted with solvents (5, 6). For
example, the acid hydrolysis of two eggs requires 10 ml

Adapted rrom (5) (p- 154). with permission.

36.74
3.74
1.20

2.1-3.91
1.1-1.37

Percent Fat
No Acid Hydrolysis

42.39
6.35
1.73

3.77-4.84
1.86-1.93

Percent Fat
Acid Hydrolysis

Driedegg
Yeast
Flour
Noodles
Semolina

The total lipid content of a food is commonly deter
mined by organic solvent extraction methods. The
accuracy of these methods greatly depends o~ ~e sol
ubility of the lipids in the solvent used. :ne 1i~ld con
tent of a food determined by extraction With one
solvent may be quite different from the content deter
mined with another solvent of different polarity. In
addition to solvent extraction methods, there are non
solvent wet extraction methods and several instrumen
tal methods that utilize the physical and chemical
properties of lipids in foods for fat content determina
tion.

Many of the methods cited in this chapter are offi
cial methods of AOAC International. Refer to these
methods and other original references cited for de
tailed instructions of procedures.

13.3 ANALYTICAL METHlDOS

cessful extraction requires that bonds between lipids
and proteins or carbohydrates be broken so that ~e
lipids can be freed and solubilized in the extracting
organic solvents.

13.3.1 Solvent Extraction Methods

13.3.1.1 Sample Preparation

The validity ~f the fat analysis of a food depends on
proper sampling and preservation o~ the sample
before the analysis (see also Chapter 5). Good sam
pling, sample preservation, and proper testing p~oce

dures are critical factors in food analyses. An Ideal
sample should be as close as possible in ~ of i~ intrin
sic properties to the material from w~ch It IS t.aken.
However, a sample is considered satisfactory If the
properties under investigation correspond to those of
the bulk material within the limits of the test (6).

The sample preparation for lipid analysis depends
on the type of food and type and na!U~eof li?id~ in ~e
food (7). The extraction method for lipids In liquid milk
is generally different from that for lipids in so~d soy
beans. To analyze the lipids in foods effectively, a
knowledge of the structure, the chemistry, ~d the
occurrence of the principal lipid classes and their con
stituents is necessary. Therefore, there is no single stan
dard method for the extraction of all kinds of lipids in
different foods. For the best results, sample prepara
tion should be carried out under an inert atmosphere
of nitrogen at low temperature to minimize chemical
reactions such as lipid oxidation.

13.3.1.1.1 Predrying Sample Lipids cannot be effec
tively extracted with ethyl ether from moist food
because the solvent cannot easily penetrate the moist
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of HCI and hearing in a water bath at 65"C for 15-25
min Or until the solution is clear (5).

13.3. 1.2 S o lvent Selection

Ideal solvents for fa t ex traction should have a high sol
vent power for lip ids and low or no solvent power for
proteins, amino acids, and carbohydrates. They should
evaporate readily and leave no residue, have a rela
tively low boiling point, and be nonflammable and
nontoxic in both liquid and vapor states. The ideal so l
vent should p enetra te sample particles readily, be in
sing le-co mponen t form to avo id fractionation, and be
inexp ensive and n onhygroscop ic (5, 6). It is difficul t to
find an ideal fat solvent to meet all of these require
m ents . Ethyl ether and p etroleum ether are the m ost
commonl y used so lv ents, b u t pentan e and hexane also
are used to extract o il from soybeans.

Ethyl eth er has a boiling point of 34.6"C and is a
better solvent for fat than petroleum ether. It is gener
ally expensive compared to other solvents, has a
greater danger of explosion and fire haza rds, is hygro
scopic, and forms peroxides (5). Petroleum eth er is th e
low boiling point fraction of petroleum and is com
posed mainly of pentane and hexane. It has a boiling
point of 35-38"C and is m ore hydrophobic than ethyl
ether. It is selective for more hydrophobic lipi ds ,
cheaper, more nonhygroscop ic, and less flamma ble
than ethyl ether. The detailed proper ties of petroleum
ether for fa : ex traction are described ~'1 AOAC Method
945.16 (9).

A combination of two 0 : three solven ts is fre
quently used. The solven ts should be purified an d per
oxide free. Tne proper solven t-to-so lu te ratio must be
used to obtain the best ext raction of lip ids frorn food s
(6, B).

13.3.1.3 Co n tinuous Solven t
Extrac tion M ethods

13.3.1.3.1 Go lctist: Method-Pnnciple and Character
istics For co ntinuous solve nt extraction , solven t h om
a boiling co ntinuously flows over the sample held in a
ceramic Li.::nbit: . F i1t con tent is measured by weigh t
loss o i the sam ple or by weight of fat removed .

The continuous meth ods give faster, mo re efficient
extraction than semicontinu ous extraction meth od s.
However, they m.:l Y cause channeling: that results in
incompl ete ext ra ction . The Goldfish ( J S we ll as the
Wiley and Underw riters) tests ere exam ples of con-in
uous lipid ex trac tion me thods (5, 6).

13.3.1.3.2 Goldfish Method-Procedure (See Fig .
13-1)

1. \VC'igh pre-dried po rous cerami c extraction rh. m
ble . Place vacuum oven d ried sample in thi mble

Pari II • Chemical Composition and Characteristics of Foods

Goldfish fat extractor. (Courtesy of Labconco
Ccrp ., Kansas City, MOl

and weigh again. (Sample could instead be com'
bined with sand in thimble and then dried.}

2. Weigh predried extraction beake:.
3. Place ceramic extraction thimbJe 1.'1to glass hold

ing tube and then up into condenser of appara
tus .

4. Place anhydrous ethyl ether (or p etroleum
ether) in extraction beak er and put beaker on
hea ter of apparatus.

5. Extract for 4 hr.
6. Lower heater and let sample cool.
7. Remove the extraction beaker and Jet air dry

ove rni ght. then at 100'C fo r 30 min . Cool beaker
in desiccator and weigh.

13.3. 1.3.3 Goldlish Metbod-e-Cetculet ions

Weight of fat in sarnple e (beaker + fa ' )
- beaker I: )

% Fat on dry w eight basis =
(g of fat in sample/g of d ried samp le) x 100 [e!

13.3.1 .4 Semicontinuous Solven t
Extraction Methods

The Sovhlct method (AOAC Method 920.39C for
Ce rea l Fat ; AOAC Method 960.39 for Meat Fa t) is 0:1

exam ple of the semicunfinu oug exrracri on method an d
is described belo w.

13.3.1.4. 7Soxhle: Method-Principle and Characteris
tics For sl'micont inuou s solvent extraction, the sol
ve nt bui ld s up in the extraction chamber for 5- 10 min
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Soxhlet extraction apparatus.

13.3.1.5 Discontinuous Solvent
Extraction Methods

13.3.1.5.1 Modified Mojonnier Method lor Milk Fat
Principle and Characteristics Fat is extracted with a
mixture of ethyl ether and petroleum ether in a Mojon
nier flask, and the extracted fat is dried to a constant
weight and expressed as percent fat by weight.

The Mojonnier test is an example of the discon
tinuous sol .....ent extraction method. This extraction
method does not require prior removal of moisture
from the sample. When including purification of the
extracted fat with petroleum ether, this method is very
similar to the Roese-Gottlieb Method (AOAC Method
905.02) in both principle and practice.

for 16 hi' at a rate of 2 or 3 drops per second by
heating solvent in boiling flask.

6. Dry coiling flask with extracted fat in an air
oven a: 100°C for 30 min. cool in desiccator, and
weigh.

13.3.1.5.3 Modified Mojonnier Method for Milk Fat
Procedure

1. Weigh. to the nearest 0.1 mg, 10 g of milk into a
Mojonnier fat extraction flask (Fig. 13-3).

2. Add 1.5 ml of NH.jOH and shake vigorously.
Add 2 ml if the sample is sour. NHpH neutral
izes the acidic sample and dissolves protein.

3. Add 10 ml of 95% ethanol and shake for 90 sec.
The alcohol prevents possible gel formation.

t. Add 25 ml of ethyl ether and shake for 90 sec.
The ether dissolves the lipid.

3. Cool if necessary, and add 2S ml of petroleum
ether and shake for 90 sec. The petroleum ether
removes moisture from the ethyl ether extract
and dissolves more nonpolar lipid.

6. Centrifuge for 30 sec at 600 rpm.

13.3.1.4.4Scxhlet Method-Calculation

":' Fat on dry weight basis =
(g of fat in sample/g of dried sample) x 100 [3]

13.3.1.5.2 Modified Mojonnier Method for Milk Fat
(AOAC Method 989.05)-Preparation of Sample
Bring the sample to about 20GC; mix to prepare a homo
geneous sample by pouring back and forth between
clean beakers. Promptly weigh or measure the test por
tion. If lumps of cream do not disperse, warm the sam
ple in a water bath to about 38°C and keep mixing until
it ~s homogeneous, using a "policeman" if necessary to
reincorporate the cream adhering to the container or
stopper. 'Nhen it can be done without interfering with
dispersal of the fat, cool warmed samples to about
20°C before transferring the test portion.

Thimble
Simple.

Condenser-

Siphon Arm

13.3.1.4.2 Soxhlet Method-Preparation of Sample If
the sample contains more than 10% H20, dry the sam
ple to constant weight at 95-l00°C under pressure :slOO
mm Hg for about 5 he (AOAC Method 93·tOl).

- Boiline flask
Solveol- .•......... Heater

and completely surrounds the sample, then siphons
ba~k to the boiling flask. Fat content is measured by
weight loss of the sample or by weight of fat removed.

This method provides a soaking effect of the
sample and does not CJUS~ channeling. However.
this method requires more time than the continuous
method.

13.3. 1.4.3 Soxhlet Method-Procedure (See Fig.
13-2)

1. Weigh, to the nearest mg, about 2 g of predried
sample into a predried extraction thimble, with
porosity pennitting a rapid flow of ethyl ether.
Cover sample in thimble with glass wool.

2. Weigh predried boiling flask.
3. Put anhydrous ether in boiling flask. Note: The

anhydrous ether is prepared by washing com
mercial ethyl ether with two or three portions of
H20 , adding NaOH or KOH, and letting stand
until most of H20 is absorbed from the ether.
Add small pieces of metallic Na and let hydro
gen evolution cease (AOAC Method 920.39B).
Petroleum ether may be used instead of anhy
drous ether (AOAC Method 960.39).

4. Assemble boiling flask, Soxhlet flask, and con
denser.

5. Extract in a Soxhlet extractor at a rate of 5 or 6
drops per second condensation for about 4 hr, or
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Mojonnier fat extraction flask. (Courtesy of
Kontes Glass Co., Vmeland NJ)

7. Decant ether solution from the Mojonnier flask
into the previously weighed Mojonnier fat dish.

8. Perform second and third extractions in the
same manner as for the first extraction de
scribed previously (ethanol, ethyl ether, petro
leum ether, centrifugation, decant).

9. Evaporate the solvent in the dish on the electric
hot plate at sl00°C in a hood.

10. Dry the dish and fat to a constant weight in a
forced air oven at 100°C =: 1"c.

11, Cool the dish to room temperature and weigh.

13.3.1.5.4 Modified Mojonnier Method-Calculations

% FJI == 100 x /[(wt dish + rat) - [wt dish)}
- (avg wt blank residue)]/wt sample Hl

A pair of reagent blanks must be prepared every day.
For reagent blank determination, use 10 ml of distilled
water instead of milk sample. The reagent blank
should be <0.002 g. Duplicate analyses should be
<0.03% fat.

13.3.1.5.5 Modified Mojonnier Method for Fat in Flour
(AOAC Method 922.06) or Fet in Pet Food (AOAC
Method 954.02) Mix 2 g of sample and 2 ml of ethyl
alcohol well in a 5Q..ml beaker. Add 10 ml of HCl (25 +
11)and place the beaker in a water bath held at 70-S0eC
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with stirring for 30-40 minfor hydrolysis. Add 10ml of
alcohol and cooL The acid hydrolyzed flour is
extracted by a rombination of ethyl ether and petro
leum ether as described in the Modified Mojonnier
Method for Milk Fat (AOAC Method .989.05).

13.3.1.6 Elevated Pressure/Temperature
Solvent Extraction Methods

Lipid extraction methods involving solvent-sample
interactions at high pressure/temperature combina
tions include supercritical fluid extraction (SFE) and
accelerated solvent extraction (ASE). They have gained
acceptance recently as substitutes for more traditional
solvent extraction methods because of United States
Environmental Protection Agency (EPA) regulations
that increasingly encourage· the reduction of organic
solvent use in labs (10).

SFE avoids the use of hazardous organic solvents
altogether, thereby completely eliminating the costs
and dangers commonly associated with their disposal.
Instead, an inert, nontoxic, and inexpensive solvent
such as carbon dioxide is heated and pressurized until
it displays the properties of a supercritical fluid. In this
"hybrid" gas-liquid state, the supercriticaJ fluid's liq
uid-like density enhances fat extraction from sample
matrices, while at the same time its gas-like properties
promote separation of the solubilized fat from the sol
vent fluid after completion of extraction.

VYhile not completely eliminating the use Of or
ganic solvents, the ASE process can significantlv lower
their consumption. Because of the elevated pressures
achieved during ASE, fat extraction of samples can
take place at temperatures well above the normal boil
ing point of the solvent used. This enhances solubilize
bon and diffusion of lipids from the sample into the
solvent, significantly shortening the extraction time
while at the same time reducing solvent consumption.

13.3.1.6.1 $upercritical Fluid Extraction (SFE) Me:tlo,,'
1. Principle. A fluid (most often CO2) is brought :(,

a specific pressure-temperature combination. which
allows it to attain supercritical solvent properties Icr
the selective extraction of fat from the sarr.ole rnatri x.
The sample is exposed to the supercritical fluid under
these controlled conditions of time, temperature, .Ll:1l:
pressure, allowing dissolution of the fat from the sam
pic. The dissolved fat is then separated from the super
critical solvent by a significant drop in solution rre~

sure. The precipitated fat is then dried and quantified
as percent fat by weight.

2. Procedure {See Fig. 13-t}

a. Weigh; to the nearest mg, 3-5 g of dry ground
sample and place into the extraction cell.
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C02 Pump

L··.... ·I Microeompul.,r t..·...:

Experimental setup for supercrirical fluid
extraction. [From (::?oO), reproduced from the
[oumal o/Chroma/ographic Science by permission
of Preston Publications. A Division of Preston
Industries, Inc.]

b. Seal the extractor, set oven temperature to BO°C,
and pressurize extraction cell to 10,000 psi. The
collection vial should be kept at ambient pres
sure and a temperature of 6~70°C.

c. Using the pump, establish a constant CO2 flow
rate through the extraction cell of 15 standard
liters/min.

d. Allow extraction of fat from the extraction cell
into the collection vial to continue for 20 min at
the proper temperature-pressure settings.

e. Depressurize the extractor, tum off the oven,
and remove the collection vial containing ex
tracted fat.

f. Contents of the collection vial can be rotary
evaporated (60 min, 50"C, using a preweighed
flask) to remove residual CO! and/or water
from the oil product.

g. Weigh the cooled flask containing the fat prod
uct.

3. Calculations.
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pounds (:!O). With the proper coupling of the SFE
extractor to a chromatographic system such as capil
lary g.lS chromatography (GC) (SFE-GC), rapid, accu
rate separation and quantitation of each extracted ana
lyre is possible (21). Because SFE can save both time
and money compared to traditional extraction meth
ods, while at the same time matching their overall pre- .
cision and accuracy, further applications of this tech
nique in the area of lipid extraction are sure to be
developed.

13.3.1.6.2 Accelerated Solvent Extrsction (ASE)
Method

1. Principle. Fat is extracted by exposing a solid or
semisolid sample to a nonpolar solvent in the static or
dynamic mode under elevated temperature and pres
sure conditions. In the static mode, extraction occurs
with no outflow of solvent, while the dynamic mode
allows fresh solvent to flow continuously through the
sample during extraction. Dissolved fat diffuses from
the core to the surface of the sample particles, where it
is transferred into the extraction solvent. Compressed
gas then purges the solubilized fat into a collection ves
sel. Evaporation separates the solvent from the
extracted fat, which is then dry weighed and quanti
fied as percent fat by weight.

2. Procedure (See Fig. 13-5)

a. Weigh, to the nearest mg, 3-5 g of dry ground
sample and place into the extraction cell.

b. lighten the extraction cell in the oven and heat
to the extraction temperature of 150°C (temper
atures up to 200"C may be used). During the
preheating process, open the static valve.

c. After the desired temperature is achieved, open
the pump valve and allow solvent to flow into
the extraction cell until about 1 ml has accumu
lated in the collection vial.

4. Applications. Due to the inherent variability in
density, chemical composition, etc., among the many
substances that can be extracted by SFE, modification
of the temperatures and pressures described in the pro
cedure may be necessary to obtain maximal extraction
efficiency.

In addition to being used for total fat quantitation
(1l-14), the pressure-temperature--time variables in
SFE can be manipulated to allow selective extraction of
minute quantities of polar [1~18] or nonpolar (19)
analyses from sample matrices. However, modifiers
such as methanol often are necessary to assist super
critical CO2 in the extraction of highly polar com-

% Fat ={{wtfat + flask) - wt flaskl/wt of
original dry sample x 100 [5]

CoIledion Viol

Experimental setup for accelerated solvent
extraction. [Reprinted with permission from
{13}. Copyright 1996, American Chemical Soci
ety.
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d. Close the static valve and allow the extraction
cell to pressurize to approximately 2000psi.

e. Allow the pressurized static solvent extraction
to proceed for 10 min.

f. Flush the extraction cell with' fresh solvent by
reopening the static valve, and collect the sol
vent extract in the vial.

g. Close the pwnp valve and tum on the purge
valve to clear the remaining solvent out of the
extraction cell and into the collection vial.

h. Contents of the collection vial can be rotary
evaporated (60 min, 50°C, using a preweighed
flask) to separate the solvent from the fat prod
uct.

i. Weigh the cooled flask containing the fat prod
uct.

3. Calculations

% Fat e «wt fat + flask) - wt flask)!wt of
original dry sample x 100 [6}

4. Applications. Dynamic ASE alone yields the
fastest extractions, but also causes increased solvent
consumption. Static ASE alone necessitates Signifi
cantly longer extraction times but minimizes solvent
use, making it more appropriate for trace analysis.
Combining the static and dynamic modes (as the above
procedure does) generally gives the best overall resuJts
for typical fat extractions (22).

ASE can provide lipid extractions that are compa
rable to those obtained by the Soxhlet method and
other similar techniques, while using only a fraction of
the time and organic solvent. A formal methodology
has been proposed as Method 3545in Update III of the
U.S. EPASW-846 Methods (23, 24).

13.3.2 Nonsolvent Wet Extraction Methods

13.3.2.1 Babcock Method for Milk Fat
(AOAC Method 989.04 and 989.10)

13.3.2.7.7 Principle In the Babcock method, H~~ is
added to a known amount of milk in the Babcock bot
tle. The sulfuric acid digests protein, generates heat,
and releases the fat. Centrifugation and hot water addi
tion isolate fat for quantitation in the graduated por
tion of the test bottle. The fat is measured volumetri
caUy, but the result is expressed as percent fat by
weight.

13.3.2.1.2 Procedure (See Fig. 13--6)
1. Accurately pipette the milk sample (17.6 ml)

into a Babcock test bottle.
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2. Add reagent grade (1.82 sp gr) sulfuric acid
(17.5 ml) to the bottle, allowing the acid to flow
gently down the neck of the bottle as it is being
slowly rotated. The add digests proteins to lib
erate the fat.

3. Centrifuge the mixture for 5 min and liquid fat
will rise into the calibrated bottle neck. The cen
trifuge must be kept at 55-60°C during centrifu
gation.

4. Add hot water to bring liquid fat up into the
graduated neck of the Babcock bottle.

5. The direct percentage of fat by weight is read to
the nearest 0.05% from the graduation mark of
the bottle.

13.3.2.1.3 Applications The Babcock method, which
is a most common method for the determination of fat
in milk, takes about 45 min and duplicate tests should
agree within 0.1%. The Babcock method does not
determine the phospholipids in the milk products (26).
It is not applicable to products containing chocolate or
added sugar without modification because of charring
of chocolate and sugars by sulfuric add. A modified
Babcock method is used to determine essential oil ir\
flavor extracts (AOAC Method 932.11) and fat in
seafood (AOAC Method 964.12).

13.3.2.2 Gerber Method for Milk Fat

13.3.2.2.1 Principle The principle of the Gerber
method (25) is similar to that of the Babcock method,
but it uses sulfuric acid and amy] alcohol. The sulfuric
acid digests proteins and carbohydrates, releases fat,
and maintains the fat in a liquid state by generating
heat.

13.3.2.2.2 Procedure
1. Transfer lOml of H2SO.; at 15-21 oC into a Ccrlcr

milk bottle.
2. Accurately measure milk sample (11 ml) into the

Garter bottle, using a Gerber Pipette.
3. Add 1 ml of isoamyl alcohol to the bottle.
4. Tighten the stopper and mix by shaking the bot

tie.
S. Centrifuge the bottle for ~ min.
6. Place the bottle in a water bath at 6O-63°C for 5

min and then read the fat content from the grad
uations on the bottle neck.

13.3.2.2.3 Applications The Gerber method is comFa
rable to the Babcock method but is simpler and faster
and has wider application to a variety of dairy prod
ucts. The isoamyl alcohol generally prevents the char
ring of sUl;~r found with the regular Babcock method.
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Babcock bo ttles for milk (A) cream (6), and cheese (Paley bottle) (C) testing. (Courtesy o f Kimble Glass Co..
Vineland. NJ)

The test is more popular in Europe than in Ameri ca
(27).

food components. The percent fat is mea sured volu
metrically and exp ressed as percent fat (6).

13.3.2.3 Detergent Me thod

The principle of the detergent method is that the deter 
gents react with protein to form a protein-detergent
complex to break up emulsions and release fat. The
method was originally developed to determine fat in
milk because of the corrosiv e prope rties of HzSO-o\ in
the Babcock test (28). This method was la ter m od ified
for use with other products. Milk is p ipetted into a
Babcock tes t bo ttl e. An anionic detergent. di octyl
sodium phospha te. is added to disperse the protein
layer th at s tabilizes the fat to libera te fat. The n a s trong
hydrophilic nonionic polyoxyethylene detergen t. so r
bitan monolcurate- is added to sepa rate fat from other

13.3.2.4 Refrac tive Index Method for
Processed Meat

13.3.2.4.1 Principle The refractive index is character
istic of each kind of fat. and the values vary with
degree and type of unseturation. oxidation, heat treat
men t. tempe ratures of analyses, and the fat COntent. Fat
is ex trac ted w ith a sol vent, and the refractive index of
the solvent is compared to the refractive indices of the
extracted fat solution and fat (3. 6).

13.3.2.4.2 Procedure
1. weigh a 2·g sample.
2. Transfer the sample to mortar and pest le,
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[7]

-+ tirM (jJs)
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j 90·p.J1se

::-cI~1d tirM (rKeivft')
!

Sdir (t) = solid fat content
f =correction factor
s' = intensity at 10 !!SCC
1=intensity at 70 usee (corresponding to

liquid only)

The intensities s'and 1are obtained from the NMR sig
nal as shown in Fig. 13-7.Tune domain NMR has been
used to analyze fat~ontaining food materials includ
ing butter, margarine, shortening, chocolates, oilseeds,
meats, milk powders, cheese, flours, and the like. An
example is shown in Fig. 13-8.Here only the liquid sig-

3. Add 1.5 g of-dry sand.
4. Add 3 g of aphydrous sodium sulfate.
5. Add 3 ml of bI'lJmonaphthalel'le.
6. Grind the materials for 3 min.
7. Put filter paper in funnel in the rack above

beaker.
8. Transfer contents oimortar to funnel.
9. Collect filtrate (i.e., solution with extracted fat).

11. Determine the refractive of index of filtrate.
12. Calculate percent fat in sample.

13.3.2.4.3 Calculations

0/0 Fat = 100 V d (n1 - n2)/W (712 - 11)

v =ml of bromonaphthalene
d ;:: density of fat
n = refractive index of fat

nl = refractive index ofbromonaphthalene
n2 =refractive index of extracted solution
W = weight of sample

where:

13.3.3 Instrumental Methods

13.3.3.1 Low-Resolution NMR Method

Magnetization decay of a partly crystallized
fat. [From (17),used with permission.]
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The basic principles of nuclear magnetic resonance
(NMR) are presented ir1 Chapter 30. NMR can be used
to measure fat and oil in food materials in a nonde
structive way. Two kinds of NMR may be used: time
domain low resolution NMR (sometimes called
pulsed NMR). and frequency domain NMR (NMR
spectra). The great advantages of NMR are that it is
nondestructive and does not require that the sample be
transparent.

In time domain lv"MR, signals from the hydrogen
nuclei ('H or proton..") of different food components are
distinguished bv their different rates of decav or
nuclear relaxation. Hydrogen nuclei in solid phases
relax extremely fast (signal disappears), while protons
in liquid phases relax very slowly. Furthermore, in
samples such J.~, oilsecds and some food products,
water protons may relax faster than oil protons. The
intensity of the signal is proportional to the number of
hydrogen nuclei and therefore to hydrogen content.
Thus, intensity can be converted to oil content using
calibration methods (29-31). This method is used for
water content, oil content, solid fat content, and solid
to-liquid ratio.

The equation (or the so-called direct method to
determine solid fat content follows:

_-L
Sdir (I) - 1+ Is' )( 100 [fl

where:
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nal intensity was measured. Since liquid oil dominates
the liquid-like phases in seeds, a strong correlation of
NrvlR signal with. seed oil content (determined in an
independent analysis) is obtained. Similar curves have
been prepared for dairy foods. meats, and so on. Some
times it is necessary to remove water by drying the
sample before analysis. Alternatively, by taking advan
tage of the different NWtR relaxation times of oil and
water, the oil signal can be isolated.

Frequency domain NMRof foods is a new applica
tion in which food components are distinguished by
the chemical shift (resonance frequency) of their peaks
in an N1vtR spectrum. The pattern of oil resonances
reflects degree of unsaturation and other chemical
properties. This is useful for chemical analysis because
intensities are proportional to amounts. Liquid glyc
erides have been detected this way in cheeses, fruits,
meat, oilseeds, and other food materials. Frequency
domain NNlR analysis of fats and oils has been
reviewed by Eads and Croasmun (33) and by Eads (34).

13.3.3.2 X-Ray Absorption Method

The X-ray absorption of lean meat is higher than that of
fat. It has been used for the rapid determination of fat
in meat and meat products using the standard curve of
the relationship between X-ray absorption and fat con
tent determined by a standard solvent extraction
method (6). For example, the AnlyRay fat analysis
instrument (BWl Kartridge Pak, Davenport, IA), com
monly used to rapidly determine the lean/fat ratio or
percent fat of meat products (usually fresh beef or
pork), is based on X-ray asorption.

13.3.3.3 Dielectric Method

The dielectric constants of foods change as the oil con
tents change. For example, the electrical current of lean
meat is 20 times greater than that of fat. The coefficient
of correlation for the linear regression between the
amounts of induced current and the oil contents of soy
beans determined by a standard solvent extraction
method was 0.98 (20).

13.3.3.4 Infrared Method

This infrared (IR) method is based on absorption of
infrared energy by fat at a wavelength of 5.73 11m. The
more the energy absorption at 5.73 urn, the higher the
fat content 9£the sample. Mid-infrared spectroscopy is
used in Infrared Milk Analyzers to determine milk fat
content (AOAC Method 972.16). Near-infrared spec
troscopy has been used to measure the fat content of
commodities such as meats, cereals, and oilseeds in the
laboratory, and is being adapted for on-line measure-
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meat. See Chapter 27 for a discussion of infrared spec
troscopy.

13.3.3.5 Ultrasonic Method

The acoustic property of fat is different from that of
solid-not-fat. The sound velocity in milk increases or
decreases as the fat content increases or decreases
~bove .or below a ce:tain critical temperature, making
It possible to determine the fat content of milk by mea
suring the sound velocity (36). Ultrasound also can be
used to assess the fat content of animal carcasses (37).

13.3.3.6 Colorimetric Method

The fat content of milk was determined by measuring
the color developed by the reaction between milk fat
and hydroxamic acid. The color thus developed was
compared to a standard curve of the color intensities
and fat contents of samples determined by the Mojon
mer method (38).

13.3.3.7 Density Measurement Method

The density and oil content of oilseeds have been
found to be correlated with r = -0.96. The oil content of
oilseeds can be determined by measuring the densi ty
of seeds using a linear regression line between the seed
density and the fat content determined by a standard
solvent extraction method (39),

13.3.3.8 Foss-Let Method

Fat content by the Foss-Let method (Foss North Amer
ica, Eden Prairie, ~1N) is determined as a function of
the specific gravity of a sample solvent extract. A sam
pIe of known weight is extracted for 1.5-2 min in a
vibration-reaction chamber with perchloroethylene.
The extract is filtered and, using a thermostatically con
trolled device with digital readout, its specific gravity
detennined. The reading can then be converted to oil
or fat percentage using a conversion chart.

13.3.3.9 Milko-Tester Method

Fat content of milk can be measured with the Milko
Tester, which is based on measuring the h.trbidity of
light scattering caused by fat globules in milk (40). A
four-stage homogenizer and the design of the pho
tometer in the instrument reduce the effect of fat glob
ule size on the measurement of turbidity. Samples are
heated and diluted with a solution of EDTA at an alka
line pH to disperse the casein molecules and reduce
turbidity due to protein.
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13.4 COMPARISON OF METHODS

Soxhlet extraction or its modified method is the most
common crude fat determination method in foods.
However, this method requires a dried sample for the
hydroscopic ethyl ether extraction. If the samples are
moist or liquid foods, the Mojonniet method is gener
ally applicable to determination of the fat content The
instrumental methods such as IR and NMR are very
simple, reproducible, and fast, but are available only
for fat determination for specific foods. The application
of instrumental methods for fat determination gener
ally requires a standard curve between the signal of the
instrwnent analysis and the fat content obtained by a
standard solvent extraction method. However, a rapid
instrumental method could be used as a quality control
method {or fat determination of a specific food.

13.5 SUMMARY

Lipids are generally defined by their solubility charac
teristics rather than by some common structural fea
ture. Lipids in foods can be classified as simple, com
pound, or derived. The lipid content of foods varies
widely, but quantitation is important because of regu
latory requirements, nutritive value, and functional
properties. To analyze food for the fat content accu
rately and precisely. it is essential to have a comprehen
sive knowledge of the general compositions of the
lipids in the foods, the physical and chemical properties
of the lipids as well as the foods, and the principles of
fat detennination. There is no single standard method
for the determination of fats in different foods. The
validity ofany fat analysis depends on proper sampling
and preservation of the sample prior to analysis.
Predrying of the sample, particle size reduction, and
add hydrolysis prior to analysis also may be necessary.
The total lipid content of foods is commonly deter
mined by organic solvent extraction methods, which
can be classified as continuous (e.g., Goldfish), semi
continuous (e.g., Soxhlet), discontinuous (e.g., Mojon
nier), or elevated pressure-temperature (e.g.,Supercrit
ical Fluid Extraction). Nonsolvent wet extraction
methods, such as the Babcock, Gerber, detergent, and
refractive index methods, are commonly used for cer
tain types of food products. A variety of instrumental
methods arc also available for fat determination of spe
cific foods. These methods are rapid and so may be use
ful for quality control but generally require correlation
to a standard solvent extraction method.

13.6 STUDY QUESTIONS

1. Itemize the procedures that may be required to prC'pMC .:l

food sample for accurate fat determlnatior, by a sO[\'ent
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extraction method (e.g., Soxhlet method). Expl~ why
each of these procedures maybe necessary.

2. To extract the Eatfrom a food sample, you have the choice
ofusing ethyl etheror petrolewn ether as the solvent, and
you can use either a Soxhletora Goldfish apparatus. What
combination oE solvent and extraction would you choose?
Give all the reasons lor your choice.

3. Explain and contrast the principles (not procedures)
involved in determining the fat content of a foocl: product
by the following methods. Indicate Eor each method the
type of sample that would be appropriate lor analysis.
a. Soxhlet
b. Babcock
c. refractive index
d. Mojonnier
e. detergent
f. low-resolution NMR

4. Differentiate supercritical fluid extraction and accelerated
solvent extraction methods. What are their advantages
over traditional solvent extraction methods?

13.7 PRACTICE PROBLEMS

1. Todetermine the fat content of beefby the refractive index
method, 5.ml of bromonaphthalene was used to extract fat
from 2D of beef. The density of fat is 0.9 glml. and the
refractive indices of beef fat, bromonaphthalene, and the
bromonaphthalene beef fat extracted solution are
1.466,1.658, and 1.529, respectively, Calculate the ht con
tent of the beef.

2. To determine the fat content of a semimoist food bv the
Soxhlet method. the food was first vacuum oven dried.
The moisture content of the product was 25%. The fat in
the dried food was determined bv the Soxhlet method.
The fat content of the dried food \\"~ 13.5%. Calculate tllc
fat content of the original semiInoist product.

3. The densities of milk fat and milk are 0.9 and 1.C32,
respectively. The fat content of the milk was 3,55% 0:1 a
volume basis. Calculate the fat content of milk as perccr.i,
wet weight basis.

4. The fat content of 10 g of commercial ice cream was deter
mined by the Mojonnier method. The weights of extracted
[at after the second extraction and the third extraction
were 1.21 g and 1.24 g. respectively, How much of fat, as ~

percentage of the total, was extracted during the third
extraction?

Answers

1.46.] %; 2. 9.4%; 3. 3.09%; 4. 0.3°0.
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that have already been extracted from animal products
or oilseeds and other plants grown for their lipid con
tent. The term folt signifies extracted lipids that are
solid at room temperature, and oil refers to those that
are liquid. However, the three terms, lipid, fat, and oil.
often are used interchangeably.

In relation to the human diet and food labeling, the
term fat (e.g., dietary fat, percent fut, or calories from
Fat) refers to the lipid components of the foodstuff, in
contrast to the carbohydrate and protein components.
For nutrition labeling purposes (see Chapter 3), total
fat is defined J.S total lipid fatty acids and is expressed
as triglycerides. Saturated fat is defined as the sum (in
grams) of all fatty acids without double bonds. The
optional category of polyunsaturated fat is defined as
cis, cis-methylene-interrupted polyunsaturated fatty
acids. Also an optional category (unless certain label
claims are made), monounsahuated fat is defined as
cis-monounsaturated fatty acids. The requirement that
the fatty acids be cis prevents inclusion of fatty acids
that contain trans isomers from such terms. Thus, there
is a need for analyses to distinguish between the two
forms (see section 14.6).

14.1.2 Importance of Analyses

Such issues as the effectof dietary faton health and food
labeling requirements necessitate that food scientists be
able to not only measure the total lipid content of a
foodstuff but also to characterize it. Health concerns
require the measurement of such parameters as choles
terol content, amount of saturated and unsaturated fat,
and sometimes the type and amount of individual fatty
acids. Measurements of lipid stability impact not only
the shelf life of the product but also its safety, since some
oxidation products (e.g., malonaldehyde, cholesterol
oxides) have toxic properties. Another area of interest is
the analysis of oils and fats used in deep-fat frying oper
ations. Finally, the development of food ingredients
composed of lipids that are not bioavailable (e.g.,
sucrose polyesters such as Olestra~ or lipids not con
tributing the normal nine calories per gram to the diet
(e.g., short- and medium-chain triglycerides such as
Salatrim!l and Caprenin~ accentuates the need to char
acterize the lipids present in food.

14.1.3 Content in Foods and Typical Values

Commodities containing significant amounts of fats
and oils include butter; cheese; imitation dairy prod
ucts such.as margarine; spreads; shortening; frying
fats; cooking and salad oils; emulsified dressings;
peanut butter; confections; and muscle foods such as
meat, poultry, and fish. Tables are available that delin
eate the tot.at fat c~ntent of foods (see Chapter 13) as
well as the~ constituent fatty acids [e.g., Section I of
AOCS Offioal Methods (2)]. Ongoing studies are re-

14.1 INTRODUCTION

Methods for characterizing edible lipids, fats, and oils
can be separated into two categories: those developed
to analyze bulk oils and fats, and those focusing on
analysis of foodstuffs and their lipid extracts. In evalu
ating foodstuffs it is usually necessary to extract the
lipids prior to analysis and, if sufficient quantities of
lipids are available, some of the methods developed for
bulk fats and oils can be utilized.

The methods described in this chapter are divided
into four sections. The first are traditional analytical
methods for bulk fats and oils, many involving "wet
chemistry." Then, two sections discuss methods of
measuring lipid oxidation. Some of these methods uti
lize intact foodstuffs but most require the lipids to be
extracted from foodstuffs. Last addressed are methods
for the analysis of lipid fractions, including fatty acids,
triacylglycerols, and cholesterol.

Numerous methods exist for the characterization
of lipids, fats, and oils (I-H). In this chapter are
induded those methods required for the nutritional
labeling of food and others appropriate for an under
graduate food analysis course. Many traditional "wet
chemistry" methods have been supplemented or su
perseded by instrumental methods such as gas chro
matography (GC), high performance liquid chromato
graphy (HPLC), nuclear magnetic resonance (NMR),
and Fourier transfonn infrared (FTIR) spectroscopy.
The understanding of basic concepts derived from tra
ditional methods is valuable in learning more sophisti
cated instrumental methods.

Many of the methods cited are official methods of
the American Oil Chemists' Society (AOCS), AOAC
International, or the International Union of Pure and
Applied Chemists (IUPAC). The principles, general .
procedures, and applications are described for the
methods. Refer to the specific methods cited in "Iable
l~I for detailed information on procedures.

14.1.1 Definitions and Classifications

As explained in Chapter 13, the term lipids refers to a
wide range of compounds soluble in organic solvents
but only sparingly soluble in water. Chapter 13 also
outlines the general classification scheme for lipids.
The majority of lipids present in foodstuffs are of the
following types: fatty acids; mono-, di-, and triacyl
glycerols; phospholipids; sterols (including choles
terol); and lipid-soluble pigments and vitamins. The
commonly used terms monoglyceride, diglyceride,
and triglyceride are synonymous with the proper
nomenclature terms monoacylglycerol, diacylglycerol,
and triacylglycerol, respectively._---c- --=~-____.____._-_____:c;__-----"'---="---'-'""""''''--\'~--'-'~'-"-''~4-''''''--------

In contrast to lipids, the terms fats and oils often
refer to bulk products of commerce, crude or refined,
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~ CClfT'elaJion ofSe/~tedAOCS (2),AOAC(l), and IUPAC (3)·Method$"

Method

Bulk fats and oils
Refractive index
Melting point Capilla'rYtube melting point

SUp melting point

Dropping point
Wiley melting point

Smoke, Flash, and Fire Points

Cold test
Cloud point
Color Lollibond

spectrophotometric
Iodine value

Saponification number

Free fatty acids (FFAs)
Acid value
Solid fat index (SFI)
Solid fat content (SFC)
Consistency
Polar components in frying fats

Lipid Oxidation-Present Status
Peroxide value

Anisidine value
Hexanat
Thiobarbituric acid (TBA) test

Lipid oxidation-oxidative stability
Schaal oven storage
Oil stability index (OSl)
Active oxygen me!tJod (AOM)

Fany acid methyl esters (FAMEs)
Pcryunsaturatec fsty acids (PUFAs)
trans isomer falty acids
Chcleslerol (and other sterols)

AOCS.

Cc7-25
Cc '~25

Cc3-25
Cc3!)..92
Co 18-80
Cc 2-JB2
Cc 9a-48
Co9b-55
Co 11·53
Co 6-25
Co 13e-92
Cc 13c·50
Cd 1-252

Cd ld-92
Cdlc-85
Cd 3-25
Cd 3a-94
Ca 5a-4O
Cd3d-63
Cd 10-57
Cd 16b-93
Cc 16·60
Cd 20-91

Cd 8-53
Cd Bb~90

Cd 18-90

Cd 19-90

Cd 12b·92
C..d.-.12...5 7Z

Ce 1-62

Ce 2-66
Cd 15-78
Cd 14-95

AOAC

921.08
920.157

920.156

929.08

920.159
993.20

920.16

940.28

982.27

965.33

963.22
966.06
969.33
979.19

976.26

IUPAC

2.102

2.103
2.205

2.202

2.201
2.141
2.150

2.507

2.501

2.504

2.531

? 50..

2.302

2.301
2.209
2.207
2.403

'Aces =Amellcan Oil Chemists' SoCI£:ly, "OAC =AOAC International (formerly Associancn c: Official
Ana::.r.ical Chemists); IUPAC .. Internatienal Unior. of PUle and ApplIed Chemists.
2ThO'..ll;::'l no longer current. these rnetbocs are inCluded for reference because of their previous :::>''T'Imon
use.

fining the quantities in food of saturated and unsatu
rated fat, trans isomers, cholesterol, and other specific
parameters.

Because of their usefulness as food ingredients. it
sometimes is important to know the physical and
chemical characteristics of bulk fats and oils. Dcfi.n i
tions and specifications for bulk fats and oils (e.g., soy
bean oil, com oil, coconut oil), including values for
many of the tests described in this chapter, can be
found in Section I of the AOCS Official Methods (2), in

the Merck 1I1d~I (12), and in "Fats and Oi15" (13). Table
14-2 gives typical values for several of the tests for
some of the common commercial fats and nils. It must
be remembered that bulk fats and oils can vary
mcrkedly in such parameters due to differences in
s~urcc, composition, and susceptibility to deteriora
lion.

Foods confaining even minor amounts of lipids
(c.g .• <1%) can have a shelf Jife limited bv lipid oxida-
tion end subscC!uent rancidity. . ,
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TypIcal Values of Selected Parameters for Fats and Oils

Refractive Melting Iodine Saponification
Fat/Oil Source Index (40dC) Point rc) Value Value

Beef tallow 1..15.1-1 .458 4Q-J8 4(}.-48 190-199
Butterfat (bovine) 1.45~1.456 28-35 26-42 210-233
Cocoa butter 1.456-1.456 31-35 32-40 192-200
Coconut oil 1.448-1.450 23-26 6-11 248-265
Corn 1.465-1.468 107-128 187-195
Cottonseed 1A58-1.466 100-115 189-198
Lard 1.459-1.461 33-46 53-77 190-202
Menhaden 1.472 148-160 189-193
Olive 75-94 184-196
Palm 1.449-1.455 33-40 50-55 190-209
Palm kernel 1.452-1.488 24-26 14-21 230-254
Peanut 1.460-1.465 86-107 187-196
Rapeseed 1,465-1.467 94-120 168-181
Safflower 1.467-1.470 136-148 186-198

. Soybean 1.466-1 .470 124-139 189-195
Sunflower 1.467-1.469 118-145 188-194

Compiled from (2), Physical and Chemical Characteristics 01Oils. Fats and Waxes. Section I, with permission from
AOCS Press. Copyright 1996.

14.2 GENERAL CONSIDERATIONS

Various fat extraction solvents and methods are dis
cussed in Chapter 13. For lipid characterization, extrac
tion of fat or oil from foodstuffs can be accomplished
by homogenizing with a solvent combination such
as hexane-isopropanol (3:2, vol/vol) or. chloroform
methanol (2;1, vel/vel). The solvent then can be re
moved using a rotary evaporator or by evaporation
under a stream of nitrogen gas. The use of chloro
form-methanol as a lipid solvent is common, but is dis
couraged because of its toxicity. Lipid oxidation during
extraction and testing can be minimized by adding
antioxidants [e.g., 10-100 mg of butylated hydroxy
toluene (BI-IT) per liter] to solvents and by taking other
precautions such as flushing containers with nitrogen
gas and avoiding exposure to heat and light.

Sample preparation is hastened through the use of
solid-phase extraction (SPE), which consists of passing
the lipid extract through a commercially available
prepackaged absorbent (e.g., silica gel) that separates
contaminants or various fractions (see Chapter 20, sec
tion 20.1.3.5.1 and Chapter 33, section 33.2.2.4). Con
stituents present in lipid extractions that may present
problems in lipid characterization include phospha
tides, gossypol, carotenoids, chlorophyll, sterols, toco
pherols, Vitamin A, and metals.

Bulk fats and oils, after extraction from their parent
source, typically undergo the following refinements:
degumming, refining, bleaching, and deodorization.
Modifications such as fractionation, winterization,
interesterification, and hydrogenation also may be a
part of the processing. depending on the commodity

being produced. Various .methods discussed in this
chapter can be used to monitor the refining process.

Changes that lipids undergo during processing
and storage include lipolysis, oxidation, and thermal
degradation (such as during deep-fat frying opera
tions). These changes are discussed in the following
sections on methods.

14.3 METHODS FOR BULK OILS AND FATS

Numerous methods exist to measure the characteris
tics of fats and oils. Some methods (e.g., titer test) have
limited use for edible oils (in contrast to soaps and
industrial oils). Other methods may require special
apparatuses not commonly available or that have been
antiquated by common instrumental procedures [e.g.,
volatile add methods (Reichert-Meissl, Polenske, and
Kirschner values) has been replaced largely by deter
mination of fatty acid composition using Ce]. Methods
to determine impurities, including moisture, unsapon
ifiable material, and insoluble impurities, also are not
covered in this chap ter.

14.3.1 Sample Preparation

Ensure that samples are visually clear and free of sedi
ment. When required (e.g., iod~e value), dry the sam
ples prior to testing (AOAC Method 981.11). Because
exp~~re to heat.lig~t~ or air promotes lipid oxidation,
avoiding ~~ cond1ti~ns during sample storage will
retard ranodity. Sampling procedures are available for
bulk oils and fats (AOCS Method C 1-47; 7).



222

14.3.2 Refractive Index

14.3.2.1 Principle

The refractive inc;iex(RI) of an oil is defined as the ratio
of the speed of light in air (technically, a vacuum) to the
speed of light in the oil.

14.3.2.2 Procedure

Samples are measured with a refractometer at 20 or
25°C for oils and 40°Cfor fats, since most fats are liquid
at this temperature.

14.3.2.3 Applications

RI is used to control hydrogenation; RI decreases lin
early as iodine value decreases. RI also is used as a
measure of pwity and means of identification, since
each substance has a characteristic RI.

14.3.3 Melting Point

14.3.3.1 Principle

Melting point may be defined in various ways, each
corresponding to a different residual amount of solid
fat. The capillary tube melting point, also kno....'T\ as
the complete melting point or clear point, is the tem
perature at which fat heated at a given rate becomes
completely clear and liquid in a one-end closed capil
lary. The slip melting point is performed similarly to
the capillary tube method and measures the tempera
ture at which a column of fat moves in an open capil
lary when heated. The dropping melting point, or
dropping point, is the temperature at which the sam
ple flows through a D.ll-inch hole in a sample cup
placed in a specialized furnace. The Wiley melting
point measures the temperature at which a 1/8 x 3/8
inch disc of fat. suspended in an alcohol-water mixture
of similar dcnsitv, changes into a sphere,

14.3.3.2 Applications

It appears the predominate method in the United
States for measuring melting point is the dropping
melting point. The procedure has been automated
(Mettler Instrument Corporation) and therefore is not
labor intensive. The capillary tube method is less use
ful for oils and fats (in comparison to pure compounds)
since they lack a sharp melting point due to their arrav
of various components. The Slip melting point often is
used in Europe whereas the Wiley melting point was
preferred previously in the United States; the latter is
no longer a current AOeS method. A disadvantage of
the Wiley melting point is the subjective determination
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as to when the disc is spherical A disadvantage of the
Slip melting pointois its 16 hr stabilization time.

14.3.4 Smoke, Flash, and Fire Points

14.3.4.1 Principle

The smoke point is the temperatuze at which the sam
ple begins to smoke when tested under specified con
ditions. The flash. point is the temperature at which a
flash appears at any point on the surface of the sample;
volatile gaseous products of combustion are produced
rapidly enough to permit ignition. The fire point is the
temperature at which evolution of volatiles (by decom
position of sample) proceeds with enough speed to
support continuous combustion.

14.3.4.2 Procedure

A cup is filled with oil or melted fat and heated in a
well-lighted container. The smoke point is the temper
ature at which a thin, continuous stream of bluish
smoke is given off. The flash point and fire point are
obtained with continued heating, during which a test
flame is passed over the sample at SoC intervals. For
fats and oils that flash at temperatures below 149°C, a
closed cup is used.

14.3.4.3 Applications

These tests reflect the volatile organic material in oils
and fats, especially free fatty adds and residual extrac
tion solvents. Frying oils and refined oils should have
smoke points above 200 and 300°C, respectively.

14.3.5 Cold Test

14.3.5.1 Principle

The cold test is a measure of the resistance of an oil to
crystallization. Absence of crystals or turbidity indi
cates proper winterizing.

14.3.5.2 Procedure

Oil is stored in an ice bath (0 "C) for 5.5 hr and observed
for crystallization.

14.3.5.3 Applications

The cold test is a measure of success of the winterizing
process. It ensures that oils remain clear even when
stored at refrigerated temperatures.

14.3.6 ClOUd Point

14.3.6.1 Principle

The cloud roint is the temperature at which a cloud is
fo~cd in a liquid fat due to the beginning of crystal
lization.
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14.3.6.2 Procedure

The sample is heated to 130"C and then cooled with
agitation. The temperature of first crystallization is
taken to be the point 'It which a thermometer in the fat
is no longer visible.

14.3.7 Color

Two methods for measuring the color of fats and oils
are the lovibond method and the spectrophotometric
method.

14.3.7.1 Procedure

In the Lovibond method. oil is placed in a standard
sized tube and visually compared with red and yellow
color standards. Results then can be expressed as the
number on the standard tube. Automated colorimeters
are available.

For the spectrophotometric method. the sample is
brought to 25-30°C. placed in a cuvette. and
absorbance read at the following wavelengths: 460,
5SO, 620, and 670 nm. The photometric color index is
calculated as shown in Equation [IJ.

Photometric color index =
1.29 (A-MQ) + 69.7(As50) + 41.2(A620) - 56.4(A67U) [1)

14.3.7.2 Applications

The color of fats and oils is most commonly evaluated
using the Lovibond method. Oils and fats from differ
ent sources vary in color. But if a refined oil is darker
than expected. it is indicative of improper refinement
or abuse (13).

Though specifically developed for testing the color
of cottonseed. soybean, and peanut oils, the spec
trophotometric method is probably applicable to other
fats and oils as well.

14.3.8 Iodine Value

14.3.8.1 Principle

The iodine value (or iodine number) is a measure of
degree of unsaturation, i.e., the number of carbon-ear
bon double bonds in relation to the amount of fat or oil.
Iodine value is defined as the grams of iodine
absorbed per 1QO-'g sample. The higher the amount of
unsaturation, the more iodine is absorbed; therefore,
the higher the iodine value, the greater the degree of
unsaturation.

A common practice is to determine calculated
iodine value from the fatty add composition (see sec
tion 14.6.1) using AOCS Recommended Practice Cd l c-
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85. The calculated iodine value is not meant to be a
rapid method. but instead gives two results (iodine
value of rriacylglycerols and free fatty acids) from one
analysis (fatty acid composition).

14.3.8.2 Procedure

A quantity of fat or oil dissolved in solvent is reacted
with a measured amount of iodine or some other halo
gen. Halogen addition to double bonds takes place
(Equation (2». A solution of potassium iodide is added
to reduce excess rei to free iodine (Equation (31). The
liberated iodine is then titrated with a standardized
solution of sodium thiosulfate using a starch indicator
(Equation [.lD, and the iodine value is calculated
(Equation (5]),

rCl + R~H-CH-R - R--CHl-CHCl-R + ICi
(excess) (remaining) [2j

ICI+ 2KI -- KCl+ KI+ 12 [3J

12 + starch + 2Na~203 -- 2Nal + starch + NazS,p6
(blue) (colorless) [4]

1 din al (8 - 5) x N x 12.69 [5J
o e v ue=

sample wt (g)

where:

B =blank titration, ml
S ;; sample titration, ml
N;; normality of NazS203 solution
12.69 is used to convert from mEq thiosulfate to g

iodine; molecular weight of iodine is 126.9.

Calculated iodine value is obtained from fatty
acid composition using Equation [6] for triacylglyc
erols, A similar equation allows calculation of the
iodine value of free fatty acids.

Iodine value (triglycerides) =
('Yo hexadecenoic add x 0.950)

+ (% octadecenoic acid )( 0.860)
+ (% octadecadienoic acid )( 1.732)
+ (% octadecatrienoic acid x 2.616)

+ (% eicosenoic add x 0.785)
+ (% docosenoic acid x 0.723) [61

14.3.8.3 Applications

Iodine value is used to characterize oils, to follow the
hydrogenation process in refining, and as an indication
of lipid oxidation. since there is a decline in unsarura
tion dUring oxidation.

ljie calculated value tends to be low for materials
with'a low i~ine value and for oils with greater than
0.5% unsaponifiable material (e.g.• fish oils).
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where:

The calculated saponification value is ol-tained
from fatty acid composition using Equation {9;. The

B = blank titration, ml
S = sample titration. ml
N = normality of the HCl

56.1 = molecul;r weight of KOH

{10J

o
II

HO-C-R]
o
II

HO-C-,....R2. 0

II
H0-C-R3

fatty acids

o
II

H2C-O-C-RI

I ~
HC-O-C-R, + 3H,Q - HC-oH +

I
0·' i
II ,

H 2C--O--C-RJ H:C-oH

triacylglycerol glycerol

fractional molecwar weight of each fatty acid in the
sample must be determined fitst by multiplying the
fatty acid percentage (divided by 100) by its molecular
weight The mean molecular weight is the sum of the
fractional weights of all the fatty adds in the sample.

~,. FEA,. (as oleic) x 1.99 ;;; acid value [11!

14.3.10 Free Fatty Acids (FFAs) and
Acid Value

14.3.10.1 Principle

Measures of fat acidity normally reflect the amount of
fatty acids hydrolyzed from triacylglycerols (Equation
[10]).

14.3.9.3 Applications

The calculated. saponification value is not applicable to
fats and oils containing high amounts of unsaponifi
able material, free fatty acids (>0.1%), or mono-and
diacylglycerols (>0.111/0).

Saponification value =
3 x 56.1 x 1000

56.1 =molecular weight of KOH
92.09 ;;; molecular weight of glycerol

[(mean molecular weight x 3) + 92.09] - (3 x 18) [9J

where:

Free fatty acid (FFA) is the percentage by weight of
a specified fatty acid (e.g., percent oleic acid). Acid
value is defined as the mg of KOH necessary to neu
tralize the free acids present in 1S of fat or oif In addi
tion to free fatty acids, acid phosphates and amino
acids also can contribute to acidity. In samples contain
ing no acids other than fattv acids, FFA and acid value
may be converted from cm'e to the other using a con
version factor (Equa tion [11 D. Acid va lue conversion
factors (or lauric and palmitic are 2.81 and 2.19, respec
tively.

[8J

[7]

o
n

K+-O-<:-R1o
11

+ K+-O-<:-R2
o
U

K+-o-<:-R]

potassium salt of
fatty acids

o
II

H2C-O-C-R1 H2C--0H

I ~ I
HC-O--C- R2+ 3KOH -HC- OH

I ~ heat I
H2C~-R] H2C--0H

triacylglycerol glycerol

14.3.9 Saponification Value

14.3.9.1 Principle

Saponification is the process of breaking down or
degrading a neutral fat into glycerol and tatty adds by
treatment of the fat with alkali (Equation [7]).

The saponification value (or saponification num
ber) is defined as the amount of alkali necessary to
saponify a given quantity of fat or oil. It is expressed as
the milligrams of KOH required to saponify 1 g of
the sample. The saponification value is an index of the
mean molecular weight of the triacylglycerols in the
sample. The mean molecular weight of the triacylglyc
erols may be divided by 3 to give an approximate mean
molecular weight for the fatty acids present. The
smaller the saponification value, the longer the average
fatty acid chain length.

In common practice, the calculated saponification
value is determined from the fatty acid composition
(see section 14.6.1) using AOCS Recommended Prac
tice Cd 3a-94.

14.3.9.2 Procedure

Excess alcoholic potassium hydroxide is added to the
sample and the solution is heated to saponify the fat
(Equation [7]). The unreacted potassium hydroxide is
back-titrated with standardized Hel using phenolph
thalein as the indicator and the saponification value is
calculated (Equation [8]).

5 ificati I (8 - 5) x N x 56.1aporu cation va ue =...:...--:...-__..:....-
sample wt (g)
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Sometimes the acidity of edible 'oils and fats is
expressed as milliliters of N NaOH required to neutral
ize the fatty acids in 100 g of (at or oil (9).

14.3.10.2 Procedure

To a liquid fat sample, neutralized 95% ethanol and
phenolphthalein indicator are added. The sample then
is titrated with NaOH and the percent FPAcalculated
(Equation [12)).
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However, because the solid fat line is difficult to deter
mine experimentally, a line is placed 0.100 specific vol
ume units (milg) below the liquid line with the same
slope. The SFI is the volume of solid fat divided by the
volume between the upper and lower lines, expressed
as a percentage (13).

Preferably; the actual percent solid fut in a sample,
termed the solid fat content (SFC), can be determined
using either continuous wave or pulse mm (see
Chapter 13 and 30).

14.3.11 So lid Fat Index (SFI) and So lid Fat
Content (SFC)

14.3.11.1 Principle

Originally, the amount of solids in a fat was estimated
using the solid fat index (SFI). SF! is measured using
dilatometry, which determines the change in volume
with change in temperature. As solid fat melts, it
increases in volume, Plotting volume against tempera
ture gives a line at which the fat is solid, a line at which
it is liquid, and a melting curve in between (Fig. 14-1).

14.3.10.3 Applications

In crude fat, FFAor acid value estimates the amount of
oil that will be lost during refining steps designed to
remove fatty acids. In refined fats, a high acidity level
means a poorly refined fat or fat breakdown after stor
age or use. However, if a fat seems to have a high
amount of FFAs, it may be attributable to acidic addi
tives (e.g., citric add added as a metal chelator) since
any acid will participate in the reaction (13). If the fatty
acids liberated are volatile, FFAor acid value may be a
measure of hydrolytic rancidity.

% FFA (as oleic) =

ml alkali x N of alkali )( 28.2 mg

sample wt
(12)

14.3.11.2 Procedure

For SFI, fat dilatometers consist of a bulb connected to
a calibrated capillary tube. As fat in the bulb expands
upon heating, it forces it liquid (i.e.• colored water or
mercury) into the capillary tube.

14.3.11.3 Applications

The amount of solid fat phase present in a plastic fat
(e.g., margarine, shortening) depends on the type of
fat, its historyand the temperature of measurement,
The proportion of solids to liquids in the fat and how
quickly the solids melt have an impact on functional
properties, such as the mouthfeel of a food.

Chapter 30 explains l',lMR and gives examples of
measuring the solid content of fat and other foods.
Though the equipment is expensive, SFC is preferred
over SF! because it measures the actual fat content, is
less subject to error, and takes less time. Comparison
between samples must be made using SFC (or 58) val
ues taken at the same temperature.

14.3.12 Consistency

Consistency, often described using terms such as plas
ticity, hardness, creaminess, and spreadability, is an
important property of plasticized fats (e.g., shorten
ings, margarine, butter).

SOlicf at
lemper.atur. I

14.3.12.1 Principle

The penetrometer method of determining consistency
measures the distance a cone-shaped weight will pen
etrate a fat in a given time period.

Temperature

Melting curve of a glyceride mixture. [Adapted
from (11), p. 249, by courtesy of Marcel Dekker,
Inc.]

14.3.12.2 Applications

The penetrometer method is useful for measuring the
consistency ofplastic fats and solid fat emulsions. Like
SFI and SFC, consistency is dependent on the type of
fat, its history, and the temperature during measure
ment.
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14.3.13 Polar Components In Frying Fats

Methods used to monitor the quality of the oil or fat
used in deep-fat frying operations are based on the
physical and chemical changes that occur, which
include an increase in each of the following parame.
ters: viscosity, foaming, free fatty acids, degree of satu
ration, hydroxyl and carbonyl group formation, and
saponification value. Standard tests used in the evalu
ation of frying fats include quantitating polar compo
nents, conjugated dienoic acids, and fatty acid compo
sition. In addition, there are several rapid tests useful
in day-to-day quality assurance of deep-fat frying
operations (14).

14.3.13.1 Principle

Deterioration of used frying oils and fats can be moni
tored by measuring the polar components, which
include monoacylglycerols, diacylglycerols, free fatty
acids, and other products formed during heating of
foodstuffs. Nonpolar compounds are primarily unal
teted triacylglycerols. The polar compounds in a sam
ple can be separated from nonpolar compounds using
chromatographic techniques.

14.3.13.2 Procedure

Polar components are measured by dissolving the fat
sample in light petroleum ether-diethyl ether (87:13),
then applying the solution to a silica gel column. Polar
compounds are adsorbed onto the column. Nonpolar
compounds are eluted, the solvent evaporated, the
residue weighted, and the total polar components esti
mated by difference. Quality of the determination can
be verified by eluting polar compounds and separating
polar and nonpolar components using thin-layer chro
matography,
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occurs in bulk fats and oils proceeds via a self-sustain
ing free radical mechanism that produces hydroperox
ides (initial or primary products) that undergo scission
to form various products including aldehydes, ketones,
organic acids, and hydroearbons (final or secondary
products) (15) (see Fig. 14-2).

In biological tissues, including foodstuffs, abstrac
tion reactions and rearrangements of alkoxyl and per
oxyl radicals result in the production of endoperoxides
and epoxides as secondary products. Many methods
have been developed to measure the different com
pounds as they form or degrade during lipid oxida
tion. Since the system is dynamic, it is recommended
that two or more methods be used to obtain a more
complete understanding of lipid oxidation.

Measuring the current status of a fat or oil in
regard to lipid oxidation can be achieved using such
procedures as peroxide value, anisidine value, hexanal
measurement, and the thiobarbituric acid (TBA) test.
Some of these procedures have been modified (espe
cially with respect to sample size) for use in biological
tissue assays (16). Other methods that monitor lipid
oxidation (and that vary in usefulness) include the
iodine value, acid value, Kreis test, and oxirane test, as
well as the measurement of conjugated dienes and
trienes, total and volatile carbonyl compounds, polar
compounds, and hydrocarbon gases (6, 11).

While quantitating lipid oxidation by one or more
of the methods listed above is usually adequa te. in
some cases it may be necessary to visualize the location
of lipid molecules and lipid oxidation within a food or
raw ingredient. Fluorescence microscopy with stains
specific to lipids can be applied to such a problem. For
example, the dye Nile Blue (with the active ingredient
Nile Red) can be combined with a lipid-containing
sample and the preparation viewed under a fluores
cence microscope (17-19). Lipids will appear an
intense yellow fluorescence, with the intensity of the
fluorescence changed by the nature of the lipids and by

14.3.13.3 Applications

A suggested limit of 27% polar components in hying
oil is a guide for when it should be discarded. A lirnita
tion of this method is the sample run time oD.5 hr (H).

14.4 LIPID OXIDATION-MEASURING
PRESENT STATUS

Indiction perlod

The term rancidity refers to tl.e off odors and 11:;vors
resulting from lipolysis (hydrolytic rancidity) or lipid
oxidation (oxidative rancidity). Lipolysis is the hy
drolysis of fatty acids from the glyceride mOkCl.ll~.

Because of their volatility, hydrolysis of short-ch:.::oed
fatty acids can result in off odors.

Lipid oxidation (also called autoxidation) '" ::

lime

Cl.anges in quantities of lipid oxidation reac
i.1n!~ and products over time. [Adapted from
OS), with permission from Labuza, T.P. Kinct
ics of lipid oxidation in foods, in Critical
~t't'h'V5 iI; Fo.1I.1 TtcJlllology, Vol. 2. Issue 3, Copy
rlghl eRe Press. Boca Raton, FL, <C 19i1.1
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lipid oxidation. Example applications include localiz
ing oxidized lipids in a cereal product; visualizing
interactions between lipids and ernulsifiers; and local
izing lipids in cheeses, frosting, and chocolates.
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size required; it is difficult to obtain sufficient quanti
ties from foods low in fat. This method is empirical and
any modifications may change results. Despite its
drawbacks, peroxide value is one of the most common
tests of lipid oxidation.

14.4.3 Anisidine Value and Totox Value

14.4.3.1 Principle

The anisidine value determines the amount of aldehy
des (mainly 2-alkenals and 2A-dienals) in fats and oils.
The aldehydes react with p-anisidine to form a chro
mogen that is measured spectrophotomctrically. The
totox value tends to indicate the total oxidation of a
sample using both the peroxide and anisidine values
(Equation [16]).

14.4.1 Sample Preparation

Most methods require lipid extraction prior to analysis
(see section 14.2). However, variations of some meth
ods (e.g., some TEA tests) begin with the original food
stu ff.

14.4.2 Peroxide Value

14.4.2.1 Principle

Peroxide value is defined as the milliequivalents
(rnEq)·of peroxide per kilogram of fat. It is a titrirnetric
determination of the amount of peroxide Or hydroper
oxide groups, the initial products of lipid oxidation.

Totox value =anisidine value
+ (2 x peroxide value)

14.4.3.2 Procedure

[16]

[17J

14.4.2.2 Procedure

The fat or oil sample is dissolved in glacial acetic
add-isooctane (3:2). Upon addition of excess potas
sium iodide which reacts with the peroxides, iodine is
liberated (Equation [13]). The solution then is titrated
with standardized sodium thiosulfate using a starch
indicator (Equation [14]). Peroxide value is calculated
as shown in Equation [15].

H+, heat
ROOH + K" 1- - ROH + K+OH- + 12 [13]

(excess)

12+ starch + L'\[a!S::P3- 2Nal + starch + Na2S406
(blue) (colorless) [14]

Peroxide value =(S - B) x N x 1000 [15J
(mEq peroxide I kg fat) sample wt (g)

where:

5 =sample titration, ml
B=blank titration, ml
N = normality of Na2SZ0J solution

14.4.2.3 Applications

Peroxide \:alue measures a transient product of oxida
tion, i.e., after forming. peroxides break down to form
other products. A low value may represent either the
beginning of oxidation or advanced oxidation (see Fig.
14-2), which can be distinguished by measuring perox~

ide value over time. For determination in foodstuffs, a
disadvantage of this method is the 5-g fat or oil sample

The fat or oil is dissolved in isooctane and reacted with
p-anisidine. After 10 min the absorbance is measured at
350 nm. Anisidine value is calculated as shown in
Equation [17].

. idi . I 25 x (1.2 As -As)Anisi me va ue =----"-:---=---""-
sample wt (g)

where:

AS=absorbance after reaction
AB =absorbance before reaction

14.4.3.3 Applications

Since peroxide value measures hydroperoxides (which
increase and then decrease) and anisidine value mea
sures aldehydes (decay products of hydroperoxides
which continually increase), the totox value usually
rises continually during the course of lipid oxidation.
Though not conunon in the United States, anisidine
and totox values are extensively used in Europe (13),

14.4.4 Hexanal

14.4.4.1 Principle

Of the various products produced during lipid oxida
tion, one of the common aldehvdes formed is hexanal.
Measurement of headspace h;xanal is another means
of monitoring the extent of lipid oxidation. It is per
formed commonly using direct headspace analysis,
which entails the chromatographic analysis of a set vol
ume of vap~r obtained from the headspace above a
sample held ina closed container (see Chapter 33, sec
tion 33.2.2.1).
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14.4.4.2 Procedure

No official method exists for obtaining a measurement
of hexanal; a review of research literature will indicate
current practices used with various commodities. Typ
ically, a small sample of the commodity is placed in a
container having a septum cap. An internal standard
may be added, for example, 4-heptanone (20). The con
tainer is sealed and then heated for a given time. Heat
ing increases the concentration of headspace volatiles
(21). Using a gas syringe, an aliquot of the vapors in the
container headspace then is removed and injected into
a GC equipped with a flame ionization detector. The
quantity of hexanal is then calculated from the peak
area (see Chapters 31 and 33).

14.4.4.3 Applications

Hexanal may correlate well with sensory determina
tion of lipid oxidation since it is a major contributor to
off flavors in some food commodities. The quantity of
other products of lipid oxidation, for example, pen
tanaI, is easily obtained simultaneously with hexanal
measurement, and may enhance the characterization
of lipid oxidation in various food commodities. An
advantage of this method is that lipid extraction is not
required. Automated headspace samplers are available
that both heat the sample and ensure a constant vol
ume is being analyzed.

14.4.5 Thiobarbituric Acid (TBA) Test

14.4.5.1 Principle

The thiobarbituric acid (TBA) test measures a sec
ondary product of lipid oxidation, malonaldehyde. It
involves reaction of malonaldchyde (or malonaide
hyde-type products) v·..ith TEA to yield a colored com
pound that is measured spectrophotometricaUy.
Because the reaction is not specific to malonaldehye.
results sometimes arc reported as TBA reactive sub
stances (TBARS). The food sample may be reacted
directly with TEA, but is often distilled to eliminate
interfering substances, then the distillate is reacted
with TBA. !\1any modifications of the test have been
developed.

14.4.5.2 Procedure

In contrast to the direct method for fats and oils (:;£'I:

Table 14-1), a commonly used procedure (22,23) is oct
lined here that requires distill., tion of the food com
modity prior to determining TBr\ reactive substances.
A weighed sample is combined with distilled w~kr

and mixed. The pH is adjusted to 1.:2 and the sllmFJl: .s
transfered to a distillation flask. After ••ddition 0:" 13HT
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(optional), antifoam reagent, and boiling beads, the
sample is distilled rapidly and the first 50 ml collected.
An aliquot of the distillate is combined with ~A
reagent and heated in a boiling water bath for 35 min,

Absorbance of the solution is determined at 530 nm
and, using a standard curve, absorbance readings are
typically converted to milligrams of malonaldehyde
(or TBARS) per kilogram of sample.

14.4.5.3 Applications

The TBA test correlates better with sensory evaluation
of rancidity than does peroxide value, but like perox
ide value it is a measure of a transient product of oxi
dation (i.e., malonaldehyde readily reacts with other
compounds). Despite its limited specificity and the
large sample sizes possibly required (depending on the
method), the TBA test with minor modifications is fre
quently used to measure lipid oxidation, especially in
meat products.

An alternative to the spectrophotometric method.
described is to determine the actual content of malon
aldehyde using HPLC analysis of the distillate.

14.5 LIPID OXIDATION-EVALUATING
OXIDATIVE STABILITY

Because of their inherent properties (e.g., the amount
of unsaturation and the presence of natural antioxi
dants) as well as external factors (e.g., added antioxi
dants, processing and storage conditions), Iipids and
foodstuffs containing lipids vary in their susceptibility
to rancidity. The resistance of lipids to oxide non is
known as oxidative stability. Inasmuch as determin
ing oxidative stability using actual shelf life determi
nations at ambient conditions of storage (usually room
temperature) requires months or even years, acceler
ated tests have been developed to evaluate the oxida
tive stability of bulk oils and fats, and f(l~'C'~·.lf:s.

Accelerated tests artificially hasten lipid oxidation lOy
exposing samples to heat, oxygen, metal catalysts,
light, or cnzymcs. A major problem wit:: N'('(·kr: '(',~

tests is assuming reactions that occur at elevated tcm
pcratures or under other artificial conditions arc ~: ,I'

same as normal reactions occurring at the actual sror
age temperature of the product. An additional diffi·
culty is ensuring that the apparatus is clean and (Om

pletely free of metal contaminants and oxidation
products from previous runs. Therefore, assuming
lipid oxidation is the factor that limits shelf life, shelf
life determinations at ambient conditions should
accompany and hopefully validate the results of accel
crated tests of oxidati"e stability.

Induction period is defined as the length of time'
before detectable rcmc:idity, or time before rapid aC(I.:I-
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eration of lipid oxidation (see Fig. 14...2). Induction
period can be determined by such methods 35 calculat
ing the maximum of the second derivative with respect
to time or manually drawing tangents to the lines (Fig.
H-3). Measurement of the induction period allows a
comparison of the oxidative stability of samples that
contain differing ingredients or of samples held at
varying storage conditions, and it provides an indica
tion of the effectiveness of various antioxidants in pre
venting lipid oxidation.

14.5.1 Schaal Oven Storage Protocol

As a means of accelerating the determination of oxida
tive stability, Schaal oven storage is often used. This
protocol consists of placing a fat or oil of known weight
in a heated environment at a specified temperature,
usually about 60°C. Inasmuch as the temperature, the
type ofheating, the sample container dimensions and
composition, and other such parameters have never
been specified, this ill-defined protocol is not an official
method. To allow replication by other laboratories,
reported research must include such details. However,
60°C is a desirable accelerated storage temperature
since the mechanism of oxidation at this temperature is
the same as oxidation at room temperature; this is in
contrast to the differing mechanisms that occur at more
elevated (e.g., 100°C) temperatures (24).

To determine an induction period and thus oxida
tive stability, the Schaal OVen storage protocol must be
combined with some method of detecting rancidity, for
example, sensory evaluation or peroxide value. Results
of oxidative stability determinations obtained at ap
proximately 60°C correlate well with actual shelf life
determinations (9).

14.5.2.2 Applications

These methods were designed. originally to measure
the effectiveness of antioxidants. The OSI is deter
mined much faster than tests performed at Schaal oven
storage temperatures, but results from the latter may
correlate better with actual shelf life (9,24). Specifica
tion sheets for fats and oils often report AOM values, to
accommodate individuals working in this area who are
familiar with AOM values. OSI values can be con
verted to AOM values.

Applicable to all fats and oils, the OSI has also been
researched for applicability to certain low-moisture
snack foods (e.g.,potato chips and com chips). Because
of the continuous exposure to circulating air, samples
that contain more than negligible amounts of water
tend to dehydrate during the determination and are
not likely to give reliable results.

14.5.2 Oil Stability Index (OSI) and Active
Oxygen Method (AOM)

14.5.2.1 Principle

The oil stability index (05l) determines induction
period by bubbling purified air through an oil or fat
sample held at an elevated temperature (often 110 or
130°C), then passing the acidic volatiles (primarily
formic acid) into a deionized water trap. The conduc
tivity of the water is measured continuously, resulting
in data similar to those shown in Fig. 1-1-3. Results
should specify the temperature used as well as indue
tion period time. Two instruments that automate this
method are the Rancimat~ (Brinkmann Instruments,
Inc.) and the Oxidative Stability Instrument~(Omnion,
Inc.). The more familiar but outdated and labor inten
sive active oxygen method (AOM) is similar to the OSI
except induction period is determined by discontinu
ous measurements of either peroxide value or sensory
evaluation of rancid odor.

14.5.3 Oxygen Bomb

14.5.3.1 Principle

Inasmuch as lipid oxidation results in the uptake of
oxygen from the surrounding environment (see Fig.
14-2), measuring the time required for the onset of
rapid disappearance of oxygen in a closed system pro
vides a means of determining oxidative stability.

14.5.3.2 Procedure

The oxygen bomb consists of a heavy-walled container
that h~ a pressu~ recorder attached. The sample is
placed in the ~ontaUler and oxygen is used to pressur
ize the cantamer to 100 psi. The container then is

BA

TIME

A plot of lipid oxidation over time. showing the
effect of an antioxidant On induction period.
Tune A is induction period of sample without
antioxidant and TIme B is induction period of
sample with antioxidant.
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placed in a boiling water bath. Induction period is
determined by measuring the time until a sharp drop
in pressure occurs, which corresponds with the rapid
absorption of oxygen by the sample.

14.5.3.3Applications

Oxygen bomb results may have a better correlation
with rancidity shelf life tests than AOM values.
Another advantage, compared to the OSI (or AOM), is
that the oxygen bomb method may be used with intact
foodstuffs instead of extracted lipids (13).

14.6 METHODS FOR UPID FRACTIONS

The lipid present in food commodities or bulk fats and
oils can be characterizedbymeasuring the amount of its
various fractions, which include fatty adds, mono-,
di-, and triacylglycerols, phospholipids, sterols (includ
ing cholesterol), and lipid-soluble pigments and vita
mins. Another means of categorizing lipid fractions is
inherent in nutrition labeling which involves the mea
surement of not only total fat but also saturated fat,
polyunsaturated fat, and monounsaturated fat. In addi
tion, foods may contain lipids that do not contribute the
same caloric content as normal lipids, for example,
sucrose polyesters (e.g., Olestra~, medium-chain tri
glycerides, and triglycerides that contain short-chain
fatty acids (e.g., Salatrim~, Caprenin~. Many of these
fractions are determined readily by evaluating the com
ponent fatty acids. From the fatty acid composition, cal
culations are made to determine such parameters as
total fat, saturated fat, calculated iodine value, and cal
culated saponification value.

In contrast, the measurement of total and saturated
fat in foods containing Olestral!l requires special con
sideration, AOAC peer-verified Method PVM 4:1995
outlines the use of lipase on the lipid extract, which
yields fatty acids and unreacted Olestra!. The fatty
acids arc converted to calcium soaps and Olestrat. is
extracted and discarded. The precipitated soaps are
converted back to fatty acids, which are subsequently
analyzed via capillary gas chromatography.

Gas chromatography (GC) (see Chapter 33) is
ideal for the analysis of lipids. GC can be used for such
determinations as total fatty acid composition. distrib
ution and position of fatty acids in lipid, studies of fat
stability and oxidation, assaying heat or irradiation
damage to lipids, and detection of adulterants and
antioxidants (9). Methods exist that detail the analysis
of various lipid fractions using GC (5). GC combined
with mass spectroscopy (MS) (see Chapter :::9j is a
powerful tool used in identification of compounds.
High performance liquid chromatography (HPLC)
(see Chapter 32) also is useful i:1 lipid analyses (2-'),
Thin-layer chromatography (TLC) (S('(' Cha~'ter 31)
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has been used extensively in the past by lipid chemists.
Partly due to low cost and ease, TLC is still useful,
though many assays may be more quantitative or have
better resolution using GC or HPLC.

14.6.1 Fatty Acid Composition and Fatty Acid
Methyl Esters (FAMEs)

The fatty acid composition, or fatty acid profile, of a
food product is determined by quantifying the kind
and amount of fatty acids that are present, usually by
extracting the lipids and analyzing them using capil
lary GC.

14.6.1.1 Principle

To increase volatility before GC analysis, triacylglyc
erols and phospholipids are typically saponified and
the fatty acids thus liberated are esterified to form fatty
acid methyl esters (FAlviE) (Equation [IS]). Figure 14-4
is a chromatogram showing separation of FAMEs
of varying length and unsaturation, as listed in Table
14-3.

NaOH, BF)

o '
II

H)C-O-C-R1
o
!;

+ H)C-0-C-R2
o
Ii

H)C-O-C-R)

fatty acid methyl
esters (FAMEs) I:S]

14.6.1.2 Procedure

The lipid is extracted from the food. for example, by
homogenizing with a suitable solvent such as hexane
isopropanol (3:2, vol/vol) and then evaporating the
solvent, The FAMEs are prepared by combining the
cxt~o1(kd lipid with sodium hydroxide. methanol,
boron t:,:flouride, and heptane, and then refluxing, (An
alternative to the use of boron trifluoride is sulfuric
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Supelco 37 Component FAME Mix on SP-2560 Column
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Gaschromatogram of separation of 37 fatty add methyl esters (FAMEs) on a SP·2650 column. Peaks are identified
in Table 14-3. (Reprinted with permission of Supelco, Inc., Bellefonte, PA. Figure 79S..04n from Bulletin 907.)

~ Composltlon of Supelco 37 Component Fatty Acid Methyl Ester (FAME) Mix'

Peak 10

1
2
3
4
5
6
7
8
9

10
11
12
13
14
15
16
17
18
19

Component (Acid Methyl Esters)

C4:0 (Butyric)
C6:0 (Caproic)
C8:0 (Caprylic)
C10:0 (Capric)
C11:0 (Undecanoic)
C12:0 (Lauric)
C13:Q (Tridecanoic)
C14:0 (Myristic)
C14: 1 (Myristoleic)
C15:0 (Pentadecanoic)
C15: 1 (cis-10·Penladecenoic)
C16:0 (Palmitic)
C 16:1 (Pajrnltoletc)
C17:0 (Heptadecanoic)
C17:1 (cis-l0·Heptadecenoic)
C18:0 (Stearic)
C18:1n9c (Oleic)
C 18:1n9t (Elaidic)
C18:2n6c (Linoleic)

Peak10

20
21
22
23
24
25
26
27
28
29
30
31
32
33
34

35
36
37

Component (Acid Methyl Esters)

C18:2n6t (Linolelaidic)
C18:3n6 ('(-Linolenic)
C18:3n3 (a-Linolenic)
C20:0 (Arachidic)
C20: 1n9 (cis-11-Eitosenoic)
C20:2 (crs-t t, 14-Eicosadienoic)
C20:3n6 (cis-S. 11, 14-Eicosatrienoic)
C20:3n3 (cis-11, 14. 17·Eicosatrienoic)
C20:4n6 (Arachidonic)
C20:Sn3 (cls·5, 8, 11, 14, 17-Eicosapentaenoic)
C2 LO (Henicosanoic)
C22:0 (Behenic)
C22:1n9 (Behenic)
C22:2 (cis·13. 16-Docosadienoic)
C22:6n3 (cis-4. 7. 10. 13, 16. 19·Docosa-

hexaenoic)
C23:0 (Tricosanoic)
C24:0 (Lignoceric)
C24: 1r$ (Nervonic)

'Chromatogram fer peaks is Fig. 14-4.
Reprinted with permission of Supelco. Inc.• Bellafonte. PA. Bulletin 907.

acid.) An aliquot of the upper heptane solution is
removed and dried with anhydrous Na~O"" then
diluted to a concentration of 5-10% for injection onto
theGe.

14.6.1.3 Applications

Determination of the fatty acid composition of a prod-
o uct permits the calculation of the following categories

of fats that pertain to health issues and food labeling:
percent saturated fatty acids, percent unsaturated fatty
acids, percent mooocnsaeurated fatty acids, percent
polyunsaturated. fatty acids, and percent trans isomer
fatty acids. However, some of these categories are more
accurately detennined using other methods. For exam
ple, separation of all trans and cis isomers (as well as
geometric isomers) is difficult using GC analysis alone
since many combinations of isomers and fatty acids are
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possibly present in a lipid sample (13). Similar to fatty
acids, the mono-, di-, and triacylg1ycerols may be
determined using capillary GC Short columns and
high temperatures are needed for analysis of intacttri
acylglycerols.

14.6.2 cis, cis-Polyunsaturated Fatty Acids
(PUFAs)

Although a determination of fatty acid composition
provides a means of calculating the amount of polyun
saturated fatty acids present in a sample, it is not spe
cific for the cis,cis-polyunsaturated fatty acids, which
nutrition labeling requires.

14.6.2.1 Principle

Saponified fatty acids are treated with lipoxidase. The
enzyme is specific for the cis, cis l,4-methylene in
terrupted diene structure (-CH-CH-CH2~

CH-), which is converted to a conjugated diene
(-CH-CH-CH-CH-cH2-) and measured spec
trophotometrically.

14.6.2.2 Procedure

The lipid extract is saponified and reacted with Iipoxi
dase. After 30 min the absorbance of the solution is
read at 234 run.

14.6.2.3 Applications

PUFAs are legally defined as fatty acids having CoS, cis
methylene-interrupted double bonds. Though it n."
quires time and effort, this enzvrnatic method is neces
sary for the proper determination of PUFAs for nutri
tion labeling purposes.

14.6.3 trans Isomer Fatty Acids

Most natural fats and oils extracted from plant sources
contain only isolated (i.e., nonconjugated), cis doubie
bonds. Fats and oils extracted from animal sources
may contain small amounts of trans double bonds.
Inasmuch as the trans isomer is more thermodvnarni
cally stable, additional amounts of trans double" bones
can be formed in fats and oils that undergo oxidation.
or during processing treatments such as extraction.
heating. and hydrogenation. Ongoing studies are eval
uating the health effects of dietary lipids that contain
trans Iattv acids.

14.6.3.1 Principle

The concentration of trans fattv acids is measurable in
lipids from an absorption peak ell 966 cx· l in the in
frared spectrum.
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14.6.3.2 Procedure

AOCS Method Cd 14-95requires liquid samplesbe con
verted to methyl esters and dissolved in an appropriate
solvent, for example, carbon disulfide. The absorbance
spectra between 1050and 900 an-I is obtained using an
infrared spectrometer (see Chapter 27). Methyl elaidate
is used as an external standard in calculating the con
tent of trans double bonds. Alternately, AOCS Recom
mended Practice Cd 14<1-96 determines total trans fatty
acids using attenuated. total reflection-Fourier trans
form infrared (ATR-FTIR) spectroscopy (see Chapter
27).

14.6.3.3 AppJlcations

The method described. will detect only isolated (l.e.,
nonconjugated) trans isomers. 'Thisis especially impor
tant when oxidized samples are of interest since oxida
tion results in a conversion from nonconjugated to con
jugated double bonds. Also, the method is restricted to
samples containing at least 0.5% trans isomers. For
samples containing less than 0.5% trans double bonds,
a capillary GC method (AOCS method Ce 1c·89) is rec
ommended. '

14.6.4 Cholesterol

Many methods exist for the quantification of choles
terol in various matrices. Consulting research literature
will give an indication of current practice and methods
that may be less laborious or adapted for use with spe
cific foodstuffs.

14.6.4.1 Principle

The lipid extracted from the food is saponified. Cho
lesterol (in the nonsaponifiable fraction) is ex rractc-d
and derivatized to form trimethylsilyl (TMS) ethers.
Quantitation is achieved using capillary Gc.

14.6.4.2 Procedure

AOAC Method 976.26 outlined here is representative
of the various procedures available for cholesterol
determination. Lipids arc extracted from the food, then
saponified, and the unsaponifiable fraction is ex
tracted. This is accomplished by filtering an aliquot of
the chloroform layer through anhydrous sodium sul
fate and evaporating to dryness in a water bath using a
stream of nitrogen gas. Concentrated potassium
hydroxide and ethanol are added and the solution is
rcfluxed. Aliquots of benzene and 1 N potassium
hydroxide arc added, then shaken. The aqueous layer
is removed and the process is repeated with 0.5 N
potassium hvdroxide. After several washes with water,
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the benzene layer is dried with anhydrous' sodium sul
fate and an aliquot is evaporated to dryness on a rotary
evaporator. The residue is taken up in dimethylfor
mamide. An aliquot of this sOlmple is derivatized by
adding hexnmethyldisilazane and trimethylchlorosi
lane. Water and an internal standard in heptane are
added, then the solution is centrifuged. A portion of
the heptane layer is injected into a Cc.

14.6.4,3 Applications

CC quantitation of cholesterol is recommended since
many spectrophometric methods are not specific for
cholesterol. Other GC, HPLC, and enzymatic methods
are available. For example, cholesterol methods devel
oped for frozen foods (26) and meat products (27) elim
inate the fat extraction step, directly saponifying the
sample; compared to the AOAC method outlined pre
viously, they are more rapid and avoid exposure to
toxic solvents.

Cholesterol oxidation products can be measured
using GC, HPlC, and TLC.

14.6.5 Separation of Lipid Fractions by TLC

14.6.5.1 Procedure

TLC is performed using silica gel G as the adsorbent
and hexane-<iiethyl ether-formic acid (80:10:2, by vol)
as the eluting solvent system (Fig 14-5). Plates are
sprayed with 2' ,7' -dichlorofluorescein in methanol and
placed under ultraviolet light to view yellow bands
against a dark background (5).

- - - - - - - - - - - - solvent trent
ctIOlesterol esters

• triglycerides

Iree'any aeidI

233

14.6.5.2 Applications

This procedure permits rapid analysis of the presence
of the various lipid fractions in a food lipid extract. For
small-scale preparative purposes, TLC plates can be
scraped to remove various bands for further analysis
using GC or other means. Many variations in TLC
parameters are available that will separate various
lipids.

14,7 SUMMARY

The importance of fat characterization is evident in
many aspects of the food industry, including ingredi
ent technology, product development, quality assur
ance, product shelf life, and regulatory aspects. The
effort to reduce the amount of calories consumed as fat
in the United States accentuates the significance of
understanding the lipid components of food.

The methods described in this chapter help to
characterize bulk oils and fats and the lipids in food
stuffs. Methods described for bulk oils and fats can be
used to determine characteristics such as melting
point; smoke, flash, and fire points; color; degree of
unsaturation; average fatty acid chain length; and
amount of polar components. The peroxide value,
TBA, and hexanal tests can be used to measure the
present status of a lipid with regard to oxidation, while
the OSI can be used to predict the susceptibility of a
lipid to oxidation and the effectiveness of antioxidants.
Lipid fractions, including fatty acids, triacylglycerols,
phospholipids, and cholesterol, are commonly ana
lyzed by chromatographic techniques such as GC and
TLC.

The methods discussed in this chapter represent
only a few of the many tests that have been developed
to characterize lipid material. Consult the references
cited for additional methods or more detailed explana
tions. TIme, funding, availability of equipment and
instruments, required accuracy, and purpose all will
dictate the choice of method to characterize oils, fats,
and foodstuffs containing lipids.

14.8 STUDY QUESTIONS

Schematic: thin-layer chromatography (TLC)
:;eparation of lipid fractions on Silica Gel G.
[..)"dapted with permission from (5).1

----~--_ ..

..~

cholesterol
dlglycerldel 1. You want to compare several fat/oil samples for the

chemical characteristics listed below. For each characteris
tic. name one test (give full name. not abbreviation) that
could be used to obtain the information desired:
a. degree of unsaruration
b. predicted susceptibility to oxidative rancidity
c. present status with regard to oxidative rancidity
d. average fatty acid molecular weight
e. amount of solid fat at various temperatures
f. hydrolytic rancidity

2. Your analysis of an oil sample gives the following results.
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What do each of these results teUyou about the character
istics of the sample? Brieflydescribe the principle for each
method used.
a. large saponification value
b. low iodine value
c. high TBAnwnber
d. high free fatty acid content
e. high oil stability index

3. Define solid fat content and explain the usefulness of this
measurement.

4. Peroxide value, TBA number, and hexanal content all can
be used to help characterize a fat sample.
a. What do the results of these tests tell you about a fat

sample?
b. Differentiate these three tests as to what chemical is

being measured.
5. What methods would be useful in determining the effec

tiveness of various antioxidants added to an oil?
6. You are responsible for writing the specifications for veg

etable oil purchased from your supplier for use in deep-fat
frying several foods processed by your company. Itemize
the tests you should require in yOW' list of specifications
(specific values for the tests are not needed). For each test,
briefly state what useful information is obtained.

7. The Nutrition Education and Labeling Act of 1990 (see
Chapter 3) requires that the nutrition label on food prod
ucts contains information related to lipid constituents. In
addition to the amount of totalfat (see Chapter 13), the
label must state the'amount of saturattdfat and the chol&
tuol content,
a. For a product such as traditional potato chips, explain

an appropriate method for the analysis of each of these
lipid constituents.

b. Compared to assays on traditional chips, how would
the assays for tot ..1 fat and saturated fat diller for
potato chips made w ith Olcstri":.~

14.9 PRACTICE PROBLEMS

1. A 5.DO-g sample of oil was saponified with excess KOH.
The unreacted KOH was then titrated with 0.500 N HCI
(standardized). The difference between the blank and the
sample was 25.8 ml of titrant. Calculate the saponification
value.

2. A sample (5.0 g) of food grade oil was reacted with excess
Kl to determine peroxide value. The free iodine W25

titrated with a standardized solution of 0.10 N Na~S;PJ'

The amount of titrant required was 0.60 ml (blank cor
rectcd), Calculate the peroxide value of the oil.

Answers

1. 145; 2.12.
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15.1 INTRODUCTION

15.1.1 Classification and
General Considerations

Proteins are an abundant component in all cells, and
almost all except storage proteins are important for
biological functions and cell structure. Food proteins
are very complex. Many have been purified and char
acterized. Proteins vary in molecular mass, ranging
from approximately 5000 to more than a million dal
tons. They are composed of elements including hydro
gen, carbon, nitrogen, oxygen, and sulfur. Twenty n
amino acids are the building blocks of proteins; the
amino acid residues in a protein are linked by peptide
bonds. Nitrogen is the most distinguishing element
present in proteins. However, nitrogen content in vari
ous food proteins ranges from 13.4% to 19.1% (1)due to
the variation in the specific amino acid composition of
proteins. Generally, proteins rich in basic amino adds
contain more nitrogen.

Proteins can be classified by their composition,
structure, biological function, or solubility properties.
For example, simple proteins contain only amino acids
upon hydrolysis, but conjugated proteins also contain
non-amino-acld components.

Proteins have unique conformations that could be
altered by denaturants such as heat, acid, alkali, 8 M
urea, 6 M guanidine-HCl, organic solvents, and deter
gents. The solubility as well as functional properties of
proteins could be altered by denaturants..

The analysis of proteins is complicated by the fact
that some food components possess similar physico
chemical properties. Nonprotein nitrogen could come
from free amino acids, small pep tides, nucleic acids,
phospholipids, amino sugars, porphyrin, and some
vitamins, alkaloids, uric acid, urea, and ammonium
ions. Therefore, the total organic nitrogen in foods
would represent nitrogen primarily from proteins and
to a lesser extent from all organic nitrogen-containing
nonprotein substances. Depending upon methodol
ogy, other major food components, including lipids
and carbohydrates, may interfere physically with
analysis of food proteins.

Numerous methods have been developed to mea
sure protein content. The basic principles of these
methods include the determinations of nitrogen, pep
tide bonds, aromatic amino acids, ultraviolet absorp
tivity of proteins, free amino groups, light scattering
properties, and dye-binding capacity. In addition to
factors such as sensitivity, accuracy, precision, speed,
and cost of analysis, what is actually being measured
must be considered in the selection of an appropriate
method for a particular application.
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15.1.2 Importance of Analysis

Protein analysis is important for:

1. Blological activity determination. Some pro
teins, including enzymes or enzyme inhibitors,
are relevant to food science and nutrition: for
instance. the proteolytic enzymes in the tender
ization of meats, pectinases in the ripening of
fruits, and trypsin inhibitors in legume seeds
:l re proteins.

2. Functional property investigation. Proteins in
various types of food have unique food func
tional properties: for example, gliadin and glu
tenins in wheat flour for brcadrnaking, casein in
milk for coagulation into cheese products, and
egg albumen for foaming.

3. Nutrition labeling.

Protein analysis is required when you want to know:

1. Total protein content
2. Amino add composition
3. Content of a particular protein in a mixture
4. Protein content during isolation and purifica

tion of a protein
5. Nonprotein nitrogen
6. Nutritive value (digestibility, protein efficiency

ratio, or nitrogen balance) of a protein

15.1.3 Content in Foods

Protein content in food varies widely. Foods of animal
origin and legumes are excellent sources of proteins.
The protein contents of selected food items are listed in
Table 15-1.

15.2 METHODS

Principles, general procedures, and applications are
described below for various protein determination
methods. Refer to the referenced. methods for detailed
instructions of the procedures. Several of the methods
cited are from the Official Methods of Analysis of AOAC
International (3). Many of the methods covered are
described in somewhat more detail in a recent book on
food proteins (-1).

15.2.1 Kjeldahl Method

15.2.1.1 Principle

In the Kjeldahl procedure, proteins and other organic
food components in a sample are digested with sulfu
ric acid in the presence of catalysts. The total organic
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~, Protein Content of Selected Foods·

PercentProtein
(wet weight

Food Item basis)

Cereals and pasta
Rice. brown, long-grain raw 7.9
Rice. white, long-grain, regular, raw,

enriched 7.1
Wheat flour, whole-grain 13.7
Corn flour, whole..grain, yellow 6.9
Spaghetti. dry, enriched 12.8
Cornstarch 0.3

Dairy products
Milk. whole. fluid 3.3
Milk. skim, dry 36.2
Cheese, cheddar 24.9
Yogurt. plain, low lat 5.3

Fruits and vegetables
Apple, raw, with skin 0.2
Asparagus, raw 2.3
StraWberries, raw 0.6
lettuce, ice berg, raw ; .0
Potato, whole, flesh and skin 2.1

Legumes
Soybeans, mature seeds. raw 36.5
Beans, kidney, all types, mature seeds,

raw 236
Tofu. raw, firm ~5.8

Tofu, raw, regular C. i
Meats, poultry. fish

Beef. chuck, arm pot roast 15.5
Beel, cured, dried beef 29'
Chicken, broilers or fryers, breast

meat only, raw 23 i
Ham, sliced, regular 1i.6
Egg, raw. whole 12.5
Finfish, cod, Pacific, raw 17.9
Finfish, tuna, white, canned in oil.

drained solids 2€.5

From USDA Nutrient Database for Standard Reference. Release 11·
, (August 1997) htlp:/Iwww.nal.usda.govl/nic/cgi·bin/nucse2rCh.pl

nitrogen is converted to ammonium sulfate. The digest
is neutralized with alkali and distilled into a boric acid
solution. The borate anions formed are titrated with
standardized acid, which is converted to nitrogen in
the sample. The result of the analysis represents the
crude protein content of the food since nitrogen also
comes from nonprotein components.

15.2.1.2 Historical Background

15.2.1.2.1 Original Method In 1883, Iohann Kjel,..~.1:01
developed the basic process of rodavs Kjck;;,hJ
method to analyze organic nitrogen. General steps in
the original method include:

1. Digestion with sulfuric acid, with the adc:ti0n
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of powdered potassium permanganate to com
plete oxidation and conversion of nitrogen to
ammonium sulfate.

2. Neutralization of the diluted digest. followed
by distillation into a known volume ofstandard
acid, which contains potassium iodide and
iodate.

3. TItration of the liberated. iodine with standard
sodium thiosulfate.

15.2.1.2.2 Improvements Several important modifi
cations have improved the original Kjeldahl process:

1. Metallic catalysts such as mercury, copper, and
selenium are added to sulfuric acid for complete
digestion. Mercury has been found to be the
most satisfactory. Selenium dioxide and copper
sulfate in the ratio of 3:1 have been reported to
be effective for digestion. Copper and titanium
dioxide also have been used as a mixed catalyst
for digestion (AOAC Method 988.05) (3). The
use of titanium dioxide and copper poses less.
safety. concern than mercury in the post analy
sis disposal of the waste.

2. Potassiwn sulfate is used to increase the boiling
point of the sulfuric add to accelerate digestion.

3. Sulfide or sodium. thiosulfate are added to the
diluted digest to help release nitrogen from
mercury, which tends to bind ammonium.

4. The ammonia is distilled directly into a boric
acid solution, followed by titration with stan
dard acid.

5. Colorimetry, Nesslerization, or ion chromatog
raphy to measure ammonia is used to determine
nitrogen content after digestion.

An excellent book to review the Kjeld ahl method
for total organic nitrogen was written by Bradstreet
(5), The basic AO:.l,.C Kjeldahl procedure is Method
955.04. Semiautomation, automation, and modification
for microgram nitrogen determination (micro Kjeldahl
method) have been established by AO!\C in Method:;
976.06, 976.05 and 960.52, respectively.

15.2.1.3 General Procedures and Reactions

15.2.1.3.1 Sample F;eparation Solid foods an'
ground to pnss a 20 mesh screen, Samples (or analysis
should be homogeneous. No other special prepara
tions are required.

15.2.1.3.2 Digestion Place sample (accurately
weighed) in a Kjeldahl flask. Add acid and caralvst:
digest until cle'::r to ~~(l complete breakdown o( all
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Nitrogen to Protein Conversion Factors tor
Various Foods

org<lnic matter. Nonvolatile ammonium sulfate is
formed from the reaction of nitrogen and sulfuric acid.

Sulfuric acid
Protein • (NH~hSO~ [1J

Heat, catalyst

During digestion, protein nitrogen is liberated to form
ammonium ions; sulfuric acid oxidizes organic matter
and combines with ammonium formed; carbon and
hydrogen elements are converted to carbon dioxide
and water.

Egg cr meal
Milk
Wheat
Corn
Oat
Soybean
Rice

Percent N in
Protein

16.0
15.7
18.76
17.70
18.66
18.12
19.34

Factor

6.25
638
5.33
5.65
5.36
5.52
5.17

[5J

[7]

15.2.1.3.3 Neutralization and Distillation The digest is
diluted with water. Alkali-containing sodium thiosul
fate is added to neutralize the sulfuric acid. The ammo
nia fanned is distilled into a boric acid solution con
taining the indicators methylene blue and methyl red.

(NH-I)zSO~ + maOH - 2NHJ + Na ZS04 + 2HzO
. [2J

NHJ + H3BOJ - NH4 + H2BO- 3

(boric acid) (borate ion) [3J

15.2.1.3.4 Titration Borate anion (proportional to the
amount of nitrogen) is titrated with standardized HC).

H 2BO-3 + H~ - H3BOJ {4}

15.2.1.3.5 Calculations
Moles of HCI =moles NH3
=moles N in the sample

A reagent blank should be run to subtract reagent
.. nitrogen from the sample nitrogen.

% N =N HCI x Correded acid volume
gofsample

)(14gN x 100 [6}
mole

where:

tVHel =normality ofHCI, in
moles/lOOO ml

Corrected acid vol. = (ml std. acid for sample) - (ml
std. acid for blank)

14 = atomic weight of nitrogen

A factor is used to convert percent N to percent crude
protein. Most: proteins, contain 16% N, so the conver
sion factor is 6.25 (100/16 =6.25).

%N/O.16 = % protein
or

0/0 N )(6.25 = % protein

Conversion factors for various foods are given in Table
15-2.

Data trcm (1.6).

15.2.1.3.6 Alternate Procedures In place of distilla
tion and titration with acid, ammonia or nitrogen can
be quantitated by:

1. Nesslerization

4NHpH + 2HgI: + 4.Kl + 3KOH - NH2Hg210 + 7I<I + 2HP
mercuric ammonium dimercuric [8]
iodide iodide, red-orange, 440 run

This method is rapid and sensitive, but the
amrnoniwn dimercuric iodide is colloidal and
color is not stable.

2. ;"l-{J + phenol + hypochlorite - indophenol (blue, 630 nm)

OH- [9J
3. pH measurement after distillation into known

volume of boric acid.
4. Direct measurement of ammonia, using ion

duomarowaprucmeiliod

15.2.1.4 Applications

Advantages:

1. Applicable to all types of foods
2. Relatively.simple
3. Inexpensive
4. Accurate; an official method for crude protein

content
5. Has been modified (micro Kjeldahl method) to

measure microgram quantities of proteins.

Disadvantages:

1. M.easures totalOl:ganic nitrogen, not just protein
niftc)gen.

2. Tune cons~g (at least 2 hr to complete)
3. poorer precisron than the biuret method
4. Corrosive reagent
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15.2.2 Biuret Method

15.2.2.1 Principle

A violet-purplish color is produced when cupric ions
are complexed with peptide bonds (substances con
taining a,~ least two peptide bonds, i.e., biuret, large
peptides, and all proteins) under alkaline conditions.
The absorbance of the color produced is read at 540
nm. The color intensity (absorbance) is proportional to
the protein content of the sample (7).

15.2.2.2 Procedure

1. A 5-ml biuret reagent is mixed with a I-mJ por
tion of protein solution (1-10 mg protein/ml).
The reagent includes copper sulfate, NaOH, and
potassium sodium tartrate, which is used to sta
bilize the cupric ion in the alkaline solution.

2. After the reaction mixture is allowed to stand at
room tempera ture for 15 or 30 min, the ab
sorbance is read at 540 nm against a reagent
blank.

3. Filtration or centrifugation before reading
absorbance is required if the reaction mixture is
not dear.

4. A standard curve of concentration versus ab
sorbance is constructed using bovine serum
albumin (BSA).

15.2.2.3 Applications

The biuret method. has been used to determine proteins
in cereal (8,9). meat (10), soybean proteins (10), and as
a qualitative test for animal feed [AOAC Method
935.11 (refers to Methods 22.012-22.013, AOe, 10th ed.,
1965)] (12). The biuret method also can be used to mea
sure the protein content of isolated proteins.

Advantages:

I. Less expensive than the Kjeldahl method; rapid
(can be completed in less than 30 min); simplest
method for analysis of proteins.

2. Color deviations are encountered less frequently
than with Lowry. ultraviolet (UV) absorption, or
turbidimetric methods (described below).

3. Very few substances other than proteins in
foods interfere with the biuret reaction.

4. Does not detect nitrogen from nonpeptide or
nonprotein sources.

Disad vanta ges:

1. Not very sensitive as compared to the Lowry
method; requires at least 2-4 rng protein {or
assay.
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2. Absorbance could be contributed from bile pig
ments if present.

3. High concentration of ammonium salts interfere
with the reaction.

4. Color varies with different proteins; gelatin
gives a pinkish-purple COIOL .

5. Opalescence could occur in the final solution if
high levels of lipid or carbohydrate are present.

6. Not an absolute method: color must be· stan
dardized against known protein (e.g., BSA) or
against the Kjeldahl nitrogen method.

15.2.3 Lowry Method

15.2.3.1 Principle

The Lowry method (13,14) combines the biuret reac
tion with the teduction of the Folln-Ciccalteau phe
nol reagent (phosphomolybdic-phosphotungstic acid)
by tyrosine and tryptophan residues in the proteins.
The bluish color developed is read at 750 nm (high sen
sitivity for low protein concentration) Or 500 nm (low
sensitivity for high protein concentration). The original
procedure .has been modified by Miller (15) and
Hartree (16) to improve the linearity of the color
response to protein concentration.

15.2.3.2 Procedure

The following procedure is based on the modified pro
cedure of Hartree (16):

1. Proteins to be analyzed are diluted to an appro
priate range (20-100 !J.g).

2. K Na Tartrate-Na2C03 solution is added after
coolingand incubated at room temperature {or
10 min.

3. CuSO,cK Na Tartrate-NaOH solution is added
after cooling and incubated at room tcrnpera
ture for 10 min.

4. Freshly prepared Folin reagent is added, then
the reaction mixture is mixed and incubated a:
50°C for 10 min.

5. Absorbance is read at 650nm.
6. A standard curve of BSAis carefully constructed

for estimating protein concentration of the un
known.

15.2.3.3 Applications

BeCilUS..• oi its simplicity and sensitivity the Lowrv
method h:l~ ~een widely used in protein biochemistr;',
How~\'cr: It nas not been widely used to determine
prote~ns in Iood systems without first extracting the
proteins from the food mixture.
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Advantages:

1. Very sensitive
a. 5~100 times more sensitive than biuret

method
b. 10-20 times more sensitive than 280 nm UV

absorption method (described below)
c. Several times more sensitive than ninhydrin

method (described below)
d. Similar sensitivity ilS Nesslerization; how-

ever, more convenient than Nesslerization
2. Less affected by turbidity of the sample
3. More specific than most other methods
-1. Relatively simple; can be done in 1-1.5 hr.

Disadvantages:
For the following reasons, the Lowry procedure re
quires careful standardization for particular applica
tions:

1. Color varies with different proteins to a greater
extent than the biuret method. .

2. Color is not strictly proportional to protein con
centration.

3. The reaction is interfered with to varying
degrees by sucrose, lipids, phosphate buffers,
monosaccharides, and hexoarnines.

4. High concentrations of reducing sugars, ammo
nium sulfate, and sulfhydryl compounds inter
fere with the reaction.

15.2.4 Bicinchoninic Acid (SeA) Method

15.2.4.1 Principle

Smith et al, (17) proposed that proteins reduce cupric
ions to cuprous ions under alkaline conditions. The
cuprous ion complexes with apple-greenish BCA
reagent to form a purplish color. The color formed is
proportional to protein concentration.

15.2.4.2 Procedure

1. Mix (one step) the protein solution with the
SCA reagent, which contains SCA sodium salt,
sodium carbonate, NaOH, and copper sulfate,
pH 11.25.

2. Incubate at 37"C for 30 min, or room tempera
ture for 2 hr, or woe for 30 min. The selection of
the temperature depends upon sensitivity
desired. A higher temperature gives a greater
color response.

3. Read the solution at 562 ron against a reagent
blank.

4. Construct a standard curve using BSA.
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15.2.4.3 Appfications

The DCA method has been used in protein isolation
and purification. The suitability of this procedure for
measuring protein in complex food systems has not
been reported.

Advantages:

1. Sensitivity is comparable to that of the Lowry
method; sensitivity of the micro BCA method
(0.5-10 ~lg) is slightly better than that of the
Lowry method.

2. One-step mixing is easier than in the Lowry
method.

3. The reagent is more stable than for the Lowry
reagent.

4. Nonionic detergent and buffer salts do not inter
fere with the reaction.

5. Medium concentrations of denaturing reagents
(-1 M guanidine-HCI or 3 !vI urea) do not inter
fere.

Disadvantages:

1. Color is not stable with time. The analyst needs
to carefully control the time for reading ab
sorbance.

2. Reducing sugars interfere to a greater extent
than in the Lowry method. High concentrations
of ammonium sulfate also interfere.

3. Color variations among proteins are similar to
those in the Lowry method.

4. Response of absorbance to concentration is not
linear.

15.2.5 Ultraviolet (UV) 280 nm
Absorption Method

15.2.5.1 Principle

Proteins show strong absorption at UV 280 nm, pri
marily due to tryptophan and tyrosine residues in the
proteins. Because the content of tryptophan and tyro
sine in proteins from each food source is fairly con
stant, the absorbance at 280 nm could be used to esti
mate the concentration of proteins, using Beer's law.
Since each protein has a unique aromatic amino add
composition, the extinction coefficient (E280) or molar
absorptivity (Em) must be determined for individual
proteins for protein content estimation.

15.2.5.2 Procedure

1. Proteins are solubilized in buffer or alkali.
2. Absorbance of protein solution is read at 280 nm

against a reagent blank. .
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3. Protein concentration is calculated according to
the equation

15.2.6 Dye Binding Method

15.2.6.1 Anionic Dye Binding

15.2.6.1.1 Principle The protein-containing sample is
mixed with a known excess amount of anionic dye in
a buffered solution. Proteins bind the dye to i_':"m an

Disadvantages:

1. Nucleic acids also absorb at 280run. The absorp
tion 280 nm/260 nm ratios for pure protein and
nucleic acids are 1.75 and 0.5, respectively. One
can correct the absorption of nucleic acids at 280
nm if the ratio of the absorption of2S0 run/260
nm is known. Nucleic acids also can be cor
rected using a method based on the absorption
difference between 235run and 280run (20).

2. Aromatic amino acid contents in the proteins
from various food sources differ considerably.

3. The solution must be dear and colorless. Tur
bidity due to particulates in the solution will
increase absorbance falsely.

4. A relatively pure system is required to use this
method.

15.2.5.3Applications

The UV 280nm method has been used to determine the
protein contents of milk (18) and meat products (19). It
has not been used widely in food systems. This tech
nique is betterapplied in a purified protein system or to
proteins that have been extracted in alkali or denatur
ing agents such as 8M urea. Although peptide bonds in
proteins absorb more strongly at 190-220nm than at 280
nm, the low UVregion is more difficult to measure.

Advantages:

1. Rapid and relatively sensitive (At 280 nm, 100
!1g or more protein are required; several tiInes
more sensitive than the biuret method.)

2. No interference hom ammonium sulfate and
other buffer salts

3. Nondestructive; samples can be used. for other
analyses after protein determination; used very
widely in post-column detection of proteins.

insoluble complex. The unbound solubl~dye is mea
sured alter equilibration of the reaction and the
removal of insoluble complex by centrifugation or fil
tration.

protein + excess dye - proteiri-dye insoluble
complex + Ill]
unbound soluble dye

The anionic sulfonic acid dye, including acid orange
12, orange G, and Amido black lOB, binds cationic
groups of the basic amino acid residues (imidazole of
histidine, guanidine of arginine, and s-amino group of
lysine) and the free amino terminal group of the pro
tein. The amount of unbound dye is inversely related
to the protein content of the sample (21).

15.2.6.1.2 Procedure
1. The sample is finely ground (60 mesh or smaller

sizes) and added to an excess dye solution.
2. The content is shaken vigorously to equilibrate

the dye binding reactions and filtered or cen
trifuged to remove insoluble substances.

3. Absorbance of the unbound dye solution in tHe
filtrate is measured and dye concentration esti
mated from a dye standard curve.

4. A straight calibration curve can be obtained by
plotting the unbound dye concentration against
total nitrogen (as determined by Kjeldahl
method) of a given food covering a wide range
of protein content.

5. Protein content of the unknown sample of the
same food type can be estimated from ~he (ali
bration curve or from a regression equation cal
culated by the least squares method.

15.2.6.1.3 Applications Anionic dye binding has
been used to estimate proteins in milk (22,23), wheat
flour (24), soy products (11), and meats (0). Tile AOAC
includes two dye-binding methods (Method 967.12
using Acid Orange 12 and Method 975.17 using Amido
Black lOB) for analyzing proteins in milk

Advantages:

1. Rapid (15 min or less), inexpensive, and rela
tively accurate for analyzing protein content in
food commodities

2. May be used to estimate the changes in avail
able lysine content of cereal products during
processing since the dye does not bind alten,'.
unavailable lvsine. Since lvsine is the Iimitiru;... .. ...
amino acid in cereal products, the available
lysine content represents protein nutritive value
of the cereal products (25).

3. No corrosive reagents
4. Does not measure nonprotein nitrogen.
5..More precise than the Kjeldahl method

[10]

A = absorbance
(l =absorptivity
b =cell or cuvette path length
c =concentration

A=abc

where:
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Disadvantage:i:

1. Not sensitive; milligram quantities of protein
LIre required.

2. Proteins differ in basic amino acid content and
so differ in dye-binding capLlcity. Therefore, a
calibration curve for a given food commodity is
required.

3. Some nonprotein components bind dye (i.e..
starch) or protein (i.e., calcium or phosphate)
and cause errors in final results. The problem
with calcium and heavy metal ions can be elim
inated using properly buffered reagent that con
tains oxalic acid.

15.2.5.2 Bradford Method

15.2.$.2.1 Principle "Vhen Coomassie Brilliant Blue
G-2~O binds to protein, the dye changes color from red
dish to bluish, and the absorption maximum of the dye
is shifted from 465 to 595 nm. The change in the
absorbance at 595 nm is proportional to the protein
concentration of the sample (26).

15.2.$.2.2 Procedure
1. Coomassie Brilliant Blue G-250 is dissolved in

95% ethanol and acidified with 85%phosphoric
acid.

2. Samples containing proteins (1-100 ug'/rnl) and
standard BSA solutions are mixed with the
Bradford reagent. . .

3. Absorbance at 595 nm is read against a reagent
blank.

4. Protein concentration in the sample is estimated
from the BSA standard curve.

15.2.5.2.3 Applications The Bradford method has
been used successfully to determine protein content in
worts and beer products (27) and in potato tubers (28).
This procedure has been improved to measure micro
gram quantities of proteins (29). Due to its rapidity,
sensitivity, and fewer interferences than the Lowry
method, the Bradford method has been used widely in
protein purification.

Advantages:

1. Rapid; reaction can be completed in 2 min.
2. Reproducible
3. Sensitive; several-fold more sensitive than the

Lowry method
4. No interference from cations such as K·, Na",

andMi+
5. No interference from ammonium sulfate
6. No interference from polyphenols and carbohy

dra te such as sucrose
7. Measures protein or pep tides with molecular
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mass approximately equal to or greater than
-l000 daltons,

Disadvcnrages:

1. Interfered with by both nonionic and ionic
detergents, such as Triton X-laO and sodium
dodecyl sulfate. However, errors due to small
amounts (0.1 %) at these detergents can be cor
rected using proper controls.

2. The protein-dye complex can bind to quartz
cuvettes. The analyst must use glass or plastic
cuvettes,

3. Color varies with different types of proteins.
The standard protein must be selected carefully.

15.2.7 Nin hydrin Method

15.2.7.1 Principle

Amino acids, ammonia, and primary amino groups in
a protein, when boiled in a pH 5.5 buffer in the pres
ence of ninhydrin and hydrindantin, form a Ruhe
mann purple color (30,31).

15.2.7.2 Procedure

1. Mixa l-rnl sample solution with 1 ml of ninhy
drin solution in a test tube.

2. Heat in a boiling bath for 15 min.
3. Add 5 ml of ethanol or propanol diluent, shake,

and cool.
4. Read absorbance at 570 run against a water

blank.

15.2.7.3 Applications

The ninhydrin method has not been used widely for
the determination of protein quantity in foods. How
ever, it can be used to determine the hydrolysis of pep
tide bonds during food processing and to quantitate
amino acids.

Advantage:

1. Relatively rapid as compared to the Kjeldahl
method

Disadvantages:

1. The presence of a small quantity of amino acids,
peptides, primary amines, and ammonia causes
an overestimation of the protein content.

2. Low precision
3. ~olor vari~ with different amino acid compost

nons. Prohne absorbs maximum at 440 nrn:
other amino acids at 570 nm. '

4. A standard calibration curve must be prepared
on each occasion.
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15.2.8 Turbidimetric Method

15.2.8.1 Principle

Low concentrations (3-10%) of trichloroacetic acid, sul
fosalicylic acid (32;33), and potassium ferricyanide in
acetic acid (34) can be used to precipitate extracted
proteins to fonn a turbid suspension of protein parti
cles. The turbidity can be measured from the reduction
in the transmission of radiation. The reduction in radi
ation transmission is due to radiation scattering by the
protein particles. The intensity of the radiation reduc
tion can be related to protein concentration in the solu
tion.

15.2.8.2 Procedure

The general procedure for measuring wheat proteins
by the sulfosalicylic acid method (33) is as follows:

1. Wheat flour is extracted with 0.05 N sodium
hydroxide.

2. Protein solubilized in alkali is separated from
the nonsoluble materials by centrifugation.

3. Sulfosalicylic acid is mixed with a portion of the
protein solution.

4. The degree of turbidity is measured by reading
the light transmittance at 540 run against a
reagent blank.

5. The protein content can be estimated from a cal
ibration curve, which is established using the
Kjeldahl nitrogen method.

15.2.8.3 Applications

The turbidimetric method has been used to measure
protein content of wheat flour (33) and com (35).

Advantages:

1. Rapid; can be completed in 15 min.
2. Does not measure nonprotein nitrogen other

than that in nucleic acids.

Disadvantages:

1. Different proteins precipitate at different rates.
2. Turbidity varies with different concentrations of

acid reagents.
3. Nucleic acids also are precipitated by acid re

agents.

15.2.9 Dumas (Combustion) Method

15.2.9.1 Principle

Samples are combusted at high temperatures (iW
SOD"C). The nitrogen released is quantitated by SiiS
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chromatography using a thermal conductivity detec
tor (TeO). The nitrogen determined is converted to
protein content in the sample.

15.2.9.2 Procedure

Samples (approximately 100-500 mg) are weighed into
a tin capsule and introduced to a combustion reactor in
an automated equipment. The nitrogen released is
measured by a built-in gas chromatograph.

15.2.9.3 Applications

The combustion method is suitable for all types of
foods. AOAC Method 992.15 and Method 992.23 are
for meat and cereal grains, respectively.

Advantages:

1. The combustion method is an alternative to the
Kjeldahl method.

2. Requires no hazardous chemicals.
3. Can be accomplished in 3 min.
4. Recent automated instruments can analyze up

to 150samples without attention.

Disadvantages:

1. Expensive equipment is required.
2. Nonprotein nitrogen also is included.

15.2.10 Infrared Spectroscopy

15.2.10.1 Principle

Infrared spectroscopy measures the absorption of
radiation (near- or mid-infrared regions) by molecules
in food or other substances. Different functional
gTOUpS in a food absorb different frequencies of radia
tion. For proteins and peptides, various mid-infrared
bands (6.47 urn) and near-infrared (NIR) bands (e.g..
3300-3500 run, 2080-2220 nrn, 1560-1670 nm) charar
teristic of the peptide bond can be used to estimate the
protein content of a food. By irradiating a sample wit:,
a wavelength of infrared light specific for the con
stituent to be measured, it is possible to predict the con
centration of that constituent by measuring the cncrf~

that is reflected or transmitted by the sample (which is
inversely proporticnal to the energy absorbed).

15.2.10.2 Procedure

See Chapter 27 for a detailed description of instrurnen
ration, sample hD.ndling. and calibration and quantita
tion methodology.
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15.2.10.3 Appllcstlon«

Mid-infrared spectroscopy is used in Infrared Milk
Analyzers to determine milk protein content, while
near-infrared spectroscopy is applicable to a wide
range of food products (e.g., grains; cereal, meat, and
dairy products) (3+-37). Instruments are expensive and
they must be calibrated properly. However, samples
can be analyzed rapidly (30 sec to 2 min) by analysts
with minimal training.

15.3 COMPARISON OF METHODS

• Sample preparation: The Kjeldahl, Dumas, and
infrared spectroscopy methods require little
preparation. Sample particle size of 20 mesh or
smaller generally is satisfactory for these meth
ods. Some of the newer NIR instruments can

. make measurements directly on whole grJins
and other coarsely granulated products without
grinding or other sample preparation. Other
methods described in this chapter require fine
particles for extraction of proteins from the com
plex food systems.

• Principle: The Dumas and Kjeldahl methods
measure directly the total amount of organic
nitrogen element in the foods; other methods
measure the various properties of proteins. for
instance, the biuret method measures peptide
bonds, and the Lowry method measures a com
bination of peptide bonds and the amino acids
tryptophan and tyrosine. Infrared spectroscopy
is an indirect method to estimate protein con
tent, based on the energy absorbed when a sam
ple is subjected toa wavelength of infrared radi
ation specific for the peptide bond.

• Sensitivity: Kjeldahl, Dumas, biuret, and
anionic dye binding methods are less sensitive
than IN, Lowry, BeA, or Bradford methods.

• Speed: After the instrument has been properly
calibrated, infrared spectroscopy is likely the
most rapid of the methods discussed. In most
other methods involving spectrophotometric
(colorimetric) measurements, one must separate
proteins from the interfering insoluble rnaterials
before mixing with the color reagents or must
remove the insoluble materials from the colored
protein-reagent complex after mixing. How
ever, the speed of determination in the colori
metric methods and in the Dumas method is
faster than with the Kjeldahl method.

15.4 SPECIAL CONSIDERATIONS

1. To select a particular method for a specific appli
cation, sensitivity, accuracy, and reproducibility
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as well as physicochemical properties of food
materials must beconsidered. The datil should
be interpreted carefully to reflect what actually
is being measured.

2. Food processing methods. such as heating, milY
reduce the extractability of proteins for analysis
and cause an underestimation of the protein
content measured by methods involving an
extraction step (8).

3. All methods. except for the Dumas, Kjeldahl,
and the UV method for purified proteins, re
quire the use of a standard or reference protein
or a calibration with the Kjeldahl method. In the
methods using a standard protein, proteins in
the samples are assumed to have similar com
position and behavior compared to the standard
protein. The selection of an appropriate stan
dard for a specific type of food is important.

4. Nonprotein nitrogen is present in practically all
foods. To determine protein nitrogen, the sam
ples usually are extracted under alkaline condi
tions then precipitated with trichloroacetic acid
or sulfosalicylic acid. The concentration of the
add used. affects the precipitation yield. There
fore, nonprotein nitrogen content may vary with
the type and concentration of the reagent used.
Heating couldbe used to aid protein precipita
tion by acid, alcohol, or otherorganicsolvents. In
addition to acid precipitation methods used for
nonprotein nitrogen detennination, less empiri
cal methods such as dialysis and ultrafiltration
and column Chromatography could be used to
separate proteins from small nonprotein sub
stances.

5. In the determination of the nutritive value of
food proteins, including protein digestibility
and protein efficiency ratio (PER), the Kjeldahl
method with a 6.25 conversion factor is usually
used to determine crude protein content. The
PER could be underestimated if a substantial
amount of nonprotein nitrogen is present in
foods. A food sample with a higher nonprotein
nitrogen content (particularly if the nonprotein
nitrogen does not have many amino acids or
small peptides) may have a lower PER than a
food sample containing similar protein struc
ture/composition and yet with a lower amount
of nonprotein nitrogen.

15.5 SUMMARY

Methods based on the unique characteristics of pro
teins and amino acids have been described to deter
mine the protein content of foods. The Dumas and Kjel
dahl method~ measure nitrogen. Copper-peptide
bond interactions contribute to the analysis by the
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Answers

15.7 PRACTICE PROBLEMS

15.6 REFERENCES

The average absorbance of a O.5-mlsample was O.~. Cal
culate protein content (mg/ml) and total protein quantity
of this colWIU1 fraction.

0.25
0.53
0.74
0.92
1.20

Mean Absorbance at 56:. mr.BSA mg/ml

0.2
0.4
0.6
0.8
1.0

1. Jones, D.B. 1931. Factors for converting percentages of
nitrogen in foods and feeds into percentages of proteins.
V.S. Dept. Agric. Circular No.1S3. August, USDA, Wash·
ington, OC.

2. U.S. Department of Agriculture, Agricultural Research
Service. 1997. USDA Xutrient Database for Standard Ref-

the chemical basis of the method (Le., what does it really
measure?);
a. nutrition labeling
b. intact protein eluting from a chromatography column;

qualitative or semiquantitative method
c. intact protein eluting from a chromatography column;

colorimetric. quantitative method
d. amino acids eluting from an ion-exchange chromatog.

raphy column; quantitative method
e. rapid, quality control method for protein content of

cerea:l·grains

1. A dehydrated precooked pinto bean was analyzed for
crude protein content in duplicate using the Kjeldahl
method. The following data were recorded:

moisture content =8.00/0.
wt of sample no. 1 =1.015 g
wt of sample no. 2 = 1.025g.
normality of HCI used for titration = 0.1142 ml
HO used for sample no. 1 =22.0 ml.
HO used for sample no. 2 = 22.5 ml
HO used for reagent blank =0.2ml.

Calculate crude protein content on both wet and dry
weight basis of the pinto bean. assuming pinto bean pro
tein contains 17.5% nitrogen.

2. A IG-ml protein fraction recovered froma column chro
matography was analyzed for protein using the BCA
method. The foUo....i.ng data were obtained from a dupli
cate analysis using BSAas a standard:

1. Protein content = 19.8~o on a wet weight basis; 21.4':~ (\1'\ ;,

dry weight basis.
2. Protein content = 0.68 mg/ml. Total protein quantir, :.. (..~

mg.

15.6 STUDY QUESTIONS

biuret and Lowry methods. Amino acids are involved
in the UV 280 nm, dye-binding, ninhydrin, and Lo\\'T)'
methods. TheBCA method utilizes the reducing power
of proteins in an alkaline solution. Infrared spec
troscopy is based. on absorption of a wavelength of
infrared radiationspecific for the peptide bond. The
various methods differ in their speed and sensitivity.

In addition to the commonly used methods dis
cussed, there are other methods available for protein
quantification. Because of the complex nature of vari
ous foodsystems. problems may be encountered to dif
ferent degrees in protein analysis by available meth
ods. Rapid methods may be suitable for quality control
purposes, while a sensitive method is required for
work with a minute amount of protein. Indirect colori
metric methods usually require the use of a carefully
selectedprotein standard or a calibration with an offi
cial method (e.g., Kjeldahl).

1. Y&at factors should one consider when choosing a
method. for protein determination?

2. The Kjeldahl method of protein analysis consists of three
major steps. List these steps in the order they are done,
and describe in words what occurs in each step. Make it
clear whv milliliters of HO can be used as an indirect
measure ~f the protein content of a sample.

3. Why is the conversion factor from Kjeldahl nitrogen 10
protein different for various foods, and how is the factor
of 6.25 obtained?

4. How can Nesslerization or the proced ure that uses phenol
and hypochlorite be used as part of the Kjeldahl proce
dure, and why might they best be put to use?

5. Differentiate and explain the chemical basis of the follow
ing techniques that can be used to quantitate proteins in
quality control/research:
a. Kjeldahl method
b. turbidimetric method
c. ninhydrin method
d. absorbance at 280 nm
e. absorbance al220 nm
f. biuret method
g. Lowry method
h. Bradford method
i. bicinchoninic acid method
j. Dumas method
k. infrared spectroscopy

6. Differentiate the principles of protein determination by
dye binding with an anionic dye such as Amido Black ver
SU5 with the Bradford method, which uses the dye
Coomassie Brilliant Blue G-250.

7. With the anionic dye binding method, would a sample
with a higher protein content have a higher or a lower
absorbance reading than a sample with a low protein con
tent? Explain your answer.

8. for each of the situations described below, identify a pro
rein assay method most appropriate for use, and indicate
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16.1 INTRODUCTION

Many protein separation techniques are available to
food scientists. Several of the separation techniques
described in this chapter are used commercially for the
production of food or food ingredients, whereas others
are used to purify a protein from a food for further
study in the laboratory. In general, separation tech
niques exploit the biochemical differences in protein
solubility, size, charge, adsorption characteristics, and
biological affinities for other molecules. These physical
characteristics are then used to purify individual pro
teins from complex mixtures. Some techniques to char
acterize the biochemical properties of a protein are also
presented in this chapter.

16.2 INITIAL CONSIDERATIONS

Usually, several separation techniques are used in
sequence to purify a protein from a food. In general,
the more separation steps used, the higher the purity of
the resulting preparation. Food ingredients such as
protein concentrates may be prepared using only one
separation step because high purity is not necessary. To
prepare a pure protein for laboratory study it is often
necessary to use three or more separation steps in
sequence to achieve a highly purified protein prepara
tion.

Before starting a separation sequence, it is neces
sary to learn as much as possible about the biochemical
properties of a protein, such as molecular.weight, iso-

.' electric point (pl). solubility properties, and denatura
tion temperature, to determine any unusual physical
characteristics that will make separation easier. The
first separation step should be one that can easily be
used with large quantities of material. This is often a
technique that utilizes the differential solubility prop
erties of a protein. Each succeeding step in a purifica
tion sequence will use a different mode of separation.
The most common methods of purification include
precipitation, ion-exchange chromatography, affinity
chromatography, and size-exclusion chromatography
(1).

16.3 METHODS OF PROTEIN SEPARATION

16.3.1 Separation By Differential
Solubility Characteristics

16.3.1.1 Principle

Separation by precipitation exploits the differential sol
ubility properties of proteins in solution. Proteins are
polyerectrolytes; thus, solubility characteristics are
determined by the type and charge of amino acids in
the molecule. Proteins can be selectively precipitated
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or solubilized by changing buffer pH, ionic strength,
dielectric constant, or temperature. These separation
techniques are advantageous when working with large
quantities of material, are relatively quick, and are not
usually influenced by other food components.
Precipitation techniques are used most commonly dur
ing early stages of a purification sequence.

16.3.1.2 Procedures

16.3.1.2.1 Salting Out Proteins have unique solubil
ity profiles in neutral salt solutions. Low concentra
tions of neutral salts usually increase the solubility of
proteins; however, proteins are precipitated from solu
tion as ionic strength is increased. This property can be
used to precipitate a protein from a complex mixture.
Ammonium sulfate [(NH4hSO~l is commonly used
because it is highly soluble, although other neutral
salts such as NaCl or KCl may be used to salt out pro
teins. Generally a two-step procedure is used to maxi
mize separation efficiency. In the first step, (NH.I)2S0~
is added at a concentration just below that necessary to
precipitate the protein of interest. When the solution is
centrifuged, less soluble proteins are precipitated
while the protein of interest remains in solution. The
second step is performed at an (NH~hSO~ concentra
tion just above that necessary to precipitate the protein
of interest. When the solution is centrifuged, the pro
tein is precipitated, while more soluble proteins remain
in the supernatant. One disadvantage of this method is
that large quantities of salt contaminate the precipi
tated protein and often must be removed before the
protein is resolubilized in buffer. Tables and formulas
are available in many biochemistry textbooks for cal
culating the proper amount of (NH~hS04 to achieve a
specific concentration (2).

16.3. 1.2.2 tsoetecuic Precipitation The isoelectric
point (pI) is defined as the pH at which a protein has
no net charge in solution. Proteins aggregate and pre
cipitate at their pI because there is no electrostatic
repulsion benveen molecules. Proteins have different
pIs; thus, they can be separated from each other by
adjusting solution pH. \Vhen the pH of a solution is
adjusted to the pl of a protein, the protein precipitates
while proteins with different pIs remain in solution.
The precipitated protein can be resolubilized in
another solution of different pH.

16.3.1.2.3 Solvent Fractionation Protein solubility at
a fixed pH and ionic strength is a function of the dieiec
tric constant of a solution. Thus, proteins can be sepa
rated based on solubility differences in organic sol
vent-water mixtures. The addition of water-miscible
organic solvents. such as ethanol or acetone, decreases
the dielectric constant of an aqueous solution and
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decreases the solubility of most proteins. Organic sol
vents decrease ionization of charged amino acids,
res~ting in protein aggregation and precipitation. The
optimum quantity of organic solvent to precipitate a
protein varies from 5% to 60%. Solvent fractionation is
usually performed at ooc or below to prevent protein
denaturation caused by temperature increases that
occur when organic solvents are mixed with water.

16.3.1.2.4 Denaturation of Contaminating Proteins
Many proteins are denatured and precipitated from
solution when heated above a certain temperature or
by adjusting a solution to highly acid or basic pHs.
Proteins that are stable at high temperatures or at
extremes of pH are most easily separated by this tech
nique because many contaminating proteins can be
precipitated while the protein of interest remains in
solution. .

16.3.1.3 Applications

All of the above techniques are commonly used to frac
tionate proteins. The differential solubility of selected
muscle proteins in (NH4hS04 and acetone and temper
ature stability at 55"C are illustrated in Table 16-l.
These three techniques can be combined in sequence to
prepare muscle proteins of high purity.

One of the best examples of the commercial use of
differential solubility to separate proteins is in produc
tion of protein concentrates. Soy protein concentrate
can be prepared from defatted soybean flakes or flour
using several methods described previously, Soy pro
teins can be precipitated from other soluble con
stituents in the flakes or flour using a 60-80% aqueous
alcohol solution, by isoelectric precipitation at pH -:1.5
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(which is the pi of many soy proteins), or by denatura
tion with moist heat. These methods have been used to
produce concentrates containing greater than 65% pro
tein. Two or three separation techniques can be com
bined in sequence to produce soy protein isolates with
protein concentrations above 90%.

16.3.2 Separation by Adsorption

16.3.2.1 Prlm:lple

Adsorption chromatography is defined as the separa
tion of compounds by adsorption to, or desorption
from. the surface of a solid support by an eluting sol
vent. Separation is based on differential affinity of the
protein for the adsorbent or eluting buffer. Affinity
chromatography and ion-exchange chromatography
are two types of adsorption chromatography that will
be described briefly below (see Chapter 31 for a more
detailed description).

16.3.2.2 Procedures

16.3.2.2.1 Ion-EXChange Chromatography Ion-ex-.
change chromatography is defined as the reversible
adsorption between charged molecules and ions in
solution and a charged solid support matrix. Ion
exchange chromatography is the most commonly used
protein separation technique and results in an ,,\'erage
eightfold purification (1). A positively charged matrix
is called an anion-exchanger because it binds nega
tively charged ions or molecules in solution. A ne;a
tively charged matrix is called a cation-exchanger
because it binds positively charged ions or molecules.
The most commonly used exchangers for protein
purification are anionic diethylaminoethyl derivatized

Conditions lor Froclionating Water-Soluble Muscle Proteins Using Differential
Solubility Techniques

PRECIPITATION RANGE

Enzyme

Phosphorylase
Pyruvate kinase
Aldolase
Lactate dehydrogenase
Enolase
Creatine kinase
Phosphoglycerate kinase
Myoglobm

(NH.:.l:S0,:
pH 5.5. 10<~

(Percent Saturation)

55-B5
':5-5:

Acetone
pH 6.5. -S'"C

(Percent voL vol)

iE<::
2:·...::·
3S.-'::
25-:::
::5-'::
35~:

45-e:
45-€:

Stabiliry'
pH 5.5, 5S'C

u
s
s
s
u
u
s
u

Aoapled from (3) with perm:ss'(:"1c: :'1e Un,erS'1" cf vt-: :~"'.". P'el:~ f':I'T'. 8r:~~E'I·. E.J =G Cassens. and B8. MarSh
!nePhysio'ogyandBlo~ner:11Slry:;.'f.~Jsclf:es~ =:J;;; C~;:.,,·.r,'· 1£oiO
U "' unstable anO S "' srao:e a: hf;a:,-.g lem;;era:-"',;
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supports, followed by carboxymethyl and phospho
cation-excha.ngers (see Chapter 31).

The protein of interest is first Oldsorbed to the ion
exchanger under buffer conditions (ionic strength and
pH) that maximize the affinity of the protein for the
matrix. Contaminating proteins of different charges
pass through the exchanger unabscrbed. Proteins
bound to the exchangers are selectively eluted from the
column by gradually changing the ionic strength or pH
of the eluting solution (Fig. 16-1).As the composition of
the eluting buffer changes, the charges of the proteins
change and their affinity for the ion-exchange matrix is
decreased.
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Affinity chromatography is a very powerful tech
nique and is the second most commonly used protein
purification procedure (1). The average purification
achieved by affinity chromatography is approximately
lOO-fold. although 1000-fold increases in purification
have been reported. This technique is more powerful
than size-exclusion, ion-exchange, and other separa
tion methods that usually achieve less than a 12-fold
purification. The development of new affinity duo
matography procedures can be very time consuming
because many variables must be optimized, which is a
major disadvantage to the method. Also, the affinity
materials are often more expensive than other separa
tion rnedia.

16.3.2.2.2 Affinity Chromatography Affinity chroma
tography is a type of adsorption chromatography in
which a protein is separated in a chromatographic
matrix containing a ligand covalently bound to a solid
support. A ligand is defined as a molecule with a
reversible. specific, and unique binding affinity for a
protein. Ligands include enzyme inhibitors, enzyme
substrates, coenzymes, antibodies, and certain dyes.
Covalently bound ligands can be purchased commer
cially or prepared in the laboratory.

The protein is passed through a column containing
the ligand bound to a solid support, under buffer con
ditions (pH, ionic strength, temperature, and protein
concentration) that maximize binding of the protein to
the ligand. Contaminating proteins and molecules that
do not bind the ligand are eluted. The bound protein is
then desorbed or eluted from the column under condi
tions that decrease the affinity of the protein for the
bound ligand, by changing the pH, temperature, or
concentration of salt or ligand in the eluting buffer.
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16.3.2.2.3 High Performance Liquid Chromatog
raphy Many chromatographic methods have been
adapted for use with high performance liquid chro
matography (HPlC) systems. The use of HPlC to sep
arate proteins was made possible by development of
macroporous, microparticulate packing materials that
withstand high pressures. This technique is discussed
in more detail in Chapter 32.

16.3.2.3 Applications

Ion-exchange chromatography is commonly used to
separate proteins in the laboratory and can be used for
quantification of amino acids in a protein as described
in section 163.5. Affinity chromatography has many
uses in the analytical lab, and may be used for com
mercial preparation of protein reagents by chemical
suppliers, but is not generally used for commercial
production of food protein ingredients due to the high
costs involved.

Affinity chromatography is used to purify many
glycoproteins. Glycoproteins can be separated from
other proteins in a complex mixture by utilization of
the high carbohydrate binding affinity of lectins. Lee
tins, such as concanavalin A. are carbohydrate-binding
proteins that can be bound to a solid support and used
to bind the carbohydrate moiety of glycoproteins that
are applied to the column. Once the glycoproteins are
bound to the column, they can be desorbed using an
eluting buffer containing an excess of lectin. The glyco
proteins bind preferentially to the free leetins and elute
from the column.

Elution profile of two c-galactosidase isozymes
from a carboxymethyl-cellulose ion-exchange
column. (Adapted from Phytochemistry. 28, S.R.
Alani, D.M. Smith. and P. Markakis, a
Galactosidases of Vigna unquiclllata.;.p. 2058,
Copyright 1989, with kind permission from
Elsevier Science. Kidlington. England.)

16.3.3 Separation by Size

16.3.3.1 Principle

Protein molecular weights range from about 10.000 to
over 1,000,000; thus. size is a logical parameter to
exploit for separations. Actual separation occurs based
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ProtoInSolution

_ Magnetic
stirrer

StJrrlng bar

Membrane
Membran e support

Schematic diagram of a stirred cell ultrafiltra
tion unit.

.,- Gas Pressure

16.3.3 .2.3 Size-Exclusion Chroma tography Size-ex
clu sion chromatogra phy, also known as gel fil tra tion or
gel p ermeation chroma tography, is a coI UIT'J1 zechnic ue
that can be used to separate proteins 0:"'1 the ba sis of
size. A protein solu tion is allowed to flow down c: col
UIJU'l packed with a soli d support of po:01.':' s beads
made of a cross-linked polym eric materia l ~uc;, as
agaro se or dextran . ~ folecu.les la rger than the P,:'\:~'s ::--.
the be ads are exclu ded , moving quickly t:--: r01..:t:h : ~ e

column and eluting from the colu mn in t;-le she -res :
times, Small molecules en ter the po res of the beads i!. :1 ~~

are reta rded , thus moving \'cry slowly th rou F ~ the ( 0 ;·

umn . l\1oJecules of intermedi ate sizes p;uti.Jily iruc -ac:
with the porou s beads and elute <lo t intermed iate rimes
Consequently, mo lecules are eluted from thc col umn ir;
order of decrea sing size .

Beads of d ifferent a\ 'erage pore sizes t~ 4!.t al low io:
efficien t froctioaation of pro teins of d ifferen t :'": l ('J£'C : :.- 

weigh ts arc cornrnerciallv avai lable . Chemica l ~:'::"P::

ers list workin g molecu lar we ight rangt::s for C.1( ;l o:
thei r gel permeation sol id support p roducts. Size
exclusi on chroma togrcphy is used to remove sal ts .
change Duffe rs , [ractionct e prote ins, and c~ : i m :': : ~ ;;0.0 !_

ecule r \\' e i&h t. Molecula r weigh t can be ca lcu lr.ied b:
chroma rographing the unknown protein a nd severa!
proteins of know n molecular \...·e ights. 5t:md::r.:i s ('I f
kn own m olecular weicht are co rnmerciallv av-aila bk
and can be used to prep..1 re J stand a rd CUT\'~ ' A r io: 0:
the el uti on volum e (\ -..) oi each protein versus 'log o:
the m ol ecular weigh t :vields a s traigh t line . Sizc-cxclu 
sicn tec hni ques generally can be used to est imate mol
ecular \\'e igh : ~ \\' i ! h i ~ =! O~, ,,; however, er rors C:1n occur
i f the Stokes radi i of the unknown protein a nd stan-

br ane cu toff point ins ide th e cell. Some ulrrafiltre tion
devices are designed for use in a cen trifuge.

16.3.3.2. 1 Dialysis Dialysis is used to separate m ole
cules in solution by th e use of semipenneable mem
branes th at p ermit passage of sm all m olecules but not
larg er molecul es. To perfonn dialysis. a p rotein sol u
tion is placed into dialysis tubing that has been tied or
clamped at one end . The other end of the tubing is
sealed. an d th e bag is p laced in a large volum e of water
or buffer (us ua lly 50G-1000 times gre ater than the sa m
ple volume inside the di alysis tub ing) whi ch is slowly
s tirred. Low-mol ecula r-weight solutes diffuse from the
bag. while buffer d iffuses into the bag . Dial vsis is sim
ple; however, it is a relative ly slow method, usu ally
requiring at leas t 12 hr and one change of buffer. The
protein so lu tion inside the bag is often diluted during
dialysis, due to osmotic s trength dii ie:'"cnces bcrvveen
the solu tion and dialysis buffer.

This tech...nique cr n be used to concen trate ? rot ci:1.
by coa ting the ciialysi5 b2f: con taining a p rotein so lu
tion with polyethylen e t:1yrol. Polye thylene g.vc ol
absorbs water and concentrates the solution ',\' i :h::l ::1C'
dia lysis bag. Equ ilibrium d ialys is CJ.:l be us ed [0;

de termining the stoichiometry of protein-Iigand bin d 
ins ,

on the Stokes radius of th e protein. not on the molecu
lar weight. Stokes radius is the average radius of the
protein in solution and is determ.ined by protein con
fonnation. For examp le. a gl obular protein may ha ve
an ac tual radius verv similar to its Stokes radius,

.whereas a fibrous or rod-shaped protein of the sam e
molecu la r weight ma y have a Stokes radius tha t is
much larger than tha t of the globular p rotein. As a
res ult. the tw o proteins may separate as if they had di f
ferent mo lecu lar w eights .

16.3.3.2 Procedures

16.3.3.2.2 Uttre tittret ic t: Ultra filt rction is a techniqu e
USi:lC,.1 sc rr-ir-ermccb!c m em b rane fer the separatio n of
so!l.::cs on :; l' basi s of size unde r an applied pressure.
TI~ i5 meth od b sim ilar to di alveis but is much faster.
Semipermea ble me mbranes \~': : h molecu lar we ig ht
cut offs fro m 500 to 300.000 arc avail able . Molecu les
larger the n the mem brane cut-off are retained and
becom e par t of the retcn ta tc, wh ile sma ller mo lecule s
pJ~S throuf"h the m em brane and become part of the
ult rafil t-a 1C'. Ult ra Iilrrnnon can be used to concentra te .1

protei n solution, rem ove sa lts, c>.:::h;;nf:c buncr. 0 :'" fr:leo

tiona re pr otei ns on the basi s of size.
Severa l types of labora tory and p roduction scale

ultrafi lter J Te commercially available. A stirred eel!
ult rcfih ratrcn uni t b Hl usrratcd ::1 Fig. 16-2. The pr o
tein so lu tion in the stirred cell is filte red through thl'
se mipe rmeable membrane by g .:l; S p ress ure. lc'::' \ ' :ns L:

concen trated so lution of proteins larger than the mcrn-
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~e~.l~c diagram of a slab gel electrophoresis
UNt ~dicating the pHs of the stacking and
resol\1ng gels and the electrode buffer in an
anionic discontinuous buffer system.

Mobility of proteins decreases as molecular friction
increases due to an increase in Stokes radius; thus,
smaller proteins tend to migrate faster through the gel
matrix. Similarly, a decrease in pore size of the gel
matrix will decrease mobility.

In nondenaturing or native electrophoresis, pro
teins are separated in their native from based on
charge, size, and shape of the molecule. Another form
of electrophoresis commonly used for separating pro
teins is denaturing electrophoresis (6). Polyacrylamide
gel electrophoresis (PAGE) with an anionic detergent,
sodium dodecyl sulfate (50S), is used to separate pro
tein subunits by size. Proteins are solubilized .and dis
sociated into subunits in a buffer containing 50S and .l

reducing agent. Reducing agents, such as merc;tp.
toethanol or dithiothreitol, are used to reduce disulfide
bonds within a protein subunit or between subunits.
Proteins bind 50s, become negatively charged. and are
separated based on size alone.

16.3.4.1.2 Procedures A power supply and elec
trophoresis apparatus containing the polyacrylamide

. gel matrix and two buffer reservoirs are necessary to
perform a separation. A representative slab gel and
electrophoresis unit is shown in Fig. 16-3. The power
supply is used to make the electric field by providing a
source of constant current, voltage, or power. The elec
trode buffer controls the pH to maintain the proper
charge on the protein and conducts the current through
the polyacrylamide gel. Commonly used buffer sys
tems include an anionic tris-(hydroxymethyl)amino
methane buffer with a resolving gel at pH 8.8 (7) and a
cationic acetate buffer at pH 4.3 (8).

The polyacrylamide gel matrix is formed by poly
merizing acrylamide anda small quantity (usually 5%

dards are quite different. More information on size
exclusion chromatography is available in Chapter 31.

16.3.3.3 Applications

Dialysis and size-exclusion chromatography are pri
madly used in the analytical laboratory in a protein
separation sequence. Dialysis is commonly used to
change the buffer to one of the appropriate pH and
ionic strength prior to electrophoresis of a protein sam
ple. Dialysis is usually performed after (NH~hSO~pre
cipitation of a protein to remove excess salt and other
small molecules and to solubilize protein in a new
buffer.

Ultrafiltration is used both in the laboratory and
for commercial applications. Ultrafiltration is com
monly used for the preparation of protein concentrates
from whey, which is a by-product of the cheesemaking
industry: In this process, a semipermeable ultrafiltra
tion membrane with a molecular weight cutoff of
10,000-20,000 is used to partially remove lactose, salts,
and water from whey and concentrate proteins in the
retentate (5). .

16.3.4 Separation by Electrophoresis

16.3.4. 1 Polyacrylamide Gel Electrophoresis

15.3.4.1.1 Principle Electrophoresis is defined as the
migration of charged molecules in a solution through
an electrical field. The most common type of elec
trophoresis performed with proteins is zonal elec
trophoresis in which proteins are separated from a
complex mixture into bands by migration in aqueous
buffers through a solid polymer matrix called a gel.
Polyacrylamide gels are the most common matrix for
zonal electrophoresis of proteins, although other matri
ces such as starch and agarose may be used. Gel matri
ces can be formed in glass tubes or as slabs between
two glass plates.

Separation depends on the friction of the protein
within the matrix and the charge of the protein mole
cule as described by the following equation:

'1. _ (applied voltage)(net charge on molecule) [1)
Mobl tty - fri' tetten Ol the molecule

Proteins are positively or negatively charged, depend
ing on solution pH and their pI. A protein is negatively
charged if solution pH is above its pI, whereas a pro
tein is positively charged if solution pH is below its pI.
The magnitude of the charge and applied voltage will
determine how far a protein will migrate in an electri
cal field. The higher the voltage and stronger the
charge on the protein, the greater the migration within
the electrical field. Molecular size and shape, which
determine the Stokes radius of a protein, also deter
mine migration distance within the gel matrix.
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or less) of the cross-Iinking reagent, N,N'-methyl
enebisacrylamide, in the presence of a catalyst, tetra
methylethylenediamine (TEMED), and source of free
radicals, ammonium persulfate, as illustrated Fig. 16
4. Gels can be made in the laboratory or purchased pre
cast.

A discontinuous gel matrix is usually used to
improve resolution of proteins within a complex: mix
ture (9,10). The discontinuous matrix consists of a
stacking gel with a large pore size (usually 3-4% acryl
amide) and a resolving gel of a smaller pore size. The
stacking gel, as its name implies, is used to stack or
concentrate the proteins into very narrow bands prior
to their entry into the resolving geL At pH 6.8, a volt
a~e gradient is formed between the chloride (high neg
ative charge) and glycine ions (low negative charge) in
the electrode buffer, which serves to stack the proteins
into narrow bands between the ions. Migra tion into the
resolving gel of a different pH disrupts this voltage
gradient and allows separation of the proteins into dis
crete bands.

The pore size of the resolving gel is selected based
on the molecular weight of the proteins of interest and
is varied by altering the concentration of acrvlamide in
solution. Proteins are usually separated on resolv ing
gels that contain 4-15% acrylamide. Acrylamide con
centrations of 15% are often used to separate proteins
with molecular weights belox.., 50,000. Proteins 5'eater
than 500,000 daltons are often separated on gels with
acrylamide concentrations below 7%. A gradient gel in
which the acrylamide concentration increases frorr. the
top to the bottom of the gel is often used to sepcrcte a
mixture of proteins with a large molecular \\'clt:ht
range.

To perform a separation, proteins in a buffer of the
appropriate pH are loaded on top of the sta.:kir; scI.
Bromophenol blue tracking dye is added to t:'e r-ro
tcin solution. This dye is a small molecule that micrates. -

ahead of the proteins and is used to monitor the
progress of a separation. After an electrophoresis run,
the bands on the gels are generally visualized using a
protein stain such as Coomassie Brilliant Blue or sil
ver stain. Specific enzyme stains or antibodies can be
used to detect a protein.

The electrophoretic or relative mobility (Rm) of
each protein band is calculated as:

s;»
distance protein migrated from start of resolving gel [2]

distance between start of running gel and tracking dye

16.3.4.1.3 Applications Electrophoresis is often used
to determine the protein composition of a food prod
uct. For example, differences in the protein compost
tion of soy protein concentrates and whey protein con
centrates produced by different separation techniques
can be detected. Electrophoresis can also be used to
determine the purity of a protein extract.

SD~PAGE is used to determine subunit composi
tion of a protein and to estimate subunit molecular
weight within an error of ::!:5%, although highly
charged proteins or glycoproteins may be subject to a
larger error. Molecular weight is determined bv com
paring Rm. of the protein subunit with Rm of protein
standards of known molecular weight. (Fig. 1(>.5).
Commercially prepared protein standards are avail
able in several molecular weight ranges. To prepare a
standard curve, logarithms of protein standard molec
ular weights are plotted against their corresponding
Rm values, The molecular weight of the unknown pro
tein is determined from its Rm value using the standard
curve.

te.z.a.z tsoeteotrtc Focusing

.16.3.4.2.1 Principle Isoelectric focusing is a modifica
tion of electrophoresis. in which proteins are separated
by charge in an electric field on a gel matrix: in which a
pH gradient has been generated using arnpholytes.
Proteins are focused or migrate to the location in ti,L'
gradient at which pH equals the pi of the protein,
Resolution is among the highest of any protein scpilra
tion technique and can be used to separate proteins
with pls that \'ary less than 0.02 of a pH unit.

16,3.4.2.2 Procedure A pH gradient is formed usint;
ampholytes, which are small polymers (molecular
mass of a~out 5000 daltons) containing both positively
~nd negatively charged groups. An ampholyte mixture
IS composed of thousands of polymers that exhibit a
mng~ of pK.values. Arnpholytes are added to the gel
solution pTlor to polymerization. After the gel is
formed and a Current applied, the arnpholytes migrate
to produce the pH gradient; negatively charged

Polymer
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~
Use of 50s-PAGE to determine the molecular weight of a protein. (A) Separation of molecular weight st.uuj.lnh

• and the unknown protein. (8) Standardcurve for estimating protein molecular weight.
figllre .

ampholytes migrate toward the anode while positively
charged ampholytes migrate toward the cathode. Am
pholyte mixtures are available that cover a narrow pH
range (2-3 units) or a broad range (pH 3-10) and
should be selected for use based on properties of the
proteins to be separated.

16.3.4.2.3 Applications Isoelectric focusing is the
method of choice for determining the isoelectric point
of a protein and is an excellent method for determining
the purity of a protein preparation. For example,

. isozymes of polyphenoloxidase and other plant and
animal proteins are identified using isoelectric focus
ing. Isoelectric focusing is used to differentiate closely
related fish species based on protein patterns.

Isoelectric focusing and 50s-PAGE can be com
bined to. produce a two-dimensional electrophore
togram that is extremely useful for separating very
complex mixtures of proteins. This technique is called
twc-dimensional electrophoresis (11). Proteins are
first separated in tube gels by isoelectric focusing. The
tube gei containing the separated proteins is then
placed on top of an 50S-PAGE slab gel, and proteins
are separated. Thus, proteins are separated first on the
basis of charge and then according to size and shape.
Over 1000 proteins in a complex mixture have been
resolved using this technique.

16.3.4.3 Capillary Electrophoresis

16.3.4.3.1 Principle Similar principles apply for the
separation of proteins by both capillary and conven
tional electrophoretic techniques; proteins can be sepa
rated on the basis of charge or size in an electric field.
The primary difference between capillary electrophore
sis and conventional electrophoresis (described previ-

ously) is that capillary tubing is used in place of aeryl
amide gels cast in tubes or slabs. Electroosmotic Bow
within the capillary also can influence separation of
proteins in capillary electrophoresis and is discussed
briefly in section 16.3.4.3.3(12).

1$.3.4.3.2Procedure Aschematic diagram of a capil
lary electrophoresis system is shown in Fig. 16-6. A
capillary electrophoresis system is comprised of a cap
illary column, power supply, detector, and two buffer
reservoirs. The sample is introduced into the inlet side
of the capillary tube by Simply replacing the inlet
buffer reservoir with the sample solution and applying
low pressure or voltage across the capillary until the
desired volume of sample has been loaded Onto the
column. Capillaries are composed of fused silica with
internal diameters that commonly range from 2Sto 100
urn, Colwnn length varies from a few centimeters to
100 ern, High electric fields (loG-sao v fcm) can be
used as the narrow columns dissipate heat very effec
tively,allowing for short run times of IG-3o min.

At the end of a run protein bands are not visual
ized by staining as in conventional electrophoresis.
Instead, protein bands are detected on the column as
they migrate past a detector. The detectors are similar
to those used in high performance liquid chromatogra
phy described in Chapter 32. trY-visible detectors are
most common, although fluorescence and conductivity
detectors are available. The data obtained from a capil
lary electrophoresis run look like a typical chro
matogramfrom a gas chromatograph or high perfor
mance liquid chromatograph (Fig. 16-7).

15.3.4.3.3 Applications Capillary electrophoresis is
an emerging technique still used primarily in analyti
cal labs and not for routine quality control purposes.
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Schematic diagram of a capillary electrophoresis system.
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Elcctropherograrn from iI capillary zone elec
trophoresis run showing the separation of SC\'

oral proteins from whey (i:! em )( 50 11m col
umn, 20 kV, 50 mM MES buffer, pH 8.0. 1.
a-lactalbumin, 2. ~-lactoglobulin C. 3. ~-lac

toglobulin B, 4, IHilctoglClbulin A,S, bovine
serum albumin, [Adapted from (13) with per
mission.]

There Me three: variations of capillary electrophoresis
COmmonly used for protein separations,

Capillary zone electrophoresis Or free solution
electrophoresis is much like native polyacrylamide gd
electrophoresis, except proteins are separated in free
solution inside capillary tubes filled with buffer of the
desired pH. Diffusion is prevented within the narrow

diameter of the capillaries so a gel matrix is not re~

quired. In capillary zone electrophoresis, electroos
motic flow also influences the separation of proteins
within capillary tubes. The negatively charged fused
silica capillary wall {containing silanol groups (SiO-)}
attracts positively charged ions (cations) from the
buffer to form a double ion layer at the interface be
tween the capillary column wall and the buffer. \,Vhen
the electric field is applied, the cations forming the
double layer are attracted toward the cathode and
"pull" other molecules (independent of charge) in the
same direction. Thus, in free solution capillary elec
trophoresis, cations, anions, and uncharged molecules
can be separated in a single run. Electroosmotic flow
can be controlled by changing the pH or ionic strength
of the buffer to alter the charge on the ccpillary wall
and change the rate of protein migration, Capillar.
zone electrophoresis has been used to fractionate milk
proteins (13), soy proteins (14), and cereal proteins (15).

50S capillary gel electrophoresis techniques can
be used to separate proteins by size to determine mol
ecular masses, In this technique proteins are denatured
and dissociated in the presence of 50S and a reducing
agent. then fractionation occurs in polyacrylamide gel.
filled caplllaries of specific pore sizes. Alrernativelv.
linear polymers, such as methyl cellulose, dcxtrans, O~
polyethylene glycol. are added to the buffer within the
capillary in a technique called dynamic sieving ccpil
l;lry ctectrophorests, These entangled polymers act like
thc pores of the pol~"acrylamide gel to slow migration
of the l:lrg£>r proteins and allow separation by size.

Proteins also can be separated on the basis of their
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isoelectric points, in a technique called capillary iso
electric focusing. Ampholytes (described in section
16.3A.2.2) are used to form a pH gradient within the
capillary tube. A gel rnatix is not needed. In this tech
nique, electroosmotic flow is minimized by coating the
capillary walls with buffer additives to prevent unde
sirable effects caused by surface charge.

16.3.5 Amino Acid Analysis

16.3.5.1 Principle

Amino acid analysis is used to quantitatively deter
mine the amino acid composition of a protein. The pro
tein sample is first hydrolyzed to release the amino
adds. Amino acids are then separated using chromate
graphic techniques and quantified. Ion-exchange chro
matography, reversed-phase liquid chromatography,
and gas-liquidchromatography are three separation
techniques used. This section will describe the use of
ion-exchange and reversed-phase liquid chromatogra
phy.

16.3.5.2 Procedures

In general, a protein sample is hydrolyzed in constant
boiling 6 N HCl for 24 hr to release amino acids prior to
chromatography. Accurate quantification of some
amino acids is-difficult because they react differently
during hydrolysis. Consequently, special hydrolysis
procedures must be used to prevent errors..

Tryptophan is completely destroyed by acid
hydrolysis. Methionine, cysteine, threonine, and serine
are progressively destroyed during hydrolysis; thus,
the duration of hydrolysis will influence results.
Asparagine and glutamine are quantitatively con
verted to aspartic and glutamic acid, respectively, and
cannot be measured. Isoleucine and valine are
hydrolyzed more slowly in 6 N HCl than other amino
acids, while tyrosine may be oxidized.

In general, losses of threonine and serine can be
estimated by hydrolysis of samples for three periods of
time (Le., 14, 48, and 72 hr) followed by amino acid
analysis. Compensation for amino acid destruction
may be made by calculation to zero time assuming
first-order kinetics, Valine and isoleucine are often esti
mated rrorn a n·hr hydrolysate. Cysteine and cystine
can be converted to the more stable compound, cysteic
acid, by hydrolysis in performlc acid and then
hydrolyzed in 6. M Hel and chromatographed.
Tryptophan can be separated chromatographically
after a basic hydrolysis or analyzed using a method
other than amino acid analysis.

In the original method developed by Moore and
colleagues (16) and later revised by Stein et al. (17),
amino acids were separated by ion-exchange chro
matography using a stepwise elution with buffers of
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increasing pH and ionic strength. Amino acids eluting
from the column were quantified by reaction with nin
hydrin to produce a colored product that was mea
sured spectrophotomemcally, This method was auto
mated in the late 19705 and is the basis of many amino
acid analysis systems in use today. It was adapted for
use with high performance liquid chromatographs in
the 19805. This adaptation was made possible because
new ion-exchange resins were developed that could
withstand high pressures and extremes of pH, ionic
strength, and tempera ture,

Other methods were also developed in the 1980s
using HPLC and a reversed-phase column. The hydro
lyzed amino acids are derivarized prior to chromatog
raphy with phenylthiocarbamyl or other compound,
separated by reversed-phase HPLC, and quantified by
ultraviolet (UV) spectroscopy. Methods using HPLC
techniques Can detect picomole quantities of amino
acids. Chromatographic runs usually take 30 min or
less. A chromatogram showing the separation of amino
acids in an infant formula is shown in Fig. 16-8.

The quantity of each amino acid in a peak is usu
ally determined by spiking the sample with a known
quantity of internal standard. The internal standard is
usually an amino add, such as norleucine, not Com
monly found in a food product. Results are usually
expressed as mole percent. This quantity is calculated
by dividing the mass of each amino acid (determined
from the chromatogram) by its molecular weight, sum
ming the values for all amino acids, dividing each by
the total moles, and multiplying the result by 100.

16.3.5.3 Applications

Amino acid analysis is used to determine the nutri
tional quality of a protein and to characterize or iden
tify newly isolated protein. Amino acid analysis pro
vides information for calculating the molecular weight
of a protein as well as its partial specific volume.
Proteins used in animal diets, infant formulas, and spe
cial.human diets are often analyzed for protein quality
to ensure adequate quantities of essential amino acids.

16.4 PROTEIN VISUALIZATION
BY MICROSCOPY

While quantitating or separating proteins may be the
objective in many situations, it may be necessary at
times to visualize the location of protein molecules
within foods or food ingredients. Fluorescence
microscopy with stains specific to proteins can be
applied to this problem (19-21). For example, the dye
l-anilino 8-naphthalene sulfonic acid (ANS) fluoresces
only when bound to protein. An aqueous solution of
the dye is reacted with the protein-containing sample,
and the preparation viewed under a fluorescence
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High performance liquid chromatographic analysis of phenylthiocarbamyl derived amino acids from infant for
mula separated on a reversed-phase column. Sample was spiked with taurine (1. Asp, 2. Glu, 3. internal standard,
4. Ser,5. Gly, 6. His, 7.Tau, 8. Arg, 9. 11u',10.Ala, 11. NH3' 12. Pro, 13. internal standard, 14. Tyr, 15. Val, 16. Met, 17.
lie, 18. leu, 19. Phe,20. reagent. 21. Lys). [Adapted from (IS), with permission from Millipore Corporation, (0 1990
by Millipore Corporatlon.]

microscope. Other dyes used to visualize proteins are
Coomassie Brilliant Blue and Fast Green. Staining
intensity is influenced by compositional differences in
the protein and by structural changes due to process
ing. Example applications include visualizing the dis
tribution of proteins in cereal products, cheeses, and
chocolates.

16.5 SUMMARY

This chapter has provided a brief introduction into a
few techniques used to separate and characterize pro
teins that rely on the differences between protein 1":"\01

ecules in their solubility, size, charge adsorption char
acteristics, and biological affinity for other molecules.
More detailed information on these techniques can be
found in other publications (2,22-24).

16.6 STUDY QUESTIONS

1. For c.1ell (If the techniques listed below, idcntifv the bClsi~

by which it can be used to separate proteins wi'thin a pro
tein solution (e.g.. precipitation, adsorption, size, charge)
and give .1 brief explanation of how /why it works in that

,way.
a. dlalvsis
b. adjustment of pH to pI
c. addition of ammonium sulfate
d. ultrafiltration
e. he,ltin~ to high temperature
f. addition of ethanol
g. affinity chromatography
h. size-exlusion chromatography

2. Compare and contrast the principles and procedures of
S~PAGE versus isoelectric focusing 10 sep.uale pro
teins. Include in your explanation how and why it b rl'~'

sible to separate proteins by each method and what ~',)ll

can learn about the protein by running it on each type of
system.

3. Explain how capillary electrophoresis differs from SOS
PAGE.

4. You are submitting a soy protein sample to a testing labo
ratory with an amino add analyzer (ion-exchange chro
matography) so that you can obtain the amino acid com
position. Explain how (a) the sample will be treated
initially and (b) the amino acids will be quantified as th('~·

elute from the ion-exchange column. Describe the proce
dures. Note: You want to quantify all the amino acids.

5. In amino acid analysis, a protein sample hydrolyzed to
individual amino acids is applied to a cation-exchango
column. The amino acids are eluted by gradually increas
ing the pH of the mobile phase.
a. Describe the principles of ion-exchange chrornatogra

phy,
b. Ditferentiatc anion- versus cation-exchangers..
c. Explain why changing the pH allows different amino

acids to clute from the column at different times.
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17.1 INTRODUCTION

Protein quality assays predict the nutritional quality of
food proteins and how available these proteins are for
growth and cell maintenance (1-3). Protein quality
tests are designed to directly measure or estimate the
dietary essential amino acid content of the test protein
or protein-cont<lining food, and how well the protein is
digested, absorbed, and utilized for growth and main
tenance.

Dietary amino acids are categorized as indispens
able, conditionally indispensable, or dispensable, de
pending upon in vivo requirements for protein syn
thesis. Proteins with a higher ratio of indispensable
amino acids have a higher biological value. Indispens
able amino acids are: histidine, isoleucine, leucine,
lysine, methionine, phenylanaline, threonine, tryp
tophan, valine; conditionally indispensable amino
acids are; arginine, cysteine, tyrosine; and dispensable
amino acids are: alanine, asparagine, aspartic acid, glu
tamine, glutamic acid, glycine, proline, and serine. In
addition, the following amino acids may be indispens
able under certain circumstances: taurine for infants;
cysteine for preterm infants, older children with meta
bolic disorders, and malnourished patients with com
promised liver function (e.g., cirrhosis); tyrosine for
premature infants, the malnourished, or the elderly;
and arginine, citrulline, and ornithine for the urea cycle
(4).

Both biological (in vivo) and chemical or bio
chemical (in vitro) assays are used to predict protein
quality. In vivo assays measure animal growth or nitro
gen balance and predict how well a protein is metabo
Lized and utilized by the body. In some cases, microbi
ological tests can be used to predict protein quality. In
vitro assays are more commonly used than in vivo
assays because they are quicker and less expensive
than animal growth studies, Animal assays can take a
month or more to conduct. In vitro assays for protein
quality include enzyme assays that model mammalian
digestion. Other in vitro tests compare the amino acid
compositional data for a test protein and compare it
with that of one or more reference proteins. This amino
acid score is corrected for digestibility using either an
in vivo or in vitro method to estimate protein quality.
Chemical assays are used to predict the bioavaiIability
of essential amino acids in food proteins.

17.2 GENERAL CONSIDERATIONS

17.2.1 Estimating Protein Requirements

Human protein requirements and recommended pro
tein intake levels have been established by the Food
and Agricultural OrganizationIWorid Health Orga
nization (FAa/WHO) and the Food and Nutrition
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Board of the Naliono11 Academy of Sciences (FNBj
NAS). In 1985. FAa/WHO set the recommended pro~

tein intake level for adult humans at 0.75 g of pro
tein/kg body weight per day, or 32.5 g of protein daily
for a 70-kg adult based upon consumption of a protein
with the digestibility of either milk or eggs (5). Recom
mended levels for infants and children are higher. Rec
ommended protein intake levels are progressively low
ered as children approach adulthood.

The FAO/WHO and the National Research Coun
cil (NRC) also have guidelines for essential amino
acids (see Table 17-1 for FAD/WHO values). The pro
tein quality tests outlined in this chapter can be used to
determine how well a food or food protein ingredient
meets these requirements.

17.2.2 RegUlatory Actions and Protein
Quality Tests

Selection and approval of protein quality methods are
important from a regulatory perspective to meet pub
lichealth needs and to protect consumers from eco
nomic fraud (12). Human clinical studies measuring
growth or other metabolic indicators, such as nitrogen
balance, provide the most accurate assessment of pro
tein quality. However, clinical trials are usually inap
propriate and dearly impractical for routine protein
quality measurements. leaving animal assays as the
most viable alternative.

One of the first widely used methods for assessing
protein quality was the protein efficiency ratio (PER)
developed in 1919 (descnbed in section 17.3.1.1). PER
measures the ability of test protein (relative to casein)
to support the growth of young, rapidly growing rats.
It has been used widely to predict protein quality for
humans, and until recently. was the only method spec~

ified by the FDA for nutritional labeling purposes.
However, PER overestimates the value of some animal
proteins for human nutrition and underestimates the
nutritive value of some proteins, particularly vegetable
proteins (12-H). The PER method. is time consuming
and is criticized because it does not account for the
value of a protein for maintenance. From 1981 through
1989 the Codex Committee on Vegetable Proteins eval
uated procedures for assessing the nutritional qual
ity of vegetable proteins for human nutrition. This
evaluation eventually led to a recommendation by the
Joint FAO/WHO Expert Consultation on Protein Qual
ity Evaluation that a protein digestibility-corrected
amino acid Score (POCAAS) method (described in
section 173.4.2) be adopted internationally as the offi-

_c~~,Lr:nethod ~or routine evaluation of protein quality
for humans instead of the PER assay. The PDCAAS
method requires an accurate measurement of amino
acid composition and a careful assessment of protein
digestibility.
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In 1990, the FDA proposed continued use of PER
for protein quality assessment as part of the Nutri
tional Labeling and Education Act (NLEA). However,
arguments raised by Young and Pellett (13), as well as
comments received from the community at large as
part of the informal rulemaking process, caused the
FDA to reconsider their proposal and adopt the
PDCAAS method. In 1991, the FDA adopted PDCAAS
as an appropriate method for nutrition labeling pur
poses for all foods other than those intended for infants
(14). Details of the regulations for protein quality eval
uation methods under NLEA are published in the Fed
eral Register (15).

17.3 METHODS

17.3.1 Growth and Nitrogen
Balance Techniques

Protein quality has traditionally been based largely on
rat nutrition studies measuring nitrogen (N) balance or
growth. Of the growth methods, the PER test has been
used most widely. An improvement upon the PER
method is the net protein ratio (NPR). For N balance,
the biological value (BV) method and the net protein
utilization (NPU) method are used. Nl'U is a modifi
cation of the BV method.

17.3.1.1 Protein Efficiency Ratio

The PER is a biological ass~y approved by .':'.OAC
International (AOAC Method 960.';S){16) to e~-::;n,,:~

protein quality of different foods or food ir.ST~::::ier.;:'

For this and other assays described below, detz :~~ ci !hc'

procedures can be found in the methods cited,

17.3.1. i. 1 Principle The PER method is bil~e;; ~;:;C':.

the weigH ~ain of a ~roup of male weanling rats f~d ,;
lest protein, compared to those fed <l casein control diet
in which casein is the sole source of dietary protein.
The better the nutritional quality of the protein. the
more r.l;:,idl:-' the animals grow. The quality of the test
protein is reported relative to the casein control. In gen
eral. a protein with a PER of >2.0 is of high quality,
1.~2.0 is of intermediate quality. and <].5 is of po~r

quality (4).

Since PER is an in vivo test. protein digcstit-ility
and amino acid bioavailabiliry are encompassed to
some extent within the scope of the assav, HO\\'l'\·1..'r, it
is difficult from a PER assav to dctcrrnin ....' the i:'lc:\'id
U..1! contribution of each of these factors 0:1 r'~;...,:('j;')
quality,

17.3.1.1.2 Procedure Groups of male weanlir.c rats
from the same colony (2]-28 days old) ere ted 10"· r'n'
tein diets. There should be at lcast l 0 anirnal« pt'r .;5~.,~·
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group. One set of animals is fed a reference casein diet
(control diet), and the other group(s) a diet containing
the test protein(s). More than one test protein can be
.evaluated in the same experiment (multiple test
groups). Any test protein must contain at least 1.80%
nitrogen if it is to be incorporated in the test diet at the
proper level by weight. Diets are isocaloric (same
caloric content) and contain: carbohydrate in the form
of com starch, crude lipid as cottonseed oil, crude fiber
as cellulose. and a balanced mix of vitamins and min
erals. To account for differences in the protein content
of different test materials, the amount of corn starch in
the diet can be adjusted. Animals are housed in indi
vidual cages and are provided with appropriate assay
diet and water ad libitum.

The weight of each animal is recorded at the begin
ning of the assay, and body weight and food intake are
measured at regular intervals (at least every 7 days)
during the 2a-day feeding trial. PERis calculated as the
weight gain per gram of protein (%N x 6.25) fed. PER
is calculated using the average weight gain and aver
age protein intake per each diet.group (at day 28):

PER = weight gain of a test group (s)
. total protein consumed (g)

An adjusted or corrected PER compares the qual
ity of the test protein to reference casein. Casein is
assigned a PER of 2.5, and results of the test protein are
normalized to the value for casein in an attempt :~,

reduce the interlaboratory variation that has 'be"n
observed in collaborative experiments.

Adjusted or corrected PER =
PER of test protein

PER of caseln control

17.3.1.1.3 Applications PER can discriminate b. 
tween proteins based upon their nutritional qualirv
even though the test has ~ tendency to overestimate th,'
protein quality of certain animal protein sources f~JT tT1(
human diet and underestimate the value of :-C>rJ,t: \'C,;·

etable protein sources, JS mentioned prcviou- ':. 1""
protein quality of vegetable proteins is undcrcstn.iatc.'
because of the relatively higher need of the r;.pidl:;
growing weanling rat for certain dietary ~~s€'ntU

amino acids compared to humans. From 11 public
health standpoint, underestimating PER is not ~('({'''
si'lTil~' detrimental. However, there is il tendency of th·;
ITR as~a~' to overestimate nutritional requirements fro
hisndinc. isoleucine. threonine, valine, and sullur-cor.·
Lir.in~ anuno :l.::i\.~~ (methionine and cvstine). :\15('.
casein is a less t~Jn id~.11 rc.erence protein and is defi
CI('rH by 15-30'" in meethg the sulfur amino acid
requirement of the rat {Tabk 17-1).

The major 1121\1' with the PER method is that ir is a
growth .<lSSilY. and M such, does not adequately
account for th....· protein used for cell maintenance. r\
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~ Comparison of Suggested Patterns of Amino Acid Requirements for Humons with that of the Rat and with
the Composillon ot Cosein

SUGGESTED PATTERN OF REQUIREMENr (mg/g crude protein)

Preschool Scheol Age Reported
Infant Mean Child Child Labora/ory Composition

Amino Acid (ranger (2-5 yearsf (10-12 years) Adulf Rat4
Casei"s

Histidine 26 (18-36) ( 19)0 (19) 16 25 32
Isoleucine 46 (41-53) 28 28 13 42 54
Leucine 93 (83-107) 66 44 19 62 95
lysine 66 (53-76) 58 44 16 58 85
Methionine + cysline 42 (29-60) 25 22 17 50' 35
Phenylalanine + tyrosine 72 (68-118) 63 22 19 66 111
Threonine 43 (40-45) 34 28 9 42 42
Tryptophan 17(16-17) 11 (9) 5 12.5 14
Valine ·55 (44-77) 35 25 13 50 63
Total

Including histidine 460 (408-588) 339 241 127 407.5 531
Minus his.lidine· 434(390-552) 320 222 111 382.5 499

Adapted Irom (11) with permission.
IValues lor humans lrom FAO/WHO/UNU (5).
zAmino acid composition 01 human milk (6-8). .
3Amino acid reQuirementJ1<g divided by safe level of relerence proteinlkg. For adults. "sale" is taken as 0.75 gll<g: for children (10-t2 years).
0.99 g/kg; rer children (2-5 years), 1.10glkg. (This age range is chosen because it coincides with the age range 01 the subjects from whom
the amino acid data were derived. :rhe pattern 01 amino acid requirements of crnldren between 1 and 2 years of age may be determined by
raking an intermediate value between that of infants and preschool children.
"National ResearCh Council (9), based on a protein reQuirementof 12%plus an ideal protein (100% true cigeslibility and 100% biological value).
SSteinke et at., 1980 (10).
6values in parentheses interpolated from smoolhed curves lor amino acid requirements versus age.
7A lower requirement/or the rat of 40 mg/g protein for methionine and cysteine has been repcrtec (11).

protein that does not support growth has a PER of zero,
.even though it may be suitable for meeting protein
requirements of adults. Problems such as this one have
led to the recommendations to replace PER with other
methods.

17.3.2 Net Protein Ratio

17.3.3 Biological Value and Net
Protein Utilization

Unlike PER and NPR which are growth assays, biolog
ical value (BY) and net protein utilization (NPU) are
determined from a nitrogen (N) balance assay. Nitro
gen balance is calculated by measuring N intake by
animals fed a test diet and subtracting metabolic and
fecal N loss.

Nitrogen balance (B) =N intake
- (N in feces + N in urine) [4J

The BV for a test protein is the proportion of absorbed
nitrogen retained for maintenance or growth, corrected
for metabolic and endogeneous losses of nitrogen:

B=nitrogen balance (see Equation [4])
80 = N balance for animals fed a nonprotein diet
A =true nitrogen absorption:

A =N intake - (N in feces of animals fed test diet
- N in feces of animals fed nonprotein diet} [6j

The net protein ratio (NPR) method is an animal
growth assay that predicts the value of a test protein
for cell maintenance. A protein may have a sufficient
ratio of indispensable amino acids for cell maintenance
even though the ratio is not high enough to support
growth. The NPR method often is run in conjunction
with PER. One group of animals is fed a nonprotein
basal diet and a second group is fed a test diet. The
average weight loss of the animals fed the nonprotein
basal diet is recorded at 10 and 14 days. The NPR value
calculated accounts for protein requirements for main
tenance and represents the weight gain for animals on
the test diet plus the average weight loss of animals on
the zero protein diet per grams of protein consumed,

weight gain of test anim.lls (g) +
weight loss of ;mirnolls fed nonprotein basal diet (g) [31

NPR.. - f' ed -weight 0 protem consum by lest animals (g)

where:

BV = 100(B - Bo}/A [51
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or

ingested ~ - (total fecalN - endogenous fecal N)
BV= - (totalurinary N - endogenous urinary ~l

ingested N - (total fecal N - endogenous fecalN)

[7]

The NPU is the proportion of nitrogen intake that is
retained. NPU can be determined by comparing the
carcass nitrogen content of a group of animals fed the
test protein diet to that of a group of animals fed a zero
protein diet.

NPU N retained di ibili [8];; N' ak x 100 ;; BV x true gesn ty
lIlt e

body N of test group
- body N of nonproteingroup

NPU = + N consumed by nonprotein group x 100 [9]
N consumed by testgroup

The biggest drawback of the nitrogen balance
methods, specifically NPU, is that they fail to account
for the differential rate of utilization or reutilization of
dietary essential amino adds, A protein deficient in
essential amino acids should have an NPU of zero. The
rat has a mechanism of salvaging and reutilizing en
dogenous lysine so lysine-deficient proteins have NPU
values of 3~50.

17.3.4 Amino Acid Scoring Patterns

17.3.4.1 Overview

Several protein quality testing methods utilize amino
acid content data. Amino acid content of a'test pro.c;n
is compared to that of a reference protein, The estimate
of protein quality is based upon either the first lilT,it:;.;
amino acid or all of the essential amino acids. The F:-;>
tein quality estimate may be corrected for digestibiliev
as determined bv either an in vivo or an in vitro assr v.
Some methods 'that utilize amino acid content data
make suitable quality control tests. When the amino
acid scoring method incorporates a correction for pro
tein digestibility. it may provide a more accurate
assessment of the nutritional quality of a protein than
PER.

Assays utilizing amino acid content data compare
the amino acid composition of the test protein with that
of egg. human milk. or bovine milk proteins, or with .:I

reference pattern based upon human amino acid
requirements. Because the amino acid requirements for
growth and maintenance \'ary as people age. different
reference patterns are used to estimate the nutritio:1al
quality of a given protein for infants, older chiler.:-n,
and adults (Table 17-1). For the amino acid scor~ng

method described below (section 17.3.4.::). tilt' rcrer
ence pattern for preschool ugc children is rCCC:1'I'

mended for evaluating protein quality for all ~rol::5
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except infants, even though this may overestimate pro
tein requirements and underestimate protein quality
for adults and older children. For infants, the recom
mended scoring pattern is the amino acid composition
of human milk.

The protein quality evaluation methods based
upon amino acid data require accurate amino acid
analysis of a food protein or a food product. The amino
acid composition generally is determined by hydrolyz
ing the protein to its constituent amino acids and then
separating the amino adds chromatographically (see
Chapter 16). Separate assays are required for cystine,
methionine, and tryptophan.

17.3.4.2 Protein Digestlbl/ity-Corrected
Amino Acid Score (PDCAASj Method

17.3.4.2.1 Procedures To calculate the amino acid
score for each dietary essential amino acid, divide the
amount of each essential amino acid in a given test pro
tein by the amount in the reference protein. According
to the PDCAAS procedure, the reference protein used
to calculate the amino acid score is actually the refer
ence pattern of the 1985 FAO/WHO requirements for
2- to 5-year-olds (see Table 17-1). The amino acid with
the lowest ratio is the first limiting amino acid. The
value also is the amino acid score for the test protein.
The amino acid score is expressed either as a ratio CO:";1

pared to the standard, or as a percentage.

Amino acid score
(uncorrected) ;;

mg of amino acid in 1 g of test protem
mg of amino acid in 1 g of reference protein

The amino acid score is equivalent in practice to chcrr-
ical score and protein score methods. The chernicr.l
score was originally defined relative to the amino ~:,d

composition of egg protein. The amino acid score (,,;:-
bined with a determination of protein digestib.litv (sc'·.·
section 17.3.7) is the basis of the protein digcstib:lil~··

corrected amino acid score (PDCAAS) rnetho.i.

PDCAAS;: amino acid score for limiting amino ilt;"';

x % true digestibility [1;]

17.3.4,2.2 Applications Unless the amino acid sco-» is
corrected for digestibility. it milY not be a good r,;~·;<·,-·

tion of protein quality. An amino acid Score m;:ly not b·.'
valid for some mixtures of food proteins, even th.-Il:.;)',
,1 value could be readilv calculated knowing the amino
acid composition of filch protein in the composite and
the relative amounts ('f each. Likewise, a calculated
value of protein '1u.~!ity tor various foods may not pro
vide 01 F:000 indrcation of the overall protein quality of
a diet contilining " wide variety of foods, Thi« is
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Methionine and cystine are counted as a single amino
acid In Equation [12t <:IS are phenylalanine and tyro
sine (see practice problem 3 in section 17.6).

17.3.7.1 /n Vivo Assays

Protein digestibility measures the proportion of pro
tein nitrogen absorbed. Common in vivo digestibility

each of the eight essential amino acids plus histidine
using this equation:

Essential amino acid index =

etc. for all 8
essential amino

acids
+ histidine [12]

mg of lysine in
1 g of test protein X

mg of lysine in 1 g
of reference protein

17.3.6.2 Applications

The essential amino acid index method is a rapid
method for evaluating food formulations for protein
quality. Like the C-PER and DC-PER methods, it is cal
culated using the content of all dietary essential amino
acids. However, unlike the PDCAAS and C-PER meth
ods, it does not include an estimate of protein
digestibility. Therefore, this index would not account
for differences in protein quality due to the effect of
various processing methods or certain chemical reac
tions (e.g., browning reactions) that can adversely
impact how a protein is digested.

17.3.7 Protein Digestibility Assays

All proteins are digested. absorbed, and utilized by our
bodies to different extents. Differences in protein
digestibility arise from the susceptibility of a protein to
enzymatic hydrolysis in the digestive system. This is
directly related to the primary, secondary, and tertiary
structure of the protein. The presence of nonprotein
dietary constituents consumed at the same time as the
protein also can affect protein digestion. Some of these
components include phytate, dietary fiber, and various
toxigenic agents that inhibit proteolytic enzymes. How
a protein has been treated or processed also is impor
tant. Processing-and storage conditions can alter the
three-dimensional structure of the protein. Processing
may increase a protein's susceptibility to digestive
enzymes because more peptide linkages are exposed.
However, chemical changes also may occur tha t reduce
a protein's susceptibility to digestive enzymes. In addi
tion,chemical reactions that involve amino acids, such
as Maillard browning, can significantly reduce the bio
logical availability of dietary essential amino acids,
particularly lysine.

Amino add composition data for ail essential amino
adds in a food are compared to the FAO/WHO stan
dard when calculating the calculated PER (C-PER)
(AOAC Method 982.30). The C-PER is a PER calculated
from the amino acid composition of the test protein
and an in vitro protein digestibility measurement (see
section 17.3.7). A related method for estimating protein
quality, the discriminate calculated PER (DC-PER)
(AOAC Method 982.301), is calculated using only the
essential amino add composition of the food compared
to the FAa/WHO standard. The calculations for both
C-PER and DC-PER involve complicated algorithms
that are provided as part of the AOAC procedures.

17.3.5 Calculated PER and Discriminate
Calculated PER

17.3.5.1 Procedures

because the body's utilization of dietary protein is
affected by a number of different factors that are not
reflected in an amino acid score. This includes the pres
ence of antinutritional factors such as enzyme
inhibitors that could impact how a protein is digested
and absorbed. Also, the methods do not differentiate
between 0 and L forms of amino adds.

There is a general consensus that the PDCAAS
method can provide a better estimate of protein quality
for humans than the PER rat growth assay. The .
PDCAAS method is recommended by the FAO/WHO
for measuring protein quality (12) and has been
adopted by the FDA in regulations promulgated under
the NLEA (see section 17.2.2) for measuring protein
quality of aU foods except those intended for infants
(15).

17.3.6 Essential Amino Acid Index

17.3.6.1 Procedure

The essential amino add index is calculated by taking
the ratio of the test protein to the reference protein for

17.3.5.2 Applications

Unlike the amino acid score, C-PER and DC-PER take
into consideration the content of all of the dietary
essential amino acids. This consideration is useful.
especially in foods in which more than one essential
amino acid is present in relatively low amounts.

The C-PER and DC-PER methods are intended to
be altemate methods for routine screening of foods or
protein ingredients for protein quality. Used together.
they can provide a reliable estimate of protein quality
for a majority of foods and food ingredients. Most of
the concerns about the C-PER method relate to the reli
ability of the in vitro digestibility measurements (see
section 17.3.7).
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assays provide the best indication of protein digestibil
ity in humans by measuring nitrogen balance in an ani
mal assay.

17.3.7.1.1 Procedures (True Protein Digestibility:
AOAC Method 99.629) Male weanling rats (~70 g)
are initially fed a protein-free diet for a 4--day prelimi
nary period and then for a 5-day balance period (total
9 days). On each day of the 5-day balance period, the
weight of the feed consumed is determined in addition
to the weight of any spilled food. The feces also are col
lected during the S-eiay balance period and weighed.
Separate groups of rats are fed either a test diet (10%
protein) or a nonprotein diet concurrently. Diets are fed
at a rate of 15 g (dry matter)/day. The nitrogen content
of the feces is determined by the Kjeldahl method
(AOAC Method 955.04C,976.05; see also Chapter 15).
Test diets are analyzed for protein nitrogen, moisture
(AOAC Method. 927.05 or 934.01), fat (AOAC Method
920.38A, 983.23 or an equivalent method), and dietary'
fiber (AOAC Method 985.29). .

The true digestibility is calculated based upon the
amount of nitrogen ingested and feed intake, corrected
for metabolic losses in the feces.

True digestibility (%) = Ni - (~i- Mn) x 100 [13]

where:

Ni :< ;\' intake
Fn = fecal N (test protein group)

Mn = fecal metabolic N loss (nonprotein group)

If the correction for metabolic losses in the feces is no!
made, the value is termed apparent digestibility:

A di ibili Ni - Fnpparent igesu I ity (%) = N" x 100 [H]
'I

17.3.7.1.2 Applications Protein digestibility data
from rat studies must be used with caution when esti
mating protein quality for humans. When at all possi
ble, protein quality evaluation should be obtained
from nitrogen balance studies with humans. Obvi
ously, this is not always possible due 10 safety, ethical,
or monetary restraints. Fortunately, where there are
comparative data available from nitrogen balance
studies for the same food proteins, the result!' from rat
and human studies are similar (12).

17.3.7.2 In Vitro Assays

17.3.7.2.1 Overview Various in vitro enzvmatic
hydrolysis methods have been proposed to c,:alu'1Ie
the digc::tibility and availability of proteins. usually by
a one- or two-step process using mammalian gostric.
pancreatic. or intestinal enzymes or other proteolytic
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enzymes including those from bacterial sources (see C
PER method*in section 17.3.7.2.2). Some of the enzymes
or combinations of enzymes that have been used
include: (1) pepsin, (2) pepsin-pancreatin, (3) papain,
(4) papain-trypsin, (5) trypsin, (6) trypsin-chymotryp
sin-peptidase, and (7) trypsin-chymotrypsin-pepti
dase-bacterial protease (Pronase P or E).

In vitro digestibility assays can be classified as
methods that measure either the extent ofhydrolysis or
the initial rate of protein hydrolysis. Further classifica
tions are based upon the enzyme used and the method
of digest fractionation (ifused). In the in vitro digestibil
ity assays, the amount of protein-containing ingredient
or food (based upon protein nitrogen content), pH, and
temperature of the incubation medium generally are
fixed based on the requirements of the enzyme reac
tions(s). The enzyme-to-substrate ratio often varies
depending on the enzymes used. The enzyme-to-sub
strate ratio can influence reaction rate, the type and size
of the peptides generated during hydrolysis, and the
enzvrnatic release of different amino acids. Since the
ac~ulationof digestion products during proteolysis
may inhibit the enzyme reaction, some methods'
include procedures to remove these digestion products
from the reaction mixture, Protein digestibility can be
determined directly from the enzymatic hydrolysate or
after the hydrolysate has been further treated,

Values from in vitro digestibility assays generally
do not take into account fermentation of food :Jmteins
in the lower bowel or the amino acid bala:ic'e of the
protein tested. In vivo tests, such as rat nitrocen t'al
ance or amino acid balance, generally proYict:~J better
assessment of protein digestibility for processed or
complex food mixtures than an in vitro assav, This is
because the susceptibility of proteins to ~';~7:'""ii':~jC
hydrolysis milY be altered as a result of r roccssinc.
Also, ~ther food components besides proteins in '~
complex food mixture rnav interfere with er.z-..marie
hydrolysis. . .

17.3.7.2.2 pH-Shift Me/hod An in vitro clig(:~:il';J:t,

Clssay is conducted as part of the C-rER'" assav ,'~
described previously to correct an estimate of protein
quality based on amino acid composition for the
digestibility of the protein (see sections 17.3.5 and
17.3.6). The degree of digestibility of a test protein is
calculated relative to casein. The assavs are basec i.r-on
a drop in pH that occurs as a protein is hydrol:-;ed
Proteases break peptide bonds, releasing carbo: '.1
groups and liberating H· ions which causes the r-H :11
the reaction mixture to drop. This is the reason th('~,-,
methods are sometimes called pH-shlft or pH-drat'
procedures.

AOAC Method 982.30 for in vitro digestibility IS

based upon sludies by Hsu et al. (17) and Salterle~ et
~J., ~lS:' and arc sumnMrized in Fig, 17-1. The "digest
ibility component of the C-PER assay is conducted
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C-PER METHOD
Put specified Quanlity of prolein (lest prolein or casein) (based on

Kjeldahl N) in sotuticn at J7"C and adjust to pH 8.0.

1
Add freshly prepared trypsIn. chymotrypsin. and peptidase
solutions (type. activity ar.d amounts of these enzymes are

specilied as are preparation procedures).

L
After 10 min, add bacterlal prOtease(specified amount and

activity).

L
Transfer to 5S'C water hath.

L
Transfer back to J7"C bath at 19 min.

1
Read pH at 20 min.

L
Calculate digestibility as:

% Digestibility .. 234.84- 22.56(x)
x =: pH at 20 min.

Procedure for in vitro digestibility assay for C
PER assay (AOAC Method 982.30).

rapidly and is unaffected by food lipids and buffering
salts commonly found in foods. This digestibility assay
is sensitive enough to detect the presence of soybean
trypsin inhibitors and to detect changes in protein
digestibility that may occur during processing. How
ever, there are problems with digestibility assays that
are part of the C-PER method for certain foods, includ
ing those with high levels of connective tissue proteins,
and with low protein foodstuffs in generaL The C-PER
and DC-PER values may not be similar and may not
correlate well with biological methods for assessing
protein quality for foods that contain large amounts of
cell wall materials (e.g., yeast, bran), partially digested
proteins, or protease inhibitors. .

Although in vitro digestibility values for pH-shift
methods generally correlate well with data for in vivo
digestibility assays when ranking protein sources, they
do not accurately estimate quantitative differences
between samples with low and high protein digestibil
ity. The major limitation of the pH-shift method is ~hat

the pH is not constant during the course of the reaction.
The buffering capacity of pep tides, proteins, and other
substances in the food may influence how the pH
changes during this type of assay and not reflect the
true digestibility of the protein (19).

17.3,7.2.3 pH-Stat Method To overcome the prob
lems with pH-shift assays, Pedersen and Eggum (20)
developed a protein digestibility assay in which the pH
of the reaction mixture was kept constant during the
incubation period (Fig. 17-2)_ This is the pH-stat
method.. The same enzymes are used as in the pH-shift
method (summarized in Fig. 17-1).Protein digestibility
in the pH-stat method is estimated. from the volwne of
a standard base (0.1 N NaOH) added. during the incu-
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pH-STAT METHOD
Put specified quantity ot protein (test protein or casein) (based on

Kjeldahl N) in solution at 37"C and adjust 10 pH 8.0.
1

Add suspension of trypsin. chymouypsin. and peptidase (type.
activity, and amounts of these are specified in assay preceoure)

~

Record [he arnccnt cr 0.1 N NaOH required to maintain pH at 7.98
fer exactly 10 min.

1
Calculate true digestibility as:

% True digestibility '" 76.14 + 47.778
B =ml 010.1 N NaOH added

Procedures for pl-I-stat method for in vitro
digestibility. [Adapted from (20).)

bation to maintain a constant pH of 8.0 during the
enzyme incubation. The pH-stat assay is generally
more accurate than a pH-shift assay and provides a
better correlation with in vivo digestibility values. Ped
ersen and Eggum (20) used a single equation to calcu
late in vitro digestibility by the pH-stat method for 31
plant and animal proteins and obtained a correlation
coefficient of >0.90 with in vivo digestibilities for the
same proteins.

Other researchers have sought to improve upon
the pH-stat procedure developed by Pedersen and
Eggum (20), in particular the equation to calculate
digestibility. For example, Dimes and Haard (21) used
a pH-stat procedure to measure the degree of protein
hydrolysis as enzymatic digestion proceeds.

17.3.7.2.4 Immobilized Enzyme Assay In a recently
developed in vitro digestibility assay, digestive tract
enzymes are covalently immobilized on large-pore
diameter (2000 A) glass beads via an amide linkage
(22). The protein sample is passed through a biodi
gester that contains immobilized pepsin and a second
biodigester containing immobilized trypsin, chy
motrypsin, and intestinal mucosal peptidases. Primary
amines in the digested sample react with o-phthalalde
hyde (OPA) and the fraction of total peptide bonds
hydrolyzed is calculated from the absorbance values.
The method is time consuming but has a number of
advantages and results correlate well with rat bioas
says for a wide variety of food proteins.

17.3.8 Amino Acid Availability

17.3.8.1 Overview

The amino acid availability method for protein mea
sures the relativedigestibilities of the individual amino
acids. Amino adds in proteins may be digested and
absorbed at different rates, for various reasons, and
affect protein utilization. For example, the rate of
amino acid uptake from a protein mixture compared
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with a protein supplemented with freeamino acids dif
fers even if the amino add composition is the same for
both. Free amino acids are absorbed more quickly than
amino acids in protein.

Amino acid scoring pattern methods are based on
the assumption that there is a direct linear relationship
between the concentration ota limiting amino acid and
utilization of the limiting amino acid in a protein. A
second assumption is that the amino acid balance in a
protein has no effect on the utilization of dietary essen
tial amino adds, particularly the limiting amino acid.
In addition, the amino acid balance plays an important
role in the overall quality of food proteins, but this is
not generally reflected in the amino acid scoring pat
tern assay corrected for digestibility, particularly if an
in vitro method for protein digestibility was used,

Because an amino acid analysis is conducted on a
protein that has been acid hydrolyzed, it often does not
provide a good indication of the protein bioavailability.
A number of factors can affect how a protein is di
gested. For example, if the secondary or tertiary struc
ture of a protein has been altered during heating, or by
some other processing treatment, protein digestibility
may increase because peptide bonds become more
accessible. However, common reactions in foods such
as Maillard browning reactions that cause covalent
modification of amino acids generally lower protein
digestibility.

Also, the amino acid composition does not provide
an indication of how well an amino acid will be utilized.
so other assavs are needed to determine availabilirv of
individual e~sential amino adds. For example, iooc.s
that undergo Maillard browning are particularly sus
ceptible to loss of lysine. Sulfur-containing amino acids
(methionine and cysteine) also can be lost durin]; Vo
cessing. Moderate to severe heating tha: causes F!"Olein~

to aggregate results in lower protein digestibility, Se
vere heat treatment can damage protein to such ;1

degree that digestibility is reduced and bioavailability
of all dietary essential amino acids is affected,

17.3.8.2/n Vivo Amino Acid AvailabUity

Conducting an in vivo assay for amino acid availabil
ity is similar to conducting an assay for apparent pro
tein digestibility, However, instead of simply measur
ins the nitrogen content of the diet and the feces, the
amino acid profile of each is determined. The amino
acid balance can be calculated for all amino acids, but
generally in practice it is restricted to the first, or first
and second, limiting amino acids:

Amino acid balance =
amino acid intake (s)

- amino acid excreted (Iecal content) (g) [15]

In vivo amino acid digestibility can o\'eres~im<lt('
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protein quality because a significant fraction of certain
limiting dietary essential amino acids (lysine, methi
onine, cystine, threonine, and tryptophan) are lost
through microbial fermentation in the large intestine.

17.3.8.3 Microbiological Assays for Amino
Acid AvEtilabillty [AOAC Method 960.47J

Microbiological assays using the bacteria Streptococcus
zymogmes or Pediococcus cerevisiae (acidilacti), or the
protozoan Tetrallymeun pyriformis W can be used to esti
mate amino acid availability. The test protein first is
treated with a proteolytic enzyme or enzyme prepara
tion (e.g., papain) prior to introduction of microbes
into the incubation mixture to reduce the time needed
for the assay. The microbe is incubated in media con
taining the partially hydrolyzed test protein. Several
concentrations of the test protein are used. Microbes
are enumerated at the end of the incubation period,
which can be several days. Microbial growth is propor
tional to the level and bioavailability of the amino acid.

S. zymogenes can be used to assay available argi
nine, histidine, leucine, isoleucine, valine, methionine, ,
and tryptophan; the organism does not require lysine
and cannot be used to assay for this amino acid, Micro
bial assays for lysine often use the organism P. cere
oisiae. The protozoan T. pyriformis assay can be used to
assay for the following amino acids: arginine (required
for the rat), histidine, isoleucine, leucine, lvsine.
methionine + cystine, phenylalanine + tyrosine, threo
nine, tryptophan, or valine. Data from the T. pyr~fom::s
assay correlate well with those from rat bioassavs,
However, several common food additives including
propionates, benzoates, sorbates, nitrate, erythorbate,
ascorbate, and certain spices interfere with the pro:o
zoan assav.

17.3.8.4/n Vitro Amino Acid Availability

Amino acid availability can be measured by ir; vitro
enzymatic digestion utilizing assay systems that mir-iic
mammalian digestion, Similar to in vitro tests for oro
tein digestibility, these assays are useful for rilnk::l~
proteins, particularly when the effect of processim;
treatments on a gh'en type of food proteins is being
evaluated. One common in vitro amino acid availabii
ity test measures the amino acid composition of a fiJ
trate recovered after a test protein has been hvdrolvzcd
with a mixture of trypsin, pepsin, and pancreatin.'

17.3.9 Availability of Essential Amino Acids

17.3.9.1 Overview

The free amino group (In the side chain of lvsine C.1:1

react with m~ny constituents during food processing
(hearing. dr~'mg, etc.) and storage to produce biologi
cally unavailable lysine complexes. These lysine corn-
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basic amino groups of lysine, histidine, or arginine
often correlates well with bioassays. These assays are
relatively rapid and are particularly useful for moni
toring heat damage to oilseed and cereal proteins.
Results are less reliable for fish and meat proteins. Azo
dyes can bind to the hasic reaction products formed
early in Maillard browning and because of this, cannot
be used to detect heat damage to milk proteins. For
dried milk and other susceptible products, a dye-bind
ing assay utilizing RemazoJ Brilliant Blue R can be
helpful for detecting the initial products of Maillard
browning reactions. Remazol Brilliant Blue R reacts
with freeamino acid groups of lysine and also the thiol
group of cystine.

17.3.9.3 Assays for Sulfur-Containing
Amino Acids

The sulfur-eontaining amino acids. methionine and
cysteine/cystine, are often the limiting amino acids in
foods. Because these amino acids can be readily oxi
dized to nonbioavailable forms during drying. bleach
ing, and other processing operations, having suitable
assay methods for nutritionally available forms is
important.

Available cystine/cystine can be measured by
converting cystine to cysteine with dithiothreitol,
reacting cysteine with SS-dithiobis-2-nitrohenzoic
acid (DmB) and measuring the quantity of the deriva
tized form,

Methionine can reduce dimethvl sulfoxide
(Me~O) to dimethyl sulfide (Me~S). ~'hich can be
quantified by headspace gas chromatography. Results
from the dimethyl sulfide method correlate well with
results from biological assays for methionine. Methio
nine reacts with cyanogen bromide (CNBr), producing
methylthiocyanate (MeSCN). which can be measured
by gas chromatography and is also a good indication of
available methionine. The oxidized forms of methion
ine, methionine sulfone and methionine sulfoxide, arc
not measured by either of these methods.

17.4 SUMMARY

Biological assays. principally rat feeding studies. have
been commonly used to predict protein quality for
humans by measuring either nitrogen balance (BV and
NPU methods) or growth (pER or NPR methods). The
PER method involves feeding a set of male weanling
rats a test diet containing LI single source of dietary pro
tein at a fixed level for a set period, monitoring Iood
inta ke and weight gain. The PER procedure with casein
.:IS the reference protein was the protein quality tes:
method specified by the FDA for nutritional labdir.f
purposes until recently. However, problems associate.i
with the PER method and improvements in chro.nato
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graphic methods for amino acid composition have led
to the adoption of the PDCAAS methodior most nutri·
tion labeling P4lP05eS.

The PDCAAS method involves calculating the
amino acid score and determining protein digestibility
for the test protein. Other methods utilize amino acid
composition data with (C~PER)or without [(DC-PER).
essential amino acid index)] a correction for protein
digestibility. While the POCAAS method uses an in
vivo (rats) determination of protein digestibility, the C
PER procedure uses an in vitro assay that measures a
pH drop resulting from enzymatic digestion of the test
protein. Improvements in this in vitro assay for di
gestibility include the pH-stat method and the immo
bilized digestive enzyme assay.

Bioavailability of essential amino acids can be
tested by in vivo and in vitro methods including micro
biological assays. Chemical or microbiological tests
predict the availability of limiting amino acids as nutri
ents, particularly lysine and the sulfur-containing
amino acids. These amino add bioavailability assays
are helpful for evaluating the effects of various pro
cessing treatments on the limiting amino acids in a
given food without having to resort to more extensive
animal experiments.

17.5 STUDY QUESTIONS

1. Provide the amount ofprotein per serving, expressed as a
percent of the Daily Value, on a nutritional label for Ol new
food product (not a food intended [or infants).
a. YI-'hat method must be used 10 estimate protein qual

itv?
b. Outline the procedure for the protein quality assay in

(la) and calculations required.
... Describe an animal assay that can predict the adequacy of

a food protein tor growth and maintenance..Discuss two
limitations of the method you choose.

.'. Define and briefly describe the differences between the
following assay procedures:
a. PER versus Adjusted PER
b. PER versus NPR
c. PER versus BV
d. BV versus :-:ru
e. amino acid score versus essential amino acid index
f. PER versus C-PER
g. C-PER versus DC-PER
h. PDCAAS versus amino acid SCore
i. true digestibility versus apparent dlgestibilltv
j. pH-Shift versus pH-5tat method (or in vitro digesubrl

itv

~. How Me certain microorganisms used to measure amine)
acid availabilitv? .

5. Explain how in vitro assavs can be used to assess (a) pro
ll'in digestibility and (k>l .1::1:no acid availabilitv. What are
th... advantages and di.\..h~\·ilnlagcsof an in ~'itro "SS<lY
comp.Hl·d to lin in vivo a$~l\"

tl You .'£t' h~ring to dl'\·l'lc':;.: new process for making <l
hlt;h·pr.l1cm snack food trorn cereal grains and soy. You
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plexes are produced through reaction with reducing
sugars (producing Maillard reaction products), oxi
dized polyphenols (includinz caffeic acid present in
oilseeds), oxidized lipids, gl~;]minyl and asparatinyl
residues (during severe roasting or heating opera
tions), and alkaline solutions (destroy or racernize
lysine, produce lysinoalanine), Bioavailable lysine is
not equal to lysine content. Essentially, the only source
of bioavailable lysine in a food is the lysine residue
with a free e-amino group (reactive lysine).

Reactive lysine is measured directly using l-Ilu
oro-z.I-dirutrobenzene (ONFB), trinitrobenzenesul
fonic add (TNBS), w-methylisourca, or o-phthalalde
hyde. Reactive lysine is measured indirectly by the
DNFB difference method, dye-binding procedures, a
fluorescence method, or reduction by NaBH4• Several
microbiological assays (see section 17.3.8.3)have been
developed to measure amino acid bioavailability, as
have in vitro enzymatic hydrolysis methods (see sec
tion 17.3.8.4). In vitro digestibility assays assume that
protein digestibility provides good approximation of
the digestibility of each amino add, including reactive
lysine. Enzymatic hydrolysis with pepsin plus pancre
atin or with pronase makes use of the fact that these
proteolytic enzymes release only reactive lysine. A
comparison of different methods for blcavailable
lysine is given in Table 17-2.

17.3.9.2 Assays for Lysine

t7.3.9.2.1 Assays with 1-Fluoro-2.4~Dinitrobenzene

A test protein is reacted with I-fluara-2,4-dinitraben-
. zene (DNFB, also referred to as FDNB) (AOAC Method

975.44). ONFB reacts with the free e-amino group in
lysine. The amino acid profiles of the DNFB-treated
test protein as well as the untreated test protein are
determined. The amount of available lysine is the
amount of lysine in the untreated protein minus that in
the ONFB-treated sample.

Spectrophotometric assays for available lysine
involve reaction of ONFB with protein, hydrolysis of
the protein in acid, and comparison of the amount of
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DNFB-reactive lysine (g/16 g of nitrogen) with a stan
dard (mcno-e-Nsdinltrophenyl lysine hydrochloride
monohydrate [DNP-IysineD. The DNFB-reactive ly
sine generally provides a good indication of bioavail
able lysine in oilseeds, milk powder, and fish flour. The
method is less suitable for partially hydrolyzed pro
teins such as hydrolyzed vegetable and meat proteins
and certain fish meals, or protein foods containing high
concentrations of reducing sugars, including some
cereals. Sugars released during acid hydrolysis can
reduce up to 30% of the DNP-lysine derivatives so they
are no longer measurable. Adding excess DNFB to the
reaction mixture can have a protective effect when
these foods are assayed.

17.3.9.2.2 Assays with Trinitrobenzenesulfonic Acid
The water-soluble reagent, trinitrabenezcnesulfonic
acid (TNBS) can be used for free lysine measurement.
However, Th135-lysine derivatives are more suscepti
ble to loss during acid hydrolysis than DNFB deriva
tives. Like O~"FB, TNBS reacts with lysine derivatives
formed early in Maillard browning which may remain
or may no longer be bioavailable, The TNBS deriva
tives formed during Maillard browning will break
down to yield labeled lysine complexes, Whereas DNP
derivatives will not.

17.3.9.2.3 Enzymatic Methods Enzymatic methods
for bioavailable lysine are particularly useful for carbo
hydrate-containing foods. Lysine decarboxylase has a
high degree of specificity for t-lysine, yielding carbon
dioxide and the biogenic amine cadaverine, either of
which can be easily measured by gas chromatography
or other methods. Unfortunately, there is little compar
ative data between this method and bioassay proce
dures for amino acid availability. A comparison of
results from different assays. for available lysine is
given in Table 17-2.

17.3.9.2.4 Dye-Binding Methods The binding capac
ity of azo dyes such as Orange 12 (Acrilane Orange G,
l-phenylazo-Z-naphthcl-e-sulforuc acid) to the free

Lysine Levels (mg/g N) in Four Samples of Milk Powder

Total Value Lysine Lysine Released Value Obtained
Sample of after Acid Reacting with by In Vitro by Growth Assay
Milk Powder Hydrolysis 1 DNFB2 enzymatic Digestion with the Rat

Good quality 500 513 519 506
Slightly damaged 475 400 388 381
Scorched 425 238 281 250
Severely scorched 380 119 144 125

From (1), used with permission.
,By amino acid analysis.
20NFB : 1-ftuoro-2. 4-dinilrObenzene.
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NONCUMULATIVE WEIGHT GAIN (g)

17.6 PRACTICE PROBLEMS

Weight Gain and Food Intake for Animols Fed Protein
Ingredient X,Protein IngredIent Xwith Supplemental
Amino Acids, or Casein

1. PER. RPER, NPR and apparent digestibility.
Based on the information below, calculate the (a) PER, (b)
RPER, (~) NPR, and (d) apparent digestibilieyfor casein,
ingredient X(Ing. X), and ingredient X with supplemental
amino acids (AA).

28
66
58
25
63
34
11
35
19

95
83
76
70
67
63

90
80
69

% Transmission

Reference Patterrt
(mglg protein)

46
78
64
26
88
39
14
46
26

Soy' (mglg
protein)

O!-lQ
5

10
15
20
25

Amino Acid

Isoleucine
Leucine
lysine
Methicnine/cystine
Phenylalanine/tyrosine
Threonine
Tryptophan
Valine
Histidine

'From (23).
~From (5).

Oml
1
2
3
4
5

Volume of Dituted
Sample (ml)

o
0.2
0.5

2. Protein digestibility
Calculate the in vitro digestibility for the following pro
teins using the pH·shift method (AOAC Method 982.30).
For soy. the Moll pH was 6.7; for whey, the final pH was
6.3.

3. Essential amino add index. amino acid score, and
POCAAS.
Using the date provided in the table below,
a. Calculate the essential amino acid index for defatted

soy flour.
b. Determine the amino add score for the soy flour.
c. Calculate the PDCA.-\S. using the true digestibility

value of 8i% for defatted soy flour (15).

What is the concentration of the tryptophan in the nutri
tional supplement?

4. Amino add bioavailabilitv.
Determine by microbiological assay the level of trypto
phan in a nutritional supplement containing free amino
acids, but no protein ingredients. A stock culture of Lacto
bacillus plantarum (ATCC #801-1) was used with L-trypto
phan as a standard (working standard solution, 5 ~g/ml).

One (1.0) gram or the nutritional supplement (sample)
was suspended in 50 ml of distilled water, heated in an
autoclave for 10 min at 121-123°C, and filtered.

Concentration
Volume of Working of Working
Standard Solution Standard Solution % Transmission

wk4

27.0
30.6
4.9

wk3.

31.2
24.3
6.4

Fecal Nitrogen (g)

wk2

30.0
28.7

4.8

Food Intake (g)

wid

31.2
26.1
3.0

Casein
Ing. X + AA
Ing. X

FOOD INTAKE (g)

wk1 wk2 wk3 wk4

Casein 90.3 134.5 112.1 147.9
lng. X +AA 91.3 131.6 101.0 129.6
Ing.X 80.7 74.2 52.3 64.6

want to dete.rmine the protein quality of the snack food
under various processing (toasting and drying) condi
tions. Considering the number of samples to be tested,
you cannot afford an expensive in vivo assay, and you
cannot wait more than a few days to get the results.
a. Briefly describe the procedure you would use to esc

mate and compare the protein quallry of the snack food
made under different processing conditions. Include
an explanation of the principles involved.

b. You suspect that certain time-temperature combina
tions lead to overprocessed products. Your testing
from (601) shows that these samples have a lower nutri
tional quality. What amino acids(s) in the snack food
would you suspect to be the most adversely affected by
thermal abuse?

c. What test(s) could you use to confirm that amino
acid(s) have become nutritionally unavailable by over
processing? How are these tests conducted?

Casein was added at 12% of the diet by weight and ingre
dient X or ingredient X with supplemental amino adds at
24.70/" of the diet by weight. The protein concentration of
casein ("IoN )C 6.25) is 83.3% and that of ingredient X,
-W.4%.

In addition, a group of rats was fed a basal diet (no pro
tein) in conjunction with the study described earlier. By
day 14. these animals had lost an average of 14.8 g each.
The following data .were collected in a related study to
determine apparent digestibility, with each diet contain
ing 9.1% protein:

Casein
Ing. X + AA
Ing.X

260
231
117

0.27
0.40
0.27

Answers

la. PER preliminary calculations:
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Casein control group
Total weight caseingroup = 120 g
Total food intake cuein group .. 485 g
Amount of protein consumed by casein group = 485 g x
12/100 x 83.31100 :: 485 g .

IngX+A:
Wt gain = 110 g
Food intake .. .03 g
Protein consumed =45.2 g

Ing X:
Wtgain::19g
Food intake:: 272 g
Protein consumed =27.1 g

PER alculations:
PER =wt gain/protein intake
Casein: 120/48.5 .. 2.47
IngX+ AA: 110/45.2 = 2.43
lng X:19/27.1:: 0.70

lb. Calculate the RPER for Ing, X and Ing. X + AA:
RPER :I: (pER of ingredients/PER of casein) )(2.5
Ing X ...AA: (2.43/247) )(2.5 =2.45
lng. X: (0.70/2.47) x 2.5 .. 0.71

tc. NPR = wt gain - wt loss (g) (zero protein)
protein intake (g)

Casein: {l2D- 14.8)/48.5 =2.2
lng, X ...AA: (110-14.8)/45.2:: 2.1
lng. X: (19-14.8)/27.1 = 0.15

1d. Apparent digestibility ::

g nitrogen ingested - g nitrogen in feces r-
. . ed "lO~S nitrogen mgest .

Percent nitrogen in diet, for example, for casein: 260 g diet
" (0.091/6.25) =3.i9 g of nitrogen

Apparent digestibility for casein: (3.79- C,2i")/3.79 " 100 =
93~.,

For Ing. X ...AA: (3.36 - 0.4)/3.36 x 100 =88%
For lng. X: (1.70 - 0.:7)/1.70 x 100: 84~"

2. Percent protein digestibility (in vitro): 238.5-; - 2:.56.1"
For l'>O~': 238.8-1 - ::.5(,(11.7) = 88%
For whey: :38.~ - 22.50(6.3) =97%

\I H6/2S){78/M)(&t/5S)(26125)
(88/63)(39/3-1)(14111)(46/35}(261l9) =:

v (1.&t)(1.18)(1.JO)(1.~)(1.39)(l.15)(1.2i)(1.31 )(1.37) = ].26

3b. Amino acid score", I.W

3c. rDCAAS = amino acid score" true digestibility > 1,(\.l

(0.57) =0.905

·t Construct ., standard curve % Tr.msrmssion lll·axi~) vcr
sus tryptophan (~'g) (.\·M.is), From the standard CL:,·· c.
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,

estimate the concentration of the tryptophan in the two
dilutions:

0.2 ml of diluted sample =- -1.5IJg of tryptophan
0.5 ml of diluted sample = -3.3 ...g of tryptophan

Average is 7.0 Ilg/mI.
Concentration is 1.0 ...g of tryptophan/ml )(50 mIlS of
supplement: 350 liS of tryptophan/g ofsupptement
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Cuein control group
Total weight casein group"" 120 s
Total food intake casein group =485 g
Amount of protein consumed by casein group .. 485 g x
12/100 x 83.3/100 z: 48.5 g

IngX+A:
Wt gain .. 110 g
Food intake:: 453 g
Protein consumed =45.2 g

Ing X:
Wt gain =19 g
Food intake .. 272 g
Protein consumed .. 27.1 g

PER calculations:
PER .. wt gain/protein intake
Casein:120/485 '" 2.47
Ing X + AA: 110/45.2 .. 2.43
Ing X: 19/27.1 =0.70

lb. Calculate the RPERfor lng. X and lng. X + AA:
RPER .. (pER of ingredients/PER of casein) )(2.5
lng X + AA: (2.43/2.47) x 2.5 .. 2.45
Ing. X: (0.70/2.47) x 2.5 .. 0.71

Ic, NPR .. wt gain - wt loss (g) (:zero protein)
protein intake (g)

Casein: (120- 1-1.8)148.5 .. 2.2
lng. X + AA: (110 -14.8)/45.2 .. 2.1
lng. X: (19 -14.8)/27.1 .. 0.15

Id. Apparent dig~tibility::

g nitrogen ingested - g nitrogen in feces
'. x 10C'

S rutrogen mgested

Percent nitrogen in diet, for example, Ior casein: 260 g diet
x (O.091/6.25) "" 3.79 g of nitrogen

Apparent digestibility for casein: (3.79 - C.27)/3.79 x 100 ..
93~"

For lng. X~ AA: {3.36 - 0.4)/3.36 x 100:. 88%
For Ing. X: (1.70 - 0.:27)/1.70 x 100 .. S4~o

:2. Percent protein digcsriblllty (in vitro) = 238.s..; - 2:2.56x
ror 50Y: :23S.8~ - ::.5{,(6.7) =88%
For whey: :38.&4 - :2:2.5ti{6.3) : 97%

V (46/:28)(78/66)(64/58)(26125)
(8S/63)(39/3-1}(l4/11 )(46/35)(26/19) =

\' (1.M)(l.18)(1 .1O)(1.().t)(1.39)(l.15)(1.2i){1.31 )(1.3i) =1.:6

3b. Amino acid score =1.04

3c. PDCAAS = amino acid score x true digestibility = 1.Q.;

(0.S7) =0.905

-l. Construct i\ standard curve % Tr.msrrussion lll·.1ld..:.) vcr
5US tryptophan hlg) \.h1",b). From th... standard (1.::-., e.
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estimate the concentration of the tryptophan in the two
dilutions:

0.2 ml of diluted sample = -15 ~g of tryptophan
0.5 ml of diluted sample ... -3.3 ug of tryptophan

Average is 7.0 Jlg/ml.
Concentration is 7,0~g of tryptophan/ml x SO ml/g of
supplement = 350118 of tryptophan/g of supplement.
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18.1 INTRODUCTION

16.1.1 Definition and Importance

Vitamins are defined as relatively low-molecular
weight compounds that humans, and for that matter,
any living organisms that depend on organic matter as
a source of nutrients, require in small quantities for
normal metabolism. With few exceptions, humans can
not synthesize most vitamins and need to obtain them
from food and supplements. Insufficient levels of vita
mins result in deficiency diseuses, for example, scurvy
and pellagra, which are due to the lack of ascorbic acid
and niacin, respectively.

18.1.2 Importance of Analysis

Vitamin analysis of food and other biological samples
has played a critical role in determining animal and
human nutritional requirements. Furthermore, accu
rate food composition information is required to deter
mine dietary intakes to assess diet adequacy and
improve human nutrition worldwide. From the con
sumer and industry points of view, reliable assay
methods are required to ensure accuracy of food label
ing. This chapter provides an overview of techniques
for analysis of the vitamin content of food and some of
the problems associated with these techniques.

18.2 METHODS

18.2.1 Overview

Vitamin assays can be classified as follows:

1. Bioassays involving humans and animals.
2. Microbiological assays making use of proto

zoan organisms, bacteria, and yeast.
3. Physicochemical assays that include spectro

photometric, fluorometric, chromatographic,
enzymatic, immunological, and radiometric
methods.

In terms of ease of performance, but not necessarily
with regard to accuracy and precision, the three sys
tems follow the reverse order. It is for this reason that
bioassays, on a routine basis at least, are limited in their
use to those instances in which no satisfactory alterna
tive methods are available.

The selection criteria for a particular assay depend
on a number of factors, including accuracy and preci
sion, but also economic factors and the sample load to
be handled. Applicability of certain methods for a par
ticular matrix also needs to be considered. It is impor
tant to bear in mind that many official methods pre
sented by AOAC International (l) are limited in their
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applicability to certain matrices, such as vitamin con
centrates, milk, or cereals, and thus cannot be applied
to other matrices without some procedural modifica
tions, if at all.

Because of the sensitivity of some vitamins to
adverse conditions such as light, oxygen, pH, and heat,
proper precautions need to be taken to prevent <lny
deterioration throughout the analytical process, re
gardless of the type of assay used. Such precautionary
steps need to be followed with the test material in
bioassays throughout the feeding period. They are
required with microbiological and physicochemical
methods during extraction as well as during the ana
lytical procedure.

Just as with any type of analysis, proper sampling
and subsampling as well as the preparation of a homo
geneous sample are critical aspects of vitamin analysis.
General guidelines regarding this matter are provided
in Chapter 5 of this text.

The principles, critical points, procedures, and cal
culations for various vitamin analysis methods are
described in this chapter. Many of the methods cited
are official methods of AOAC International (1). Refer to
these methods and other original references cited for
detailed instructions on procedures.

18.2.2 Extraction Methods

With the exception of some biological feeding studies,
vitamin assays in most instances involve the extraction
of a vitamin from its biological matrix prior to analysis.
nusgenerally includes one or several of the following
treatments: heat, acid, alkali, solvents, and enzymes.

In general, extraction procedures are specific for
each vitamin and designed to stabilize the vitamin. In
some instances, some procedures are applicable to the
combined extraction of more than one vitamin, for
example, for thiamin and riboflavin and some of the
fat-soluble vitamins (1,.2). Typical extraction proce
dures are:

• Ascorbic acid: Cold extraction with metaphos
phone acid/acetic acid

• Vitamins 81 and 82: Boiling or autoclaving in
acid plus enzyme treatment

• Niacin: Autoclaving in acid (noncereal prod
ucts) or alkali (cereal products)

• Vitamin A, E, or D: Organic solvent extraction,
saponification, and reextraction with organic
solvents. For unstable vitamins such as these,
antioxidants are routinelv added to inhibit oxi-
dation. -

Analysis of fat-soluble vitamins may require saponifi
cation, generally either overnight at room temperature
or by refluxing at 70"C. In the latter case, an air-cooled
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reflux vessel as shown in Fig. 18-1 provides excellent
control of conditions conducive to oxidation.

18.2.3 Bioassay Methods

Outside of vitamin bioaveilability studies, bioassays at
the present are used only for the analysis of Vitamins
B12 and D. For the latter it is the reference standard
method of analysis of food materials (AOAC Method
936.14), known as the line test (Fig. 18-2), based on
bone calcification. Since the determination of Vitamin
o involves deficiency studies as well as sacrificing the
test organisms, it is limited to animals rather than
humans as test organisms.

18.2.4 Microbiological Assays

18.2.4.1 Applications

Microbiological assays are limited to the analysis of
water-soluble vitamins. The methods are very sensi
tive and specific for each vitamin. With certam' biolog
ical matrices, they are the only feasible methods for
some vitamins or matrices. The methods are somewhat
time consuming, and strict adherence to the analytical
protocol is critical for accurate results.

18.2.4.2 Principle

The growth of microorganisms is proportional :0 their
requirement for a specific vitamin. Thus, in microbic
logical assays the growth of a certain microorganisrr. in
an extract of a vitamin-containing sample is compared
with the growth of this microorganism in the presence
of known amounts of that vitamin. Bacteria, veast. or
protozoans are used as test organisms. Growth can be
measured in terms of turbidity, acid production,
gravimetry, Orby respiration. With bacteria and yeast,
turbidimetry i~ the most commonly used system. lf tur
biditv measurements are involved, clear sample and
standard extrncts, versus turbid ones, are essential. In
terms of incubation time. turbidity measurement also
is a less time-consuming method. The microorganisms
are specified by ATCC numbers and are available from
the American Type Culture Collection (ATCC) (12301
Parkwav Drive, Rockville, MD 20852).

18.2.4.3 Niacin

The procedural sequence for the microbiological analv
sis of niacin is outlined in Fig. IS-3 [AOAC Method
9+.U3 and (3)]. Lactobacillus plan/arum (ATCC 80j~) is
the test organism. A stock culture needs to be prepared
and maintained by inoculating the freeze-dried CUlt:;TC

on bacto-lactobacilli agar and incubating nt3i=C fC)T 24
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Reflux vessel useful forsaponification,

hi prior to sample and standard inoculation. A second
transfer may be advisable in the case of poor growth 0i
the inoculum culture.

In general growth is measured bv turbidirv, Ii .ac
tobacilli are used as the test organism:acidimetric rr.ea
surements can be used as well. The latter may be rur
essary if a clear sample extract cannot be obtained ;"1TiN

to inoculation and incubation (which is a prerequisite
for turbidimetry). in making a choice between t: .c two
methods of measurement. one needs to bear in mind
the prolonged Incubation period of 72 hr t;i,:ll is
required with acidimetry.

18.2.4.4 Folate

Folate is the gcneralterm including folic acid (r~ croyl
glutamate.PtcGln) and poly-j-glutamyl conjugate
with the biologica1LKth'ityof folic acid. Folates rr(·~t·;·.;

a diverse "nay of compounds that v;)ry bv oxidation
state of the pteridine ring structure, one-carbon mojo
eties carried by the specific folate. and the number of
conjug<:ltcd glutamate residues on the folate. Folates
are labile to oxidation !iSht, thermal losses, and leach
ins when foods are prC'cessed. Because of the presence
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VITAMIN 0 BIOASSAY PROCEDURE
Sample Preparation

AOAC lnternalional provides specitic instruc!ions for preparation of
various matrices lor :r,e bioassay. In some cases. saponification is

used.

Depletion ~rlod

Rats are suitable fer depletion 3t age $;)0 days with bOdy weight of
z 4.1g but" 60 g. Rachilogenic eliel is led for 18-25 days.

Assay Period
The assay period is the interval 01life 01 the rat between the last

day of the depletion period and the eighth or eleventh day
thereafter. Feeding protocols are spedfied. During the assay.

depleled rats are 'ed known and unknown amounts of Vitamin 0
lrom standards and samples, respectively.

Potency oC Sample
Vitamin 0 in the sample is determined by the line test from staining
of lhe proximal end 01 the tibia or distal end of the radius or ulna.

The bioassay of Vitamin 0 by the tine test,
AOAC Method 936.14 45.3.01 (1).

NIACIN MICROBIOLOGICAL ASSAY PROCEDURE
Sample Preparation

Weigh out enough sample to contain ca. 0.1 mg 01 niacin. add 1 N
H~O•• macerate. autoclave 1 hr aI121"C. and cool. Adjust pH to

6.8. dilute to volume (ca. 0.1 9 niacin/ml). mix. and filter.

Assay Tube Preparation
In at [east duplicate use 0.0.0.5. 1.0, 2.0. 3.0. 4.0, and 5.0 ml

sample filtrate and make up the difference to 5.0 ml with Hp, then
add 5.0 ml of Dileo Basal Medium for Niacin Assay broth to each

tube. autoclave 10 min at 121"C. and cool.

Standard Preparation
. Prepare assay tube in at least duplicate using 0.0. 0.5, 1.0. 1.5.
2.0. 2,5. 3.0. 4.0. and 5.0 ml standard solution (0.1 I1I/mlniacin),
make up difference to 5.0 ml with H20. then add 5.0 ml of assay

broth and treat identically to sample tubes.

Inoculation and Incubation
Prepare inoculum using Lactobacillus plantaf/,/m. ATCC 8014 in

Bacto Lactobacilli Broth AOAC (Ditco). Add one drop of inoculum
to each tube. cover tubes. and then incubate at 37"C for 16-18 hr.

Le.• until maximum turbidity is reached in tubes containing the
highest concentration of niacin.

Determination
Measure %T or absorbance at any wavelength between 540 and

660 nm.

The microbiological assay of niacin. AOAC
Method 944.13, 45.2.04 (1).

of multiple forms in food products and its instability,
folate presents a difficult analytical problem. Total
folate can be assayed microbiologically; however, to
specifically quantitate folate forms present in a biolog
ical matrice, liquid chromatographic procedures must
be used.
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The microbiological assay follows for total folate in
foods by microbiological assay by Lactobacillus rhamno
sus and trienzyme digestion (4).

18.2.4.4.1 Principle Folate in the sample is extracted
in buffer at l00"C (boiling water bath). The extract is
digested with a conjugase (to cleave poly-v-glutamyl
folates to PteGInJ or lower), and a-amylase and pro
tease {to free macrornolecularly bound folates).
Growth response of the assay microorganism is mea
sured by percent transmittance. Transmittance de
pends on folate concentration.

18.2.4.4.2 Critical Points Care must be taken to pro
tect labile folates from oxidation and photochemical
degradation. Reducing agents including ascorbic acid,
B-mercaptoethanot and dithiothreitol are effective in
preventing oxidation. Strict adherence to microbiolog
ical assay techniques is necessary to assay folate with
accuracy and precision.

18.2.4.4.3 Procedure Figure 18-4 gives the proce
dural steps of the assay.

18.2.4.4.4 Calculations Results are calculated manu
ally or from the regression line of the standard curve
responses using 4th degree polynomial plots and a
computer program written to conform to AOAC micro
biological analysis protocol. Results are reported as mil
ligrams of vitamin per 100 g or per serving.

18.2.5 Physicochemical Methods

18.2.5.1 Vitamin A

Vitamin A is sensitive to ultraviolet (UV) light, air (and
any prooxidants, for that matter), high temperatures,
and moisture. Therefore, steps need to be taken to
avoid any adverse changes in this vitamin due to such
effects by using low actinic glassware, nitrogen and/or
vacuum, as well as avoiding excessively high tempera
tures. The addition of an antioxidant at the onset of the
procedure is highly recommended. High perfonnance
liquid chromatographic (HPLC) methods are consid
ered the only acceptable methods to provide accurate
food measurements of Vitamin A activity.

Details follow of the HPLC method for Vitamin A
(retinol isomers) in milk and milk-based infant formula
(AOAC Method 992.0.4, 50.1.02) (1):

18.2.5.1. 1Principfe The sample is saponified, the Vit
amin A (retinol) extracted into organic solvent and con
centrated. and all-trails-retinol and IJ.cis-retinollevels
are determined by HPLC on a silica column.

18.2.5. 1.2 Critical Points All work must be in sub
dued artificial light. Care must be taken to avoid oxi-
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Prepal1ltlon of Standard Curve and BlankTubes
Construct an B-point standard curve using a working stancaro

solution of folate. AcId 5 ml of Lactobacilluscasei assaymedium to
each tube. Prepare an uninoculated blank and an inoculated blank
to zero the spectrophotometer. and an enzyme blank to determine

the contribution of the enzymes to microbial growth.

Assay
Fo~c acid is assayed by growth ot L. rhamnosus according to

AOAC Method 960.46 (1). Prepared tuees of lIle samples.
standard curve. inoculated and uninoculated blanks, and enzyme
blank are autoclaved at 121·C lor 5 min and then inocula:ec with

one drop of prepared inoculum per tube. Ahe~ tubes are incu!Jated
at 37"'C lor ~24 hr, growth response is measured by percent

transmittance at 550 nm.

FOLATE MICROBIOLOGICAL ASSAY PROCEDURE
sample Prwpal1ltlon

To 1.2-2.0 g 01sample. add 50 mIof specifJed buffer. homogenize,
and proceed to digestion step. (High tat samples should be

extracted with hexane. Bnd all samples shOuld be protected from
right and'air.)

Trlenzym. Digestion
Boil samples for 5 min. and cool 10room temperature. Digest each

samplein sequence with specified conjugase. a-amylaSe. and
prOlease. Deactivate enzymes by boiling for 5 min. Cool tubes.
filter, and dilute an appropriate aliquot to a final concentration of

ca.0.15 nglmL.

Inn
~

Analysis of folate in food using Laaobatillus
rhamnosll5 ATCC No. 7~69 and a menzvme
extraction procedure. (Adapted from (4).] Refer
to (4) for more details on procedure.

dation of the retinol during the entire procedure. Sol
vent evaporation should be completed under nitrogen,
and hexadecane is added to prevent destruction dur
ing solvent evaporation.

18.2.5.1.3 Procedure Figure 18-5 gi\'es the proce
dural steps of the assay. Pyrogallol is added prior to
saponification as an antioxidant.

18.2.5.1.4 Calculations
AT/ AS! x CT x DF

all-trans-retinol (mg/ml) = V [1]
SPI

where:

AT =peak area, all-trans-retinol in sample
AST =peak area, all-trans-retinol in standard
CT = concentration, all-trans-retinol (mg/ml)/
V =sample volume (ml)

DF= dilution factor

13-cis-retinol (Ilg/ml) = Ac/Asc; Cc x DF [2]
SPI

where:

Ac =peak area, 13-cis-retinol in sample
A sc =peak area. 13-cis-retinol in standard
Cc =concentration I3-cis-retinol (mg/ml)
V:: sample volume (ml)

DF =dilution factor

(Exact mco.le phase compoSition and flow ra:e are oetermv-ec oy
system SUitability lest 10give retennon times of 4.5 and 5.5 r: r'i Ie'

13'Cls-ret,nol and all-trans·rellnol. respecuvetv.)

VITAMIN A HPLC ANALYSIS PROCEDURE
Sample Preparation

Transter 40 ml of ready-to-leed formula or fluid milk inlC a ,:t:J-ml
digestion flask. Add 10 ml of ethanolic pyrogallol solution :2%

pyrogallol in 95"'':' elhanol) ;;'10 saponify Wlth ellla:lolic KOH' ~O%
KOH in 90% ethanol) e: roomtemperature for ,e hr or at 7:'C

u&ing the rf~,ux vessel in Fig. 18·1.

Extraction of Digesl
Pipet 3 ml of digest into' o-ml centrifuge lube and add 2 r.' of
water. Exlract .....ith 7 ml tlexane-<jielhyle:her (85 + 15). Re;:"at

cxtlaClion 2" wilh 7-ml cornons of extractara.Poct extracts ir; a 25·
ml vOlurr·C:~lc lIask. Ace ~ ml c! nexadecane solution [riexacecane
.. hexane (1 .. 1ool) snc cuote to volume wl:h hexane. Pipe: ,5 ml

of diluted extract ,nlO a C'.:~Wi:uge tube ane evaporate uncer
nllrogen O'55cllle res-cue In 0.5 ml of heptane.

18.2.5.2 Vitamin E (Tocopherols
and Tocotrienols)

18.2.5.2.1 Vitamin E Compounds Vitamin E is pes
ent in foods as eight different compounds. All are
6-hydroxychromans. The Vitamin E family is corn
prised of a-, ~-, yo, and b-tocopherol, characterized by a
saturated side chain of three isoprenoid units and the
corresponding unsaturated tocohienols (a-, ~-, -", and
0-). All homologs in nature are (R, R, R)-isomers. The
National Research Council defined dietary Vitamin :.'
activity in terms of (R. R. R)-OAocopherol equivalents
(a-TE). One a-TE is the activity of 1 mg of {R. R. 1\.)-(1
T. For mixed diets containing only natural forms of Vit
amin E. currently accepted factors for the conversion of
the tocopherols and tocotrienols to a-TE units are the
following:

o-tcccpherol-e-g )( 1.0
~-tocophcrol-mg )(0.5
·,-tocophcrol-mg )( 0.1
o-rocopherol-e-mg )( 0.03
u-tocotrienol-e-mg )( 0.3
fHClCotrieno!-mg )( 0.05
.,-Iocotrienol-un known
b-IO(Olricnol-unknown

Chromatography Parameters
15 ern ,,':.5 m'T1 packed With 3 f:'1m SIlica
(Acex 3 IJ'TI siltca)
isccranc ~eClane. and Iso:lr:.pa'101 (1-5~~:

UV. 3~:J r,r";
1-2 rrl~-~:"":

The HPLC analysis of Vitamin A in milk and
milk-based infant formula, AOAC t-I..::hod
992.05. 50.1.02 (1).

Column

MODlleP~"se
Oetecuon
Flow Rate
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synthetic a-tocopherol-mg x 0.7~

synthetic a-tocopheryl acetate-mg x 0.67

Since natural Vitamin E occurs in multiple forms with
varying biological activities, estimation of its activity
requires quantitation of each form. The accepted
methodology is by HPLC.

Details follow of Vitamin E analysis in food prod
ucts using HPLC (5).

18.2.5.2.2 Principle
1. General food products. The sample is saponi

fied under reflux (see Fig. 18-1), extracted with
hexane, and injected onto a normal phase HPLC
column connected to a fluorescence detector,
EXA;:: 290 nm, Em A;:: 330 nm.

2. Margarine and vegetable oil spreads. The sam
ple is dissolved in hexane, MgSO~ is added to
remove water, and the filtered extracts are
assayed by HPLC (see 1).

3. Oils. Oil is dissolved in hexane and injected
directly onto an HPLC colwnn.

18.2.5.2.3 CriUcal Points Vitamin E is subject to oxi
dation. Saponification is completed under reflux, in the
presence of the antioxidant, pyrogallol, with the reac
tion vessel protected from light.

18.2.5.2.4 Procedure The Vitamin E assay is detailed
in Fig. 18-6 and an example chromatogram is given in
Fig,l8-7.

18.2.5.2.5 Calculations Vitamin E is quantitated by
external standards from peak area by linear regression.

18.2.5.3 Vitamin C

The vitamin (l-ascorbic add and I-dehydroascorbic
acid) is very susceptible to oxidative deterioration,'
which is enhanced by high pH and by the presence of
ferric and cupric ions. For these reasons, the entire ana
lytical procedure needs to be performed at low pH and,
if necessary, in the presence of a chelating agent.

Mild oxidation of ascorbic: acid results in the for
mation of dehydroascorbic acid that also is biologically
active and that is reconvertible to ascorbic add by treat
ment with reducing agents, including ~~mercapto

ethanol and dithiothreitol.

18.2.5.3.1 2, 6·Dichloroindophenol Titrimetric Method
(AOAC Method 967.21,45.1.14) (1,6)

1. Principle. t-ascorbic acid is oxidized to t-dehy
dorascorbic acid by the indicator dye. At the endpoint,
excess unreduced dye is rose-pink in add solution. L·

Dehydroascorbic acid can be determined by first con-
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VITAMIN E HPLC ANALYSIS PROCEDURE
Sample Preparation

a. Gereral reed ~rodUCIS: Add 10 ml of 6% (wt/Vol) pyrogallol in
etl'1ar.cl fOsample, mix. and Hush with Nt. Heat at 70'C lor 10 min
With sonicatlcn, Add 2 ml of 60% KOH solution. mix, and flush
wl:n ~12' Digest lor 30 min at 70·C. Sonicate lor 5 min. COOl to
rccm :emperalure. and add sodium chloride and water. Extract
With ~exar:e (C. 1% BHT) three times. Combine hexane extracts.
Add 0.5 9 of MgSO. and mix. Filter through a Millipore filtration
accaratus (OAS flm). Dilute to volume with hexane. Iniect 20 flJ.

b. Mar~aT1ne and vegetable oil spreads: Add 40 ml 01 hexane (0. 1%
BHT) to a 10-g sample and mix. Add 3 9 of MgSO., mix, let stand
",two hr. Filter and dilute combined filtrate to volume with hexane
(0. 1 ~~ BHT). Inject 20 ~1.

Chromatography Parameters
Ccll;mn-Hibar RT. Lichrosorb Si60 5 1J.Il1. 25.0 em " 4.6 mm

Mobile phase-O.9% Isopropanol in hexane
Flow-l ml/min

Cetector-Fluoreseence, Ex ~ .. 290 nrn, Em )" : 330 nm
(Note: Determine recovery for each rood product.)

~
" Analysis of Vitamin. E in food products using

f' HPLC. [Adapted from (5).J Refer to (5) for
'gt,lre details on applications.

verting it to t-ascorbic add with a suitable reducing
agent.
. 2. Procedure. Figure 18·8 outlines the protocol fol
lowed with this method. In the presence of significant
amounts of iron or copper in the biological matrix to be
analyzed, it is advisable to include a chelating agent
such as EDTA (ethylenediaminetetraacetic acid) with
the extraction.

The red-color endpoint should last at least 10sec to
be valid. With colored samples such as red beets or
heavily browned products, the endpoint is impossible
to detect by human eyes. Therefore, in such cases it
needs to be determined by observing the change of
transmittance using a spectrophotometer with the
wavelength set at 545 om.

3. Calculation.

mg of ascorbic acid/g or ml of sarnple »

CxVx(DF/W11 [3)

where:

C;:: mg of ascorbic acid/ml of dye
V = ml of dye used for titration of diluted sam

ple
OF = dilution factor
WT ;:: sample weight, g

18.2.5.3.2 Microfluorometric Method (AOAC Method
967.22.45.1.15) 0, 7)

1. Principle. This method measures both ascorbic
acid and dehydroascorbic acid. Ascorbic acid, follow
ing oxidation to dehydroascorbic acid, upon reaction
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VITAMIN C ASSAY PR9CEDURE
2, 6-DICHLOROINDOPHENOLTITRATION

sample Preparation
Weigh and extract by homogenizing sample in metaphosphoric

acid-acelic acid solution (15 g of HP04 and 40 mr of HOAc in 500
ml of H20 ). Filter (and/or centrifuge) sample extract and cilute
appropriately 10 a final concentration of 1C-100 mg or asccrcic

acid/100 mi.

Slandard Preparation
WeIgh 50 mg of I-ascoroic acid and dilute to 100 mr WI:"

metaphosphoric acio-aceuc a:::id extraclIng SOlulIO~.

TItrstlon
Titrate three replicates ea:::!'! of slEl"ldard anc sample v.":"'

dlchlOl'oinooohenol solution to a p:nll endpoint Jasting a' I"asl
10 sec.

Analvsis of Vitamin C by the 2. 6-dic!"Joroin
dophenol titration, AO"AC Method S:67.21,
45.1.14(1). [Adapted from (6).J

VITAMIN C MICROFLUOROMETRIC ASSAY PROCEDURE
Sample Preparation

Prepare sample and extract as outlined in Fig. 18-8. To , 00 ml
each of standard and sample solutiOn add 2 g of acid washed

.Norit. shake vigorously, and filter.

Blank Preparation
Transfer 5 ml of each filtrate to separate 100-ml volumetric; flasks

containing 5 mr 01 H3BOrNaOAC solution. leI sland 15 rnin,
swirling occasionally. Designate as standard o~ sample bianll.
Development of fluorescent quinoxaline is creventec ty t~E

formation of H3B0:rdehydroascorbic acid c:)mplex prior to
addition of phenylenediamine solution. Transfer 2 ml of eacn

solution to each of three tubes.

Sample Determination
Transfer 5 ml of each standard and sample SOlution 10 10:;·ml

volumetric flasks. each containing 5 ml of 50o~ NaOAc uihyc:rlde
and ca. 27 ml of H20, and dilute to volume With H20. then trar;sfer
2 ml of standard and sa~ple soluhon to each OflWO sets o~ :h~ee

tluorescence tubes.

with o-phenylenediamine, forms a fluorescent quin
oxali ne compound.

2. Procedure. The procedural sequences for this
method art: outlined in Fig. 18-9. To compensate for the
presence of interfering extraneous material, blanks
need 10 be run using boric acid prior to the addition of
the diarnine solution.

3. Calculations.

Formation of Quinoxaline
To sample and blanK lubes. aco 5 ml 0' 20 mg% ao. o

p~,enylenediarr\lne soiuncr. 10 each tube, swirl USIng a Vort£>' ,.,.:ikl;r.
and allow to stanc for 35 min at room temperature.

DetermlnlltJon
Measure t1uorescence at Ex .. 356 nm. Em ... 440 nrr..

Analysis of Vitamin C by the microfluoroml':ric
method, AO.~C Method 967.22. 45.1.15 (1).
[Adapted trom (7).J

mg of ascorbic acid IS or ml =
I(A- B)]/(C - D)J)C S )C DFlI\'J !-lJ

where:

A and C = fluorescence of sample and standard.
respectively

Band D =: fluorescence of sample and standard
blanks, respectively

5 .. concentration of standard in mg/ml
DF ;; dilution factor
lVT;; sOlmplc weibh~. S
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18.2.5.4 Thiamin (Vitamin B,) in Foods,
Thiochrome Fluorometric Procedure (AOAC
Method 942.23.45.1.05) (1)

18.2.5.4.1 Principle This method is based on the flu
orescence measurement of the oxidized form of thi
amin. thiochrome, following extraction and enzymatic
hydrolysis of the phosphate esters of thiamin and chro
matographic cleanup.

18.2.5.4.2 Critical Points Thiochrome is light sensi
tive. Therefore, the analytical steps following the oxi
dation must be performed under subdued light. Thi
amin is sensitive to heat, especially at alkaline pH. The
analytical steps starting with the oxidation of thiamin
through the fluorescence measurement (Fig. 18,.10)
need to be carried out rapidly and precisely according
to the instructions.

18.2.5.4.3 Procedure Figure 18-10outlines the proce
dural sequence of the thiamin analysis. The enzymatic
treatment or the chromatographic cleanup may not be
necessary with certain matrices. such as vitamin con
centrates that contain nonphosphorylated thiamin and
no significant amounts of substances that could inter
fere with the determination.

THIAMIN ANALYSIS BYTHIOCHROME PROCEDURE
Sample Preparatron .

Weigh out sample that contains ca. 10-20 J-Lg 01 thiamin, add HCI,
mix. autoclave for 15 min at 121"C, then cool. Adjust pH to 4.5-5.0
with HCI. add enzyme solution. and incubate 3 hr at 45-SO"C. Cool
sample. adjust to pH 3.5, dilute to volume with water. mix, and filter.

Subject standard solution of thiamin to same enzyme treatment.

Enzyme Hydrolysis
Add enzyme solutlon 10samples and standards, mix, and incubate
3 hr al 45-SO"C. Cool. adiustlO pH 3.5, dilute to volume with water,

and filter.

Sample Extract Cleanup
Apply sample extract 10 specified ion-exchange column, wash

column with hot water. then elute thiamin with hot acid·KCI solution.
Cool eluled sample and dilute to volume with acid·KCl solution.

Treal standards identically.
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18.2.5.4.4 Calculations
~lg of thiamin/g =

(S - Sb/Std - Std b) x C/A )(25/Vp x Va/~ [51

where:

5 and Sb = fluorescence of sample and sample
blank. respectively

Std and Stdb =fluorescence of standard and standard
blank. respectively

C;; concentration of standard, g/ml
A =aliquot taken, ml

25;; final volume of column eluate. m1
Vp ;: volume passed through chrornatogra

phy column, m1
Va;; dilution volume of original sample, mJ

WT;; sample weight. g

18.2.5.5 Riboflavin (Vitamin BzJ in Foods and
Vitamin Preparations, Fluorometric Method
(AOAC Method 970.65, 45.1.08) (1)

18.2.5.5.1 Principle Following extraction, cleanup,
and compensation for the presence of interfering sub
stances, riboflavin is determined fluorometrically.

18.2.5.5.2 Critical Points Because of extreme sensitiv
ity of the vitamin to fN light, all operations need to be
conducted under subdued light. The analyst also needs
to be aware that exact adherence to the permanganate
oxidation process is essential for reliable results.

18.2.5.5.3 Procedure An outline of the procedural
protocol for this analysis is shown in Fig, 18-11. In spite
of the fact that riboflavin is classified as a water-soluble
vitamin. it does not easily dissolve in water. When
preparing the standard solution, the analyst needs to
pay special attention that the riboflavin is completely
dissolved.

18.2.5.5.4 Calculations

mg of riboflavin/g of sample =[(A - O/(B - A)J [6J
x (CS/V)
x (DF/WT)

Thiochrome Formation
Convert thiamin to lhiachrome using K2Fe(CN)6' add isobutyl

alcohol, shake vigorously. and cenlrifuge. Decant iSObutylalcohol
fraction into fluorescence reading rube. and read at 365nm/435

nm &J Em.Treat standard solution identically. read al365 nm/435
nm E:JcIEm. and develop standard CUNe10 quantitate samples.

rnBIil
~

Analysis of thiamin by the thiochrome fluoro
metric procedure. AOAC Method 942.2.3.
45.1.05 (1). Refer to (1) for more details on pro
cedure,

where:

A and C = fluorescence of sample containing water
and sodium hydrosulfite, respectively

B = fluorescence of sample containing
riboflavin standard

CS =concentration of standard, mg/ml
V =volume of sample for fluorescence mea

surement. ml
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RIBOFLAVIN ASSAY PROCEDURE BY FLUORESCENCE
Sam pl. PrepBratlon

Weigh out homogenized sample. add 0.' N HCJ.mix. then
autoclave lor 30 min aI12'·C and cool. Precipitate interfering

substances by adjusting pH to 6.0 immediately followed by a pH
readjustment 10 4.5. dilute to volume with H20 . and fil:er.

Oxidation of Interferfng Materials
Oxidize as lollows: Place mml of filtrale into eaCh 01 four tubes. To

two 01the tubes add 1.0 ml 01 HzC',and add 1.0 ml 01 standard
solution (0.5 Jlglml 01 riboflavin) to each of the two remaining

tubes. To each tube. one at a lime. add 1.0 ml of glacial HOAC.
followed by 0.5 ml of 3% KMnO.; allow to stand lor 2 min; then add

0.5 mJ of 3% HzOz. Shake well.

Measurement of Fluorescence
Measure lIuorescence at Ex" .. 440. Em" .. 565. First read

sample extracts containing H20 . then add 20 mg Na~zO. and mix
and reread. Next read standard samples.

Analysis of riboflavin by fluorescence, AOAC
Method 970.65,45.1.08 (I).

DF =dilution factor
WT = weight of sample, g

18.3 COMPARISON OF METHODS

Each type of method has its advantages and disadvan
tages. In selecting a certain method of analysis for a
particular vitamin or vitamins. a number of factors
need to be considered, some of which are listed below:

1. Method accuracy and precision
2. The need for bioavailabilitv information
3. lime and instrumentation 'rt:'quirements
4. Personnel requirements
5. The type of biological matrix to be analyzed
6. The number of samples to be analyzed
7. Regulatory requirements-Must official AOAC

International methods be used?

Bioassavs are extremely time consuming. Their
uses generally are limited to those instances in which
no suitable alternate methods are available, or in cases
in which bioavailabiliry of the analyte is desired, espe
cially if other methods have not been demonstrated to
provide this information. Bioassays have the advan
tage that they sometimes do not require the prep.:ua
tion of an extract. thus eliminating the potential of
undesirable changes of the analyre during the ("\tr.1(t
preparation. On the other hand, in the case C'i adj
ciency development requirements prior to analvsis.
bioassays are limited to animals rather than humans.

Both microbiological and physicochemical meth
ods require vitamin extraction. i.e., solubilization FiN
to analysis. In general, the results obtained :hr,,~.~h
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these methods represent the total content of a particu
lar vitamin in a certain biological matrix. such as food,
and not necessarily its bloavailability to humans.

The applicability of microbiological assays is lim
ited to water-soluble vitamins. While somewhat time
consuming, they generally can be used for the analysis
of a relatively wide array of biological matrices with
out major modifications. Furthermore. less sample
preparation is often required compared to physico
chemical assays.

Because of their relative simplicity, accuracy, and
precision, the physicochemical methods, in particular
the chromatographic methods using HPLC, are pre
ferred. While HPLC involves a high capital outlay, it is
applicable to most vitamins and lends itseli in some
instances to simultaneous analysis of several vitamins
and/or vitamers (isomers of vitamins). However,
although its applicability ~as been demonstrated in
some cases to a wide variety of biological matrices with
no or only minor modifications, one must always bear
in mind that ail chromatographic methods, including
HPLC, are separation and not identification methods.
Therefore. during adaptation of an existing HPlC
method to a new matrix, establishing evidence of peak
identity and purity is an essential step of the method
adaptation or development.

When selecting a system for analysis, at least ini
tially, it is wise to consider the use of official methods
that have been tested through interlaboratory studies
and that are published by such organizations as AQAC
International (1) or the American Association of Cereal
Chemists (AACC) (8). Again. one must realize that
these methods are limited to certain blologiccl matri
ces.

Recent developments regarding new methods
involve mostly HPLC systems (2,9-11), To keep current
with new developments in the area of vitamin analysis,
the journal Food ChcmiMry is an excellent reference.

18.4 SUMMARY

The three most used types of methods for the ;'.:;.::i.,.
sis of vitamins-e-bioassays and microbiological and
physicochemical assaYS-have been outlined in this
chapter. They are, in general, applicable to the analysis
of more then one vitamin and several food matrices.
However, the analytical rrocedures need to be pro!'
erly tailored to the anelyte end the biological matrix t(,
be analyzed. including sam?le preparation, extraction,
and quantitative measurements. It is essential to vali
date ilny new OlppJicalion appropriately by assessing
its accurilcy and precision. Method validation is espe
cially irnportant with the chromatographic methods
such as HPLC. 5ince bas:cally these methods accent
st'p,jratjul\~ r<l:hN Ih.1l1 identification of compounds.
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For this reason. it is essential to ensure not only iden
tity of these compounds but just as important, their
purity.

18.5 STUDY QUESTIONS

1. What factors should be considered in selecting the assay
for a particular vitamin?

2. To be quantitated by most methods, vitamins must be
extracted from foods. What treatments are commonly
used to extract the vitamins? For one fat-soluble vitamin
and one water-soluble vitamin, give an appropriate ex
traction procedure.

3. What two vitamins must be listed on the standard nutri
tionallabel? What vitamins were listed on the old version
of the nutritional label but are no longer required on the
current standard nutritional label? (See Chapter 3.)

4. The standard by which all chemical methods to measure
Vitamin 0 content are compared is a bioassay method.
Describe this bioassay method.

5. Explain why it is possible to use microorganisms to quan
titate a partieuJar vitamin in a food product, and describe
such a procedure.

6. Niacin and folate both can be quantitated by microbiolog
ical methods. What extra procedures and precautions are
necessary in the folate assay compared to the niacin assay,
and why?

7. There are two commonly used AOAC methods to mea
sure the Vitamin C content of foods. Identify these two
methods; then compare and contrast them with regard to
the principles involved.

8. During processing and storage of foods, t-ascorbic acid
can be oxidized to t-dehydroascorbic acid: Using the 2, 6
dichloroindophenol titrimetric for Vitamin C, how could
you quantitate total Vitamin C and each form individu
ally?

9. What are the advantages and disadvantages of using
HPLC for vitamin analysis?

18.6 PRACTICE PROBLEMS

Calculate the concentration of vitamin in the original sample
for each of the vitamin and assay conditions described below.

1. Niacin, microbiological assay
• Sample weight: 0.1120 g
• Dilutions: 1:100 and 0.1:500
• Niacin concentration in sample: 0.86I-lg/m1

2. Vitamin C, dkhloroindophenol method
• Sample weight: 100 g, diluted to 500 ml with extracting

solution
• Amount of sample filtrate titrated: 2Sml
• Amount of dye used in titration: 9.1 ml
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• Ascorbic acid concentration in dye: 0.175 mg/ml
3. Thiamin, f1uorometric method

• Sample weight: 2.0050 g
• Dilutions: Dilute to 100 ml, take 25 ml for chromatog

raphy, then dilute eluate to 25 ml and use 5 ml for flu
orometry

• Standard concentration: O.ll-lg/ml
• Fluorometry reading ratio: 0.850

4. Riboflavin, fluorometric method
• 5J.mple weight: 1.0050 g
• Dilutions: to 5(J mJ;use 10 mJ for fluorometry
• Fluorometry readings: Aoo/B$S/C1Q

• Riboflavin concentration; O.ll-lg/ml

Answers

1. ".3 mg/g; 2. 0.32 mg/g; 3.0.8479 mgtg; 4. 0.9950 mg/g
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19.1 INTRODUCTION

19.1.1 Importance of Color and Food auality

Color is one of the most important quality attributes of
foods. The first impression of the quality and accept
ability of a particular food is [udged upon its app~ar

ance, Therefore. the pigments. which are the pnme
contributors to coloration. are important quality con
stituents to analyze in foods.

Measurement of both natural and synthetic pig
ments in foods is an analytical challenge to food chem
ists. The diversity of naturally occurring pigments.
their derivatives. and the formation of degradation
components that contribute to the color of foods com
plicate both qualitative and quantitative measure
ments. Furthermore. compartmentalization of natural
pigments within foods and interactions that may occuro ,
between pigments and other food components. espe-
cially during thermal processing. may lead to diffi~l

ties in Liberating or extracting the pigments for analysts.
Despite these obstacles, a number of excellent meth?ds
have been developed specifically for the extraction.
separation, and measurement of pigments in foods.
This chapter summarizes some of the current methods
used for this analysis with applications aimed toward
methodology appropriate for use in a food analysis
course.

19.1.2 Presence and Distribution of Pigments
in Foods

, Basically, there are five major classes of naturally
occurring pigments in foods. Specifically, four pigment
classes are distributed throughout the plant kingdom
and the fifth in animal tissues. The lipid-soluble
chlorophylls and carotenoids and the water-solubl.e
anthocyanins and betaJains are found in plants. In aru
mal tissues, meat color is due to a heme protein, myo
globin. In some fish tissue, such as salmon .and n:out
and in crustaceans, the orange-red coloration anses
because of the presence of carotenoid pigments. How
ever. carotenoid pigments found in the animal king
dom are not biosynthesized but derived from plant
sources.

19.1.3 Basic Principles in Handling and
Storage of Pigments

It is well known that naturally occurring pigments and
svnthetic dyes can be sensitive to oxygen, heat, light,
~etal ions, and catalysts that enhance the rate of oxida
tive and reductive reactions. Therefore, care should
alwavs be taken to minimize these reactions during
extraction, handling. and storage of pigments. Plant tis-
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sue pigments can be extracted fresh from the raw state;
however, some losses may occur because of enzymatic
activity. Plant pigments may be extracted from the
frozen tissue; however, prior to freezing, the tissue
samples should be blanched to inactivate the native en
zymes that can decompose the pigments. Once ex
tracted, the analyst should ensure that contaminant
free glassware always is used and pigment extracts are
stored under a nitrogen headspace.

Extracts under nitrogen should be stored under
reduced temperature conditions in amber glass vials or
clear glass vials wrapped in aluminum foil to prevent
exposure to light. Aqueous extracts preferably should
not be frozen since freeze concentration can enhance
pigment-pigment interactions. However. the storage
stabilities of some pigments are enhanced at frozen
temperatures, and standard control solutions should
be checked regularly for the extent of degradation.
Optimally, freshly prepared extracts should be ana
lyzed immediately to minimize chemical alterations
and pigment decomposition.

If a quantitative measurement of the pigments is
required, all tissues should be subjected to a moisture
content analysis. This will provide quantitative data on
pigments on both a wet-weight and dry-weight basis.
Since the moisture content of tissues may differ from
sample to sample and changes during processing, it
may be necessary to monitor the changes in solids con
tent to determine if losses in pigment COntent have
occurred.

In the following sections, the chemical properties
and tedutiques involved in the analysis of specific food
pigments are discussed. All the methods covered
involve spectrophotometric measurements, and there
fore, the reader is advised to refer to Chapter 25 on
Basic Principles of Spectroscopy and Chapter 26 for a
thorough review of ultraviolet and visible spec
troscopy. The reader also is referred to Chapter 32 on
high performance liquid chromatography and to
Chapter 37 on color analysis.

19.2 CHLOROPHYLLS

In higher plants, the chlorophylIs, both a and b, are
found ubiquitously throughout photosynthetic tissues.
In vegetable tissues, a number of different chlorophyll
derivatives can be present, especially after thermal
processing, that contribute to the overall color of veg
etable products. The structures of the chlorophylls and
their derivatives found in food products are depicted
in Fig. 19-1.

Several analytical methods have been developed
for the analysis of chlorophylls in foods. Many of these
methods have been compiled in a review by Schwartz
and lorenzo (1). Early spectrophotometric methods
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allowed for the determination of chlorophylls by mea
suring absorbance at the absorption maxima of the
two chlorophylls. These methods are suitable only for
fresh plant materials in which no pheophytin degrada
tion components are present. This is the basis for the
AOAC International spectrophotometric procedure (2)
(Method 942.04), which provides results for total
chlorophyll, chlorophyll a, and chlorophyll b content.
Vernon (3) developed a quantitative spectrophotomet
ric method for the analysis of both ch1orophylls Q and b
as well as pheophytin Q and b.The method utilizes spe
cific absorptivities of the four components to derive
a set of equations to calculate the quantities of each
individual pigment in 80% acetone solutions. The
method generally is applicable to vegetable tissue in
which only chlorophyll and pheophyrin derivatives
are present. Highperformance liquid chromatography
(HPLC) methods are preferred when other chlorophyll
components such as chlorophyllides. pheophorbides,
and pyropheophytins are expected.

Acetone extracts generally are used for quantita
tive extraction of chJorophylls from plant tissue. TIssue
samp Jes usually are blended in acetone 1."1 the presence
of a small quantitv of CaCO,. The CaCO, base neutral
izes any acids that :nay be liberated from the tissue and
Fw·.·rnts be Iorrnarion of pheophytins during extrac
tion. Since water always is present in the tissue cells. <:

final concentration of 20% water and 80% acetone is
often used, and therefore, drying of the sample is not
n<essary. Furthermore, specific absorption coeffi
cients and molar absorptivity values are widely pub
lished for 80% acetone solutions. allo..... ing for simple
concentration calculations of pure pigment extracts.
Acetone extracts of pigments also are generally corn
patibJe with reversed phase HPLC methods, which usc
some water in the mobile phase. Alternatively, chloro
phyll pigments can be easily transferred to other
organic solvents. such as diethyl ether. by repeated

washings of.the acetone-ether mixture with water in a
separatory funnel.

A simple reversed-phase HPLC method for the
analysis of chlorophylls and their derivatives in fresh
and processed plant tissues has been described by
Schwartz et al, (4). The method is applicable to deter
mine chemical alterations in chlorophyll composition'
during the processing of foods and can separate and
quantitate-the major chlorophyll derivatives including
the pheophytins and pyropneophynns, The method
involves a gradient elution technique that can be elim
inated if chIorophyllides and pheophorbides are not
present or found in small quantities (5). Typical HPLC
chromatograms of fresh, blanched. frozen, and canned
spinach are shown in Fig. 19-2. An advanrage of
the method is that chromatograms are monitored at
654 run, which selectively screens for chlorophyll
components while the yellow-colored. carotenoids are
excluded. More sophisticated methods have been pub
lished for the separation of the water-soluble chioro
phyll components (6,7), as well as for the measurement
of both chlorophyll and carotenoids in plnnt tissue (5)
and in oil (9). Identification of the purified chlorophyll
pigments present in extracts can be perforrr.ed by com
parison 01 t: lrraviolet-visible (LN-Vis) ~:"'ctr~l and
coelurion with authentic standards. Mass spcctrcrnctrv
(see Chapter 29) also has been used to confi~m the ide~
tily of individual chlorophylls (10,11).

19.3 CAROTENOIDS

TI1e carotenoid pigments consist of two major classes:
the hydrocarbon carotenes and the oxygenated xan
thophylls. ~ot only do th .... carotenoids provide yellow
to red colorcucn in foods, but some also serve <IS pre
cursors to \'::~:r.m A. For this reason many analvtical
mcthocs Fer co:lrotenoids are <limed a; measurement of
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the provitamin A carotenoids for determination of
their nutritional value. In addition to overSOO naturally

, occurring carotenoids, 13-carotene, ~-apo-8' -carotenal,
canthaxanthin, astaxanthin, and othercarotenoids have
been synthesized and used as feed ingredients (i.e.,
poultry and salmon) as well as to enhance the appear
ance o( a variety of manufactured food products, Some
of these lipid-soluble carotenoids also are available in
water-dispersible forms for use in beverage products.
The carotenoids present in annatto, marigold, saffron,
tumeric, and paprika, to mention a few, also are used to
color foods. The structures of some prominent caret
enoids are shown in Fig. 19-3 as examples.

The complex nature and diversity of carotenoid
compounds present in plant foods necessitates chro
matographic separation. The AOAC Method 941.15 (2)
recommends extraction with acetone-hexane, filtra
tion, and removal of the acetone by repeated washings
with water. Hexane extracts then are applied to a MgOz
(actin ted) diatomaceous earth column and eluted with
a mixture of acetone and hexanes. Because most
carotenoid extracts consist of a mixture of nonpolar
carotenes and more polar xan thophy115, a carotene frac
tion elutes early from the column in a chromatographic
elution. As the acetone concentration is increased, the
more polar xanthophylls elute separately as the mono
hydroxy and dihydroxy pigments. Alternatively. total

xanthophylls can be eluted and isolated by addition of
methanol to the eluting solvent. After dilution to \,01·

ume, the concentrations of carotenes and xanthophylls
are measured by absorbance readings based on stan
dard solutions. The major concern about using the
AOAC procedure (Method 941.15) is its failure to dis
tinguish between coeluting carotenes: no separation
occurs between a- and p-carotene as well as other
hydrocarbon carotenoids. The method also calculates
all carotenes as t3-earotene, which possesses the highest
provitamin A activity of all the carotenes. Thus, ii the
provitaminA activity is to be determined. the results for
Vitamin A content can be severely overestimated.

Extraction procedures for quantitative removal of
carotenoids from plant tissues involve the use of or
ganic solvents that must penetrate through a hydro
philic matrix. Polar solvents such as acetone and tetra
hydrofuran can be used for this purpose (12). More
polar solvents are best for extraction of xanthophylls.
while mixtures of hexane-acetone have been success
ful for extraction of total carotenoids. Recommended
procedures involve first blending the tissue with water,
followed by precipitation of carbohydrates and pro
teins with methanol-ethanol, which also serves to
dehydrate the tissue. This allows for easy penetration
and subsequent extraction of tissue with organic sol
vents. Homogenization of the tissue in the presence of
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matographic separation of.carotenoids, saponification
will rapidly degrade the chlorophyll constituents.
Either hot or cold saporWication procedures can be per
formed, generally with 400/0 methanolic KOH. How
ever, controversy exists regarding whether or not
xanthophylls and xanthophyll esters are completely
hydrolyzed or partially lost during this procedure. FlU'
thermore, heat treatments may cause isomerization
reactions to occur, converting the all-trans from of the
carotenoid to is cis geometrical configurations. Uat all
possible, saponiJication procedures should be avoided
to alleviate the extra handling step and the possibility
of pigment losses and artifact formation.

Numerous HPLC methods have been developed
and optimized for the analysis of carotenoids in foods.
Often the procedures are designed for the separation of
specific carotenoids present in a particular fruit, veg
etable, or food product (14).Both normal-and reversed
phase methods have been used for carotenoid analyses;
however, reversed-phase methods have predominated.
Commercially available C-18 columns have been popu
lar, using both gradient and isocratic elution proce
dures. Nonaqueous mobile phases have been used suc
cessfully in conjunction with reversed-phase columns
for the analysis of provitamin A carotenoids. Typical
solvents employed include mixtures of methanol and
acetonitrile containing ethyl acetate, chloroform, or
tetrahvdrofuran. .

~tection wavelengths for monitoring carotenoids
range from approximately 430 to 480 nm. The higher
wavelengths usually are used for some xanthophylis es
well as to prevent detection from interfering chlcro
phylls. Since the absorption maximum of~-carotenein
hexane is 453 001, many methods have detected the
carotenoids near this region. When fixed waveler.cth
detectors are available, 436 or 440 nm is popular b:Jt
less sensitive. Detection sensitivity can be optimized
by monitoring eluents at the absorption maxima of the
carotenoid in question.

Often the identity of a particular carotenoid is
found by coelution with a standard. It also is advisable
to compare UV-Vis spectra of unknowns .....-ith authen
tic compounds. Standards can be purified on thin layer
chromatography (TIC) plates using absorbants such ~s

Mg02, Ca(OHh. and diatomaceous earth. Many caret
enoids exhibit spectral shifts upon reactions with vari
ous reagents, and these spectral changes are useful to
assist in identification. Freshly prepared purified stan
dards arc recommended for instrument calibration
since many carotenoids are labile and subject to
decomposition. Further. the identity of the carotenoid
can be confirmed by mass spectr~1 and NMR data.
However, this still excludes the determination of the
$tru~tur3l configuration of optical isomers, which
requ~rcs ~uch more detailed analyses.

~\ tYf'lcalchromatogram of the carotenoids present

011

o
I!

Lycopene

fJ-Cryptoxanlhin

I

~Ap0-8'-carOI8nal

Structures of prominent carotenoids.

HO

HO

the extracting solvents is preferred to denature pro
teins that may bind carotenoids and for complete
quantitative extractions.

For samples high in fats and oils, saponification
may be necessary to remove the lipids (J3). Also. if
chlorophylls are present and interfere with the chro-
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Reversed phase HPlC separation of a-carotene (AC) and ~<arotene (BC)isomers in (a) fresh and (b) canned car
rots using a 5 um C30stationary phase. Peak 1 = 13-cis AC; 2 = wtidentified cis AC; 3 = 13'-cisAC; ~= 15-C:$ BC;3 =
unidentified cisAC; 6 = 13<isBC;7 = all-trans AC; 8 = 9-cisAC; 9 = all-trans BC;10 = 9<1,. BC. (Reprinted with Fer
mission from (15). Copyright 1997 American Chemical Society.)

in a carrot extract is shown in Fig. 19-4A. The HPLC .
conditions used for the analysis are designed for the
separation of provitamin A carotenoids (i.e., a, ~, b
carotenes and cryptoxanthin). Most fruits and vegeta
bles that possess provitamin A activity contain signifi
cant quantities of the mentioned carotenoids; however,
the provitamin A activity varies considerably (16).
Other methods are more appropriately designed for
the analysis of the more polar xanthophylls. Toresolve

and separate the xanthophylls, more polar solvent sys
tems are often used. However, it is possible to resolve a
complex mixture ofxanthophylls in the presence of the
tess polar carotenes by using a selective solvent mix
ture or eluting the carotenoids with a gradient (ti).
Recently,a new C~30stationary phase column has been
specifically engineered for the analysis of pigments in
plant tissues and is widely applicable toward the mea
surement of both polar and nonpolar carotenoids
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OS,IS}, as well as cis-trans isomers. A t:'pical separa
tion is shown in Fig. 19-4B for a canned carrot sample.
Further chaHenges are present and commonly encoun
tered in fruits when carotenoid esters must be sepa
rated for analysis.

19.4 ANTHOCYANINS

The anthocyanins are important pigments responsible
for the red, blue, and purple colors of some flowers,
fruits, vegetables, juices, wines, and jams. Many differ
ent anthocyanins are found in commonly consumed
plant products. A unique aspect of most anthocyanins
is their ability to reversibly change color as a function
of pH. The basic structure of the anthocyanins and the
structural transformations that occur with pH changes
are illustrated in Fig. 19-5.

The water solubility of anthocyanins provides for
their relative ease of extraction from plant tissues. TlIII
berlake and Bridle {20} have compiled an extensive list
of anthocyanins found in commonly consumed plants.
Many of these pigments are glycosides, commonly glu
cosylated, but other sugar moieties may be present
along with a variety of esters. Methanol or ethanol con
taining 1% or less HCI is best for extraction of finely
ground tissue. Lower concentrations of HCl (0.01
O.05%)may be necessary to prevent hydrolysis if antho
cyanin glycosides are present.

Measurements of anthoeyanins present in extracts,
juices, or wines have been explained by Wro~stad et al.
(19) and can be estimated by determi..:1':"'"'Ig the ab
sorbance of z: diluted sample at pE 1.0 at the w ave
length maximum (510-540 run). The samples must be
centrifuged if they are not clear. Concentrations can be
estimated by using an appropriate known absorptivity
value for a pure pigment solution. Selection of the
absorptivity value is based upon the predominant
anthocyanin present in the plant material and the
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extracting solvent used. Interferences are subtracted
out by using a pH differential method. Both pH 1.0 and
pH 4.5 buffers are used to dilute the extracts. At pH 45,
the anthocyaniAs are colorless and thus absorbance
measurements attn'buted to only the anthocyaniN are
obtained by the difference. If any haze is apparent in
the solutions, this can be corrected by absorbance read
ings at 700 nm as foUows:

Absorbance of anthocyanins '"
(Ai.Dwt; pH 1.0 -A700 nm pH 1.0)

- (AAmu pH 4.5 - A 700 nznPH 4.5) [1]

Absorbance measurements for anthocyanin con
tent provide estimates for total quantity; however, this
determination does not account for the complexity and
identity of the various anthocyanin pigments that are
present in plant tissues. Early chromatographic meth
ods utilized both paper and column chromatography
to separate the various components. Paper chromatog
raphy is still popular for isolation and characterization
in which milligram quantities of pigments are needed.
Many modem HPLC methods now are available for
this analysis. The water solubility of anthocyanins
makes this class of compounds ideal for reversed
phase methods employing C-18 columns. Solvent sys
tems usually consist of a mixture of water; acetic,
formic, or phosphoric acids; and either methanol or
acetonitrile. Characterization of the anthocyanins has
been enhanced with the use of photodiode array detec
tors for which full UV-Vis spectral information CUI be
obtained as the compounds elute from the column (:'1)
and applied toward the analysis of fruit and juice sam
pies (22). More recently, the interest in characterizing
these compounds has been renewed, because of the
potential of these pigments to exhibit antioxidant ..ctiv
ity. Thus, more detailed structural characterization
have been performed using HPLC, gas chromarogra-
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19.5 BETALAINS

Structures of betalains in red beets. (Reprinted
from (25). P: 65, by courtesy of Marcel Dekker,
Inc.]

phy (GC), nudear magnetic resonance (~tR)# and
mass spectrometry (MS) (23, 2-1).

[21

[31

HI

x==a-.:

y == b -:; - x/(AS38/ tl~;"6)

z == C - x/(ASJs / A6QO)

where;

at 535-540 nm and 476-478 nrn, respectively. Second,
betanin absorbs light at the absorption maximum of
vulgaxanthln, however, vulgaxanthin does not inter
fere at the maximum absorption of betanin. Therefore,
the ratios of the absorbances at 538 run and 436 nm
with a correction for impurities lead to a set of equa
tions for the determination of the pigments. The equa
tions Nilsson (26) developed were:

a == the light absorbance values of the extract at
538nm

b =the light absorbance values of the extr3't at
476nm

c =the light absorbance values of the extract at
600nm

x == the calculated absorbance contributions for
betanin

y = the calculated absorbance contribution tor
vulgaxanthin

z == the calculated absorbance contribution ior
impurities

Using the known one percent solution (El · . ) absorpnv
ity values of 1,120 for betanin and 750 for vulgaxanthin,
the concentrations of each can be calculated..Alterna
tively, a nonlinear curve-fitting procedure can be used
to determine individual pigment contents from the
mixture (27).

Because of the coexistence of the light-absorbing
pigments present in extracts, chromatographic proce
dures have been developed to separate and analyze the
individual components. The.charged pigments can be
separated by electrophoresis, but they are more rapidly
resolved and analyzed by HPlC. Individual beta
cyanins can be separated on reversed-phase columns
by using an ion-pairing or ion-suppression technique
(28,29). These methods enhance resolution by mini
mizing complete ionization of the carboxylic acid
groups present on the pigment structure. This allows
for greater interaction of the molecule with the HPLC
stationary phase and better separation of the ionic pig
ments, as shown in fig. 19-7.

Myoglobins, responsible for the color of meats, usually
are determined by reflectance spectrophotometry of
the meat surface (30,31). These consist of three fomlS
metmyoglobin, oxymyoglobin, and deoxymyoglo
bin. The oxidative state of the iron located within the

19.6 MYOGLOBINS
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The betalain pigments are not widely distributed
throughout the plant kingdom. The purple red beet
root contains a high concentration of betalain pig
ments, which consist of the predominant purple-red
betacyanins and lower concentration of the yellow
betaxanthins. Figure 19-6 shows the structures of these
compounds.

Betalain pigments are ionic, exhibit high water sol
ubilities, and are therefore extracted readdy from plant
tissues with water (25). Initial homogenates are pre
pared by blending tissue (-100 g) with EtOH;HzO
(50:50,100 ml). The ethanol is present to precipitate car
bohydrate polyiners and proteins and lessen any enzy
matic reactions that might cause degradation of the
pigments. Blended tissues are filtered with celite or fil
ter aid and then are quantitatively washed with water
until completely extracted.

The fact that the betalains consist of both the yel
low betaxanthins and the red betacyanins precludes
the use of direct spectophotometric measurements of
either species. However, quantitative measurements
can be performed prior to separation by accounting for
the absorbances of each pigment as well as some impu
rities (26). The method is based on the fact that betanin
and vulgaxanthin, the major betacyanin and betaxan
thin, have maximum absorbance wavelength regions
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porphyrin structure dictates whether the"color is red.
(oxymyoglobin, Fe2+) or brown (metmyoglobin, Fe3+).
Oeoxymyoglobin (Fe2+)is purplish red in color but can
be oxidized. to the undesirable brown mebnyoglobin.
The chemistry of myoglobin systems has been re
viewed by Faustman and Cassens (32).

The pigments present in meat also can be extracted
and measured (33). Extraction is carried out by using
phosphate buffer, pH 6,8, at an ionic strength of 0,04.
The absorbance of the extract is due to a multicornpo
nent system consisting of oxidized, oxygenated, and
reduced pigment forms. Bymeasu...ing the absorbances
at sn, 565, 5-15, and 525 nm, the concentration of each
pigment species can be calculated using derived e-qua
tions (34),

HPLC chromatogram of betacyanin pigments.
A :: betanin, B:: isobetanin, C :: betanidln, D =
isobetanidin. [Reprinted from (25), p. 67, by
courtesy of MarcelDekker, Inc.]
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tions about the safety of these. dyes have been raised,
but most concemshave been addressed in recent years
by thorough studies conducted by the certified color
manufacturers. The trivial names and FD&C numbers
of these compounds are shown in Table 19--1.

Extraction of synthetic colorants from foods usu
ally is not a difficult process for qualitative measure
ments. However, for quantitative measurements, com
plete removal of the colorants could be problematic
because of an affinity of the dyes to bind' to protein,
Acidic solutions or various buffers may be used to
extract the dyes. If acid dyes are present, ammonical
alcohol is suitable as an extracting solvent. In the AOAC
Method 930.38 (2) procedure, a liquid anion-exchange
resin is employed to trap and purify the pigments from
other food components. Digestion of the proteins and
lipids with papain and lipase also has been proposed,
but recoveries may not be completely quantitative.

Once extracted, identification and quantification of
the pigment is obtained by measuring the IN-VIS spec
trum. If more than one pigment is present, it is possible
to derive a set of equations for the determination of the
individual components. However, modem HPLe
methods have been developed to rapidly separate and
identify the dyes by coelution and comparison of spec
tra to readily available authentic standards. Most suc
cessful methods utilize an ion pairing technique tha t
forms reversible ion pairs with the dye moleci..ile
anions (37). The ion pairs then are resolved on a ColE
reversed-phase column using polar eluent mixtures oi
water, methanol, and acid (38),

15J IG
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19.7 SYNTHETIC FOOD DYES 19.8 SUMMARY

There are seven synthetic food eyes approved fc:~ me
in the L'nited States under the Feed, Drub' ar-;;:: Cos
metic (FD&C) Act of 1938, amended by the 1968 Color
Additive Amendment (35). These dyes gcncra~!y are
much more stable to heat treatments, pH changes, and
extended storage conditions relative to the natur..J col
orants (36). For these reasons, they are used in small
quantities in a variety of food products. Some ques-

Certified Food Coloronts

FD&C Color

FD&C Ree No. ~O

FD&C BlueNo.1
FD&C 9h..e NO.2
FD&C Green No.3
FD&C Yellow NO.5
FD&C Yellow No.6
FD&C Red No.3

Common,\';;~e

Alh..:ra Re:
6nl;:anl :;.Le
Indigc'::1':'
Fast Gr,:':~

TarlraZl:'".e
S~nsel "i'i,e''''
Er~:nrcSlrc

This chapter has attempted to summarize SOr:1e of the
current methods for pigment analysis applicable to ::
food analysis course, Basic principles of extracting,
handling, and storing pigments are emphasized since
many naturally occurring pigments are relatively labile
and susceptible to degradation. Ln addition, s?cc::;;
procedures for the analysis of plant and animal F'::;
ments including the chlorophylls, carotenoids, anrhc
cyanins, betalains, and myoglobins are provided. i'~ci.";

lively little information on the analysis of synthc:.c
dyes present in food products has been published.
However, a brief section on the measurement of fD&C
dyes is included for the reader's reference.

Although the advent of HPlC techniques with
photodiode array detectors has markedly improved
tnt.:' il:lJIYSI'S ilbiJit:, to detect and quantitate food pig
merits. ffi:lny complex onalytical challenges exist, Fur
ther understJndins of the biological state, chemistry,
and ;nlNnctions of piqrnents in food systems will be
necessary to enhance our capabilities in extraction,
separation, and detcclion techniques. In addition,
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advances in instrumentation and rapid detection
methods will improve and provide the food chem.ist
with additional tools for rapid measurements of pIg
merits and colorants in food products.

19.9 STUDY QUESTIONS

1. Given that chlorophyll and carotenoid pi~ments are both
lipid soluble. what chromatographic assays (i.e., station
ary phase and solvent composition) could be considered
for their measurement in sample extracts? Consider spe
cific procedures that measure for both c!;\SSCS of com
pounds in a single analysis.

2. Describe appropriate extraction methods for the lipid-sol
uble (chlorophylls, carotenoids) and water-soluble
(anthocyanins, betalains, and FD&C dyes) pigments. For
the water-soluble myoglobins, what changes in extraction
procedures would be required?

3. Explain the limitations of the AOAC procedure for analy
sis. of carotenoids in comparison to HPLC techniques.
How do these limitations influence provitamin A mea
surements?

4. In high-fat-containing foods, lipids may interfere with the
analysis of lipophilic: pigments. Discuss what procedures
can be used to minimize the interference.

.5. Discuss why pH is an important factor when trying to
analyze and separate anthocyanin pigments present in
fruit juice extracts.

6. ID&C Red No. ..w is an example of a synthetic food dye.
(a) What does FD&C stand for? (b) How do synthetic dyes
differ in their properties from natural colorants? (c) What
chromatographic method is most commonly used to sep
arate and quantitate synthetic and natural colorants?

7. Describe the techniques used to measure the quantity of a
single pigment present in an extract containing a mixture
of pigments. Consider procedures that do and do not
require chromatographic separation steps.

3. In the analysis of lipid-soluble carotenoid pigments in
plant foods. why are polar solvents such as methanol and
ethanol used within the extraction procedure?
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20.1 PESTICIDE RESIDUES

20.1.1 Introduction

20.1.1.1 Regulations Governing Pesticides
Residues in Foods

Pesticides continue to be used, on a large scale, to mit
igate or limit the economic losses associated with
decreases in crop yields (or quality) that are caused by
noxious insects, fungi. weeds, or other pests. When
applied improperly, residues of some of these pesti
cides can remain on foods and, as such, can pose a
significant hazard to human health. Thus, in most
countries, the sale, distribution, and ultimately the ap
plication and end use of these chemical and biological
poisons are strictly controlled by law (1). To be offered
for sale/distribution within the United States, a candi
date control agent must be registered with the Envi
ronmental Protection Agency (EPA) (2). Other coun
tries have adopted analogous procedures. The process
of registration is an administrative procedure in which
the agency reviews a detailed compilation of the chem
ical, biochemical, and environmental fate/behavior of
the active agent and also extensively reviews the toxi
cology of the pesticide to both target and nontarget
organisms. Included in this data package must be ana
lytical methods for the determination of the terminal
residues of the active ingredient on each crop that
might be treated with the pesticide (and for more
recent registrations, a requirement for information
about the behavior of the active ingredient in standard

. multiresidue analytical methods also has been in
cluded). Thus, the process of registration involves an
application to use the biological or chemical control
agent at specified levels on specific crops.

The agency is charged with balancing the risks and
benefits associated with the proposed use(s) of the can
didate pesticide and to assure itself that neither hu
mans nor the environment will be placed at undue risk.
Registration status can be reviewed, altered, or re
voked based on new toxicological, environmental, or
residue data. In the latter case, the agency would issue
a Rebuttable Presumption Against Registration
(RPAR), which would be printed in the Federal Regis
ter and would outline the agency's reasons for the pro
posed revocation-alteration of registration and would
provide interested parties a set time to respond and
rebut the agency's arguments.

Based on the intended use of the candidate pesti
cide, EPA establishes a tolerance level, a legal limit of
pesticide residue at harvest (which will include the
active ingredient as well as toxic metabolites, and trans
formation products). Conventionally, tolerance levels
are expressed in units of concentration and are in the

range of low to sub mg/ kg of fresh weight of edible pro
duce [hence the term ppm, part per million (partsl].
These tolerances must be established prior to regis
tration. Crop-speciiic tolerances cannot be legally ex
ceeded, and residues are legally prohibited in or on
food CTOpS for which a tolerance has not been estab
lished. If experiments demonstrate that processing the
raw agricultural commodity will concentrate residues
of the control agent, a separate tolerance for processed
products is issued.

Generic names (common names) for the active
ingredients of products offered for sale have been
developed by pesticide science societies so as to avoid
reference to either their trade names or different for
mulations (which may be sold by different companies)
containing the same active ingredient. Wherever possi
ble, the International Union of Pure and Applied
Chemistry (fiJPAC) common name is used when more
than one exists (which is frequently the case).

20.1.1.2 The Enforcement o/Tolerances

Whereas registration in the United States is the prerog
ative of EPA, the responsibility for enforcing the toler
ance limits is the responsibUity of the Food and Drug
Administration (FDA) which oversees all foods and
feeds moving within interstate commerce, with the
exception of meat and poultry products, which are the
responsibility of the United States Department of
Agriculture (USDA) (3). Included within this mandate
are foods that have been imported into the United
States. (See also Chapter 2.)

20.1.1.3 Changing Pesticide Usage Patterns

The vast majority of pesticides in current use are syn
thetic organic chemicals that are foreign to the environ
ment (hence the term xenobiotic). This usage pattern
can be expected to change slowly with time as accepted
agricultural practice evolves from a chemical based to a
combination of chemical and biological control prac
tices, For example, the annual Western world market
for microbial pesticides is anticipated to increase some
200-fold, to 58 billion, by the millennium (4). It also can
be anticipated that the market share will continue to
shift in favor of control agents that are less persistent,
more selective in their biochemical mode of action, or
can be used efficaciously at lower rates of application.
In addition, integrated pest management (IMP) will
become more efficient and more widely practiced. As
the name implies, IMP is an approach to pest control
that utilizes regular monitoring to determine if and
when treatments are needed. IMP employs physical,
mechanical, cultural, and biological tactics to maintain
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pest numbe:sl"owenough to reduce economic losses to
an acceptal1le level .

Pesticides are not bioddes but rather are selectively
toxic to tuget organisms. These chemical controlagents
have the ability to Hied:ively disrupt specific biological
processes. It is this high degreeof selectivity tha t makes
them useful asagrochemicals. Given the vast array of
crop pathogens, crop predators, and other plants
(weeds) that compete with the aop plants for limited
nutrients, it is not swprising that no one control agent
can protect even a single aop from all predators. Since
these control agents selectively interfere with different
biochemical processes, it is not swprising that they
have different chemical structures and therefore very
diHerent physical and chemical properties.

Currently there are some 316 different pesticides
(active ingredients) for which a crop specific maximum
level of tolerable residue at harvest has been estab
lished (5). In addition, there are other pesticides: {I}
with a pending or temporary tolerance; (2) for which
no tolerance has been established, that have had a for
mer registration status revoked, and that can be used in
food production in other countries: or (3) for which
metabolites, transformation products, or toxic impuri
ties can be formed during the manufacture of the active
ingredient. Table 20-1 provides a rough estimate of the
numbers of chemical control agents within these dif
ferent classes that collectively exceeds 740 different
chemicals. Regardless of the exact total, it is small rela
tive to the more than 8000 separate crop-specific toler
ances that have been established. Given the large num
ber of different possible residues, the diHerent possible
food types, and the level of advancement of current
pesticide residue monitoring technologies, it is not
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physically possible (or desirable) to test every food
corrunodity"for everypesticide residue.

20.1.1.4 Are Foods Safe?

Public concern tor pesticide residues in foods has
increased dramatically in the last decade (6). increas
ingly articulated fears concerning food chemical safety
have placed added pressures on government regula
tory and monitoring agencies as well as on producers
and processors to demonstrate that foods offered for
sale are free from toxic chemical contaminants. These
concerns are heightened by the possible deleterious
health effect{s) of pesticide residues in the diet and a
lack of information on the effect {if any} of continued
exposure to combinations of pesticide residues. Finally,
there is a sense that exposure to these residues is
beyond the control of the consumer. The fact that cur
rently it is not physically possible to test all foods for all
possible residues is often interpreted as a lack of proof
of the chemical safety of the food. Frequent surveys of
OUI food supplies indicate, repeatedly, that the major
ity of the samples do not contain any detectable pesti- .
cide residues.. For the years 1987-1995, the FDA has
published (in the Journal of the Association of Official
Analytical Chemists I Joumal of AOAC Intrmationah a
comprehensive annual summary of results of its pesri
cide monitoring programs in foods. Tne three most
recent reports also are available on-line from h: :;:!r:r.:.
cfsanjdD,govl-lrd/pestadd.1ltml While not precipitous.
each year the fraction of the total number of samples
for which no pesticide residues were detected c:)~::';"'.

ues to increase. Samples in violation are typically <i~o

of the total numbers of samples.

fI!D
I tabl. I

Numbers of Pesticides That Are Determined or Identified by the Principal fDA
Multiresidue Methods I

To/al2 lor All
Me/hods in PAM P

Totstin
Type of Pesticide Da/abase Five Methods 4 5 6 7 8

Pesticide wilh:
Tolerance 316 163 68 es t;~ 140 28_:l

Terncorarv or pen~:nG ioterance 7.:. 10 .: 3 ~ 9 4
No EPA tolerance 56 25 li' 21 7 10 0
MetabOlites. impur:tles. etc.9 297 92 2~ 22 31 61 15

'Dataas of May 1988 ((e~e'ence 5)
'Enlries in :~is column are ~::I cumulalr"e t>eca",se more than one metnoo can ce:ec: l~·e same :::eslic'de
"Stanetard mulliresiOue :":",et:'loC!s as oull,nec .'" ;ESI'CJce Analytical Manual (Ii'Olur..e l' r?AAJ r).
~GC melllcO lor relall"e:'1 ~:npOla( (organO::-'';'i:",e ana :lrganoptlospna!l;~) pesllc:ces I:'" ~a:ry tcccs
:GC rnetncc lor relalf"e:'! :"'.::noolar(organX'::',"'·e and orgar'lOpnOSpllale) l:eSllc:ces ,r nc~!a::'! 'oocs.
cGC melncc lor organc;:rcscnate pesllc,::es ~~o ~.e:a:J:;hles.

-GC mel11cO lor polar al'd roenpOlaf pesl,ciccs us,fle a var,elV 01 ClCleCl0'S
!HPLC me!roet lor N-me:r:}1 carcarnares
'Only someor lhese pest.c.ce-retat..d corr.;:.··.:s cccvr In reees 0' arc 01ICllCC'c~ical COnct""\
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We also must not lose sight of the concepts associ
ated with relative risk. It has been estimated that we
consume about 10,000 times more natural than syn
thetic pesticides (7). It seems probable that virtually
every plant food that is available in supennarkets COn
tains natural plant toxins, many of which are probable
carcinogens. It has been suggested that "the carcino
genic hazard from Current levels of pesticide residues
or water pollution is likely to be minimal relative to the
background levels of natural substances" (7).

20.1.2 Contemporary AnalyticalTechnlques
for Pesticide Residues in Foods

20.1.2.1 General Considerations

Given that the objectives of an analysis for residues can
be quite different, the methodological approach must
be matched to the problem. On the one hand, the prob
lem might be to detect suspected residues of a particu
lar active ingredient within a shipment of fresh pro
duce that is known to have been field treated with
the pesticide. Alternately, a considerably more compli
cated problem would be to determine the levels of
residues of any pesticide(s) within that same shipment.
As with all analytical procedures, the results are gener
ated from a small quantity of an extract that actually is
presented to the instrument. The results are of no use
unless they can be used to make predictions about the
levels of pesticide(s) that are present within the rest of
the shipment. This can be done only if two conditions
are met. (1) the analytical sample must be homoge
neous and (2) the sample must be a miniature replica of
the shipment itself. The problem of obtaining a sample
that is truly representative of the levels of trace sub
stances in a heterogeneous matrix is difficult to solve
(see also Chapter 5). The problems associated with
obtaining representative samples for the detennination
of trace contaminants in foods have been reviewed by
Horwitz and Howard (8) and by Kratochvil and Peak
(9). It is highly likely that the residues are unevenly dis
tributed on exposed surfaces. Moreover, the food
matrix itself is highly heterogeneous. For certain com
modities, recommended sampling protocols have been
established by both the AOAC International (10) and
by the FDA (11).

Even when the samples are truly representative of
the shipment, we often fail to recognize or to commu
nicate to our customers that all of our analytical results
are only estimates. The numbers we generate are not
exact; rather they are subject to uncertainties. These
uncertainties can be appreciable (12)-typically, :!:10%
if the analyte is present at the 1-10 mg/kg level and
:::30 to :::60% if that same analyte is present at the 1-10
~lg/kg level. It is not possible routinely to reduce these
uncertainties appreciably.

20.1.2.2 Types of Analytical Methods for
Pesticide Residues

There are several approaches to pesticide residue
analysis. These methodological approaches vary in
their degree of complexity; in the time, effort, and ana.
lyrical instrumentation required to complete them; and
in the degree of confidence that can be placed in the
final results. Procedures m<lY be quantitative multi-or
single-residue methods. or only semiquantitative or
even qualitative. Typically, one would use the least
demanding procedure that will provide a level of con
fidence in the final results sufficient to answer the ques
tions being posed.

20.1.2.2.1 Multiresidue Methods Multiresidue meth
ods (MRl\ifs) come closest to meeting the analytical
needs of monitoring agencies charged with regulatory
roles (13). MfuVls have been designed to detect and
measure a multiplicity of residues in a range of foods.
They are sufficiently precise to provide reliable esti
mates of residue levels for many pesticides at or below
the established tolerance levels. These multistep meth
ods typically contain the steps of sample preparation.
extraction, and cleanup, followed by chromatographic
separation with on-line detection using a highly selec
tive detector and automated quantitation. Of the 10
~£Rlv(s currently used by FDA and USDA, eight are
based on gas chromatography (GC) and the remaining
two on high performance liquid chromatography
(HPLC). The MRM:s that are used currently have
evolved over a period of many years, yet they continue
to be modified, expanded, and optimized. However,
none of these MR!vt procedures can detect all residues
on all crop types. In practice, they represent a compro
mise among the number of residues that can be
detected, the range of food types that can be handled.
and the levels of residues that can be measured. Their
principal advantage resides in the numbers of different
residues that they can detect and determine. A detailed
description of the MRMs currently used by FDA is
available in Volume I of the Pesticide Analytical Man
ual (PAM I) (11). Acopy of this manual can be accessed
electronically in a portable document format (PDF) via
the internet at: http://vm.cfsanjda.gov/-jrf/pami3.html.
AOAC International also has developed an MIUvI for
pesticide residues, AOAC Pesticide Screen (AOAC
Method 970.52).

20.1.2.2.2 Single-Residue Methods In contrast to
MRMs, single-residua methods (SRMs) have been
designed to measure a single analyte and, often. its
p~cipal. met~bolites and transformation products of
tOXlcologlcallmportance. The majority of SRMs have
~een ~eveloped in SUpport of applications for registra
tion (including tolerance setting) or research into the
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metabolism and emrironmental fate of the analyte. The
majority of S&.'-ls ate based on the same sequential
steps as ~lR."ls; however, each step has been optimized
for the analyte(s) of interest. Generally, SRMs are less
time consuming to pedonn and often provide lower
limits of detection than MRMs. However, they do vary
in the level of validation to which they have been sub
jected. Volume II of the Pesticide Analytical Manual
(PAM II) (11) consists solely of SR..\I1s. Included in this
volume are methods that have undergone EPA review
(and possibly EPA laboratory evaluation) as well as
certain methods that have been published in peer
reviewed scientific journals of high quality. In the latter
case, these methods are similar to methods that have
been approved by EPA but have been optimized for
other commodities. In PAM II, those methods that have
received EPA review are listed with roman numerals,
whereas methods that have not been reviewed are let
teredo At the time of writing, only an index of the con
tents of PAM II was available electronically (http://
um·cJsan.fda.gov/-Jr/lpam2.htmf).

20.1.2.2.3 Semiquantitative and Qualitative Methods
Semiquantitative and qualitative methods range
widely in their abilities to-estimate the level of a partic
ular pesticide residue in a sample, In general. they are
capable of detecting a limited number of somewhat
similar pesticide residues. These methods are often
referred to as screening methods in tile sense that they
are capable of assaying a large number of samples for
the presence of a li ..mired nu..nber oi pesticide residues
in a relatively short time. in addition, they are gener
ally robust in character (they are less sensitive to small
changes in the purity of reagents, quantities of re
agents, time factors, reaction temperatares. or environ
mental conditions) and are not limited to a highly con
trolled lab environment. Whereas semiquantitative
methods provide an estimate of the concentration
range for a detected residue, qualitative methods will
detect the pesticide if present above some predeter
mined level. The principal benefits of these methods
are their low cost, relative speed, and simplicity. These
methods make usc of such techniques as thin-layer
chromatography, enzyme inhibition, and immunoas
say.

20.1.3 Quantitative Methods

20.1.3.1 Overview

The basic steps of a quantitative analytical method for
pesticide resid ues include the follov..:ing:

1. Sample preparation-The plant parts are sepa
rated into edible and nonedible fractions Iol-
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lowed by chopping, grinding, or macerating of
the sample.

2. Extrac:tion-Pesticide residues are removed
from most of the sample's other constituents by
solubilizing them in a suitable solvent. nus step
often involves blending the chopped sample
with solvent in a homogenizer, followed by a fil
tration.

3. Cleanup (isolation)-The crude extract is purl.
lied fwther by removing those coextractives
that can interfere in the subsequent determina
tion step(s).

4. Separation-The components of the purified
extract are further separated by a differential
partitioning between a mobile phase (liquid or
gas) and a stationary phase.

5. Detection and quantitation-A physical para
meter of the separated components in the
mobile phase is measured as they pass through
a detector; this signal then is related to the quan
tity of analyte via a quantitation step.

There is a voluminous technical literature on pestidde
residue analyses. Several methods have been used
widely and have undergone extensive testing and val
idation for many different residues and different food
types. There are several manuals (which are updated
periodically) that provide detailed descriptions of the
individual steps of these methods. Included among
these compendia of methods are Pesiicid« Analy:i.:.:!
Manual (Volumes I and D) ell); Analytical Methods /O~

Pesticide Residues in Foods (1-1), published by the Health
Protection Branch, Health and WeUare Canada; and
Analytical Methods for Residues of Pesticides (15), pub
lished by the Government Publishing Office for the
Ministry of Welfare, Health, and Cultural Affairs, of the
Netherlands.

The choice of a method can be simplified SC~1(:·

what by recognizing that the following criteria d:(:;;:(·
which procedurets) will be most efficient: the pmFc~

ties of the food matrix, the properties of the ana] ytets),
and the detectors that are available to the analyst. It is
convenient to group the food types into one of (our
broad categories based on moisture and fat content (1)
high moisture, low fat (fruits and vegetables); (2) high
moisture, high fat (meats); (3) low moisture, low fat
(dried fruits); and (4) low moisture. high fat (COCOi:!

beans). Although not exact, the high-low boundary is
roughly 2% for fat and i3% for water. A detailed com
pilation of the moisture, fat. and sugar contents of a
w ide variery of fresh and processed foods has been
com~i~cd by L~ke and :-'lil:;umoto (16). The polarity,
volatility, chemical reactivit\", and thermal stabilitv of
the analytets) will determin~ the efficiency of recovery
(rom the food matrix. the behavior on cleanup
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columns, the choice of an appropriate analytical col
umn, and the selection of an aniJlytical instrument.

20.1.3.2 Sample Handling

Samples often arrive at the most inopportune times;
often it is not possible to perform an analysis immedi
ately.Sample handling procedures are designed to pre
vent any change of the sample in a way that would
affect either the determination of the concentration of
the analyte(s) or the nature of the analvte(s) (see also
Chapter 5). If samples must be stored, it is essential that
the conditions of storage be chosen so that the sample
(both the analyte(s) and the matrix] deteriorates <:IS lit
tle as possible. As with all biological materials, sample
decomposition usually is retarded by storage in sealed
containers at low temperature. Freezing the samples is
recommended for certain protocols but otherwise
avoided. Often it is preferable to perform part of the
analysis and then to store a partially purified sample
extract rather than store the whole laboratory sample
itself.

20.1.3.3 Sample Preparation

Assuming that a laboratory sample has been provided
that is a miniature replica of the food commodity for
which residue data are required and that a working
method that will provide the information required is
available, the laboratory sample is prepared for analy
sis. The sample, as received, is divided into edible and
nonedible portions; then a composite sample (often 1.5
kg) is prepared. by chopping or grinding, followed by
blending and mixing. A Hobart food chopper is very
suitable for this purpose. Other food matrices can be
handled best with a meat grinder, a hammer mill. or a
larger-capacity food blender. These steps have two
objectives: to reduce the structural features of the sam
ple and facilitate the subsequent extraction, and to pro·
duce a homogeneous composite sample from which
subsamples can be taken. Care should be taken to
avoid contaminating the sample or exposing it to
unnecessary heat, which can cause loss of volatile ana
lyte(s) or accelerate decomposition.

Most pesticides are not systemic. They are not
translocated within plants, nor do they traverse plant
membranes. They can be expected to occur as surface
residues on fresh produce and to be unequally distrib
uted on those surfaces. Without special care, residues
on the outer damaged leaves of leafy greens that typi
cally are not eaten can easily contaminate inner leaves.
Fresh fruits and vegetables as offered for sale are not
washed prior to analysis (this has usually been per
formed by the producer), and only damaged outer
leaves are removed. Pesticide totercnces have been

established for r~w agricultural commodities (RACs).
Thus, the R.-\C 15 analyzed as received. If the outer
skins are not usually consumed (onions, melons or
kiwi fruit), only the outer 2-3 rnrn are removed. Simi
larly, only sterns of grapes and str<:lwberries and the
stems and cores of apples are removed. Although it
would <:Ippear to be somewhat rare, the dl!gradation of
the surface residues of certain pesticides can be accel
erated by the process of maceration with the food
matrix. The degradation of the fungicide chloro
thalonil on peas and captan and folpet on green beans
can be accelerated by maceration. For field crops, when
it is known that there has been no pretreatment. sam
ples can be rubbed lightly to remove soil particles and
other visible adhering contaminants.

20.1.3.4 Extraction

The objective of this stage in the analysis is to recover
as much of the analytes as possible by solubilizing
them. Often, a subsample (250g Or less) of the chopped
or macerated composite sample is blended with a suit
able organic solvent, generally acetonitrile (CH3CN)
or acetone (CH3C(O)CH3) . Anhydrous salt (NaCl or
Na2SQ~) can be added to absorb water, or water can be
intentionally added so that the crude extract can be
purified with a subsequent partitioning step with a sec
ond water-immiscible solvent. The solvent is separated
from insoluble solids by filtration.

A not infrequent problem at this stage of the analy
sis is the formation of an emulsion (a suspension of
one solvent in a second immiscible solvent that masks
the interface between them). Emulsion formation often
can be minimized by adding a salt to the predomi
nantly aqueous phase. Once formed, it can sometimes
be broken down by centrifuging the mixture if feasible,
or by adding a small quantity of saturated salt solution,
a few drops of alcohol, or a commercial antifoaming
agent. Lessdesirably, most emulsions will break down
when left undisturbed for a few hours.

An alternate procedure (17) can be used to some
.what simplify the number of operations. Variations
among different food types can be reduced appreciably
by adding water to the sample to obtain a suspension
that is -70°0 water by weight. For samples that are
>70% water (fruits, vegetables, wines, milk), a 100-g
aliquot is taken. Dry samples (less than 40% water),
I~SO g, are presoaked (up to 2 hr) with sufficient
added water to bring the water content to 100 g. For
matrices that contain appreciable quantities of both
water and fat (butter, animal tissues), sufficient water is
added to the sample (10-30 g) to obtain a total of 100g
of water. Acetonitrile (200 ml) and dichloromethane
(150 ml) or acetone (200 ml) and petroleum ether (150
ml) are added to the water-amended sample together
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with sodium chloride (30 g). Themi'Cture is blended at
high speed for 1-2~.The organic phase is dried oyer
sodium sulfate, reduced in volume to 3-S rnl, diluted
with 5 ml of an appropriate solvent, and reconcen
trated. The dilution-reconcentTation steps are repeated
to ensure the complete removal of those extraction sol
vents that CaJ1 disrupt the operation of the detector. The
resulting concentrate can be used for analysis by gas
chromatography without further purification unless
an electron capture detector is to be used. For fruits and
vegetables (100 g), the coextractives amount to a small
fraction of 1 g. The more widely used procedures for
extraction and cleanup have been reviewed by Walters
(18).

20.1.3.5 Cleanup

20.1.3.5.1 Traditional Methods Often, the crude sam
ple extract is partially purified before the separa
tion/determination steps, The necessity for and the
degree of cleanup required depend, to a large extent,
on the instrumental detector to be used and to a lesser
extent on the type of chromatography in the automated
separation stage of the analysis. In general, it is the
sample cleanup that is the most time-consuming,
labor-intensive, and error-prone step of standard ana
lytical methods. There is no universal cleanup proce
dure; instead, a variety of techniques have been used
successfully. In this stage of the analysis, tile ar.alytes
are separated from coextractives that can :"te~ie~f"\-.:ith
the detection of the analyrets). Often, t.....e prelimir.ary
partitioning step is followed by a preparative ~:-so
matography step. (See Chapter 31 for basic information
on chrcmatography) The crude water-acetone or
w ater-acetorutrile extract is partitioned with a rela
tively nonpolar organic solvent. The organic phase is
dried and reduced in volume. The residues then are
further purified sometimes bv a column chromate
graphic procedure (using either' adsorption or size
exclusion chromatography). Typically, for adsorption
chromatography, a 10-20 cm x 2.5cm column packed
with Florisil, silica gel, or less often alumina is used.
The choice I)f packing material is both analyse and
matrix dependent (Table 20-2). The activity of the
adsorbent must be standardized (heated in an oven
overnight. then deactivated by equilibrating with a
prescribed quantity of water). It is sometimes conve
nient to make selective separations of the residues L."1
the crude extract into groups based on their order oi
elution from the preparative column. 5~p.:"llf frac
tions of column eluate can be ..nalvzed, The beh~\'ior

of more than 200 pesticide residues ·on Flcrisil has :-eo::f'
compiled in PrL'v1 / (ll). Either isocraric fJU::u:'l 0; a
stepped gradient of increasing solvent Fu!.::,it:: can be
used. Preparative size-exclusion cr.rotnJlC':;raphy rep
resents an attractive alternative bC'(.1Ll~~ i: rtpre:-t..':'1::<.:l
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~
stationary Phases Used for the

I PrepcratlVe.chromafographlc Cleanup
tabl. of Pesticide Residues

Florisi" (usually 60-100 mesh)
1. A diatomaceous earth adsorbent tnatls well suited to

the cleanup of nOnpolar pesticides in fatty foods. Effi
ciently (emoves~nterferents when eluted with nonpolar
solvents.

2. Less effective lor the cleanup of more polar pesticides
in fruitsanc!vegetables.

3. Prone to batch-to-batch variations in activity.
4. Can accelerate the oxidation of certain organophoS

phate (OP) esters containing thioether linkages (thiolo
compounds}and can adsorb, irreversibly, certain
other OPs (oxons).

5. (R-S-R) can also be oxidized to sulfones (RwS{O)-R)
and to sultones (R·S(O)(O)-Rl and strongly retained by
this material.

Silica gel (a highly gelatinous lorm of siliea)
1. Useful for the isolation 01 more polar pesticides anc

for the partial cleanup of nonpolar pesticides
(organochlorines. eCls) from animal fats.

2. Will not adequately separate plant coextractives from
certain pesticides.

Alumina
1. This material tends to be more alkaline and can

decompose certain OPs.
2. Can be substituted for Florisil in the cleanup of faY'

foods.
3. Does not adequately separate plant coextracts frcm

certain pesticides.

Carbon
1. Preferentiallyabsorbs nonpolar 2,:1d high-molecula~

weight pesticides.
2, Etficiently removes chlorophylls but not waxes fro~

vegetable extracts.
3. Pretreatment of this material strongly affects its

adsorption behavior. Flow rates with open tubuiar
columns are difficult to maintain.

Si:z:e.exclusion packings
1. These materials separate :nixtures pflncipa!ly accc-c

ing to size (ret exclusively). High-molecular-weigh:
materials are eluted first.

2. They must be preequilibrated (swollen) with the sc
vent or s:Jlver.l mixture.

3. Losses of analyte residues are minimal (less tnan
10%) and are effective for the separation of animal ~c;t$

and plant waxes fromooncotar pesticides.
4. Procedures often couple size exclusion with a snor;

alumina column 10 remove residual carotenoios

different chromatographic mode than adsorption, it
provides excellent recoverie-s (usually >80%), and it
carrbe aUIOm.1!CC readily. Typically, the extract is
added 1050--60 b of 200 to 40\.) mesh Biobeads SX3 (that
have been preswollen by equilibration with the mobile
phase). and eluted with methylene chloride or with
ilCCIOnl.'-C}'c!ohex.:lne mixtures (typically 25:75, \'01/
\'01)
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20.1.3.5.2 Alternat;ve Techniques Increasingly, alter
native techniques for sample e:draction and purifica
tion are being adapted for pesticide residue analysis.
The principal advantages of these alternative ap
proaches are the decreased time required to complete
the operation and the decreased quantities of solvents
consumed. The latter savings can be appreciable when
the cost to dispose of solvent wastes is considered.

1. Solid-Phase Extraction. Solid-phase extraction
(SPE) typically involves small quantities of dry 30-40
urn diameter packing material contained in a single
use polypropylene or glass cartridge (30 mg-lO g of
sorbent) or disk that can be used to purify, concentrate,
or less frequently to derivatize the analyte(s) prior to
chromatography/quantitation (see also Chapter 33,
section 33.2.2.4). For cartridge materials, typical reten
tion capacities are -5% of the sorbent mass. However,
one must account also for the other components of the
crudeextract that can be retained on the sorbent mate
rial. Minimum elution volumes are only 120 IA1 per 100
mg of packing material. Although most packing mate
rials are silica based, polymeric packings also can be
used. Many of the common liquid chromatography
packing materials are available in one or more of the
SPE formats as well. Given the limited resolving power
of these systems, conventional strategies are to either
selectively retain the analyte(s) on the packing material
(during the loading and rinsing cycles) or conversely
retain interfering impurities while selectively eluting
the analytes from the packing material (elution cycle).
An intermediate wash/rinse cycle can serve to sepa
rate other contaminants from the adsorbed analytes.
Despite the relatively recent commercialization of car
tridges/disks, manufacturers/distributors have built
up an extensive collection of applications bibliogra
phies (19-21). An alternative format replaces the car
tridge with a 25, 47, or 90 mm diameter disk contained
within a holder. SPE disks consist of sorbent particles
(-5 urn diameter) typically either bonded-phase silica
or polymeric material contained within a mesh of an
inert porous support material such as microfibers of
Teflon~. To minimize clogging of suspended solids to
the surface pores of the disk, a bed (up to 1 em thick) of
a filter aid such as nonporous glass beads (-40 urn
diameter) sometimes is used.

2. Solid-Phase Micrcextraction. A related tech
nique, solid-phase microextraction (SPME), involves
immersion of a polymer-coated fiber within an aque
ous extract or retained within the headspace of the
sample to enable the analyte(s) to diffuse into the coat
ing. After equilibration, the fiber/needle assembly is
transferred to the injector port of a GC where the ana
Ivtes are thermallv desorbed onto the column. Mod
ules to adapt existing gas chromatographs to perform
this technique are available commercially.

3. Microwave-Assisted Solvent Extraction. Mi-

crowave-assisted solvent extraction generally can
decrease appreciably the extraction time and the quan
tity of solvent required to efficiently recover target ana
Iytes from the food matrix. Commercial systems are
available that incorporate the capacity for simultane
ously extracting multiple samples within dosed, lined
(perr1uoroalkaxy) pressurized vessels (up to 8-12) that
can be fitted with a fiber optic probe to accurately mon
itor and control the temperature within the vessel. The
extraction vessels are fitted with a rupture membrane
that will fail in the event of an over-pressure situation
and one of the vessels is fitted with a pressure-sensing
side arm that will turn off the microwave energy if the
pressure exceeds J set amount. As an additional safety
feature, a solvent detection device will tum off the unit
in the event that solvent vapors escape into the cavity.
The advantages of this approach include operation at
temperatures that exceed the boiling point of the sol
vent(s), more rapid transfer of the analytc(s) to the
solvent phase, and programmable operation. After
extraction, the vessels must be cooled to ambient tem.
perature, and the solvent separated from the sample
matrix. Like microwave-assisted solvent extraction. .:l

related technique, an automated Soxhlet system. can
be used to automate and accelerate the extraction
process.

4. Accelerated Solvent Extraction. The accelerated
solvent extraction technique involves the use of lim
ited quantities of conventional solvents at elevated
temperature (up to 200"C)and/or pressure (1500-2000
psi) to statically extract solid samples for short periods
of time (often <10 min) (see also Chapter 13, section
13.3.1.6.2). The approach is similar to microwave
assisted extraction but with the microwaves replaced
by conventional heating. During heating, excess pres
sure is avoided by venting the solvent into a collection
vial. At the termination of the extraction program, the
remaining solvent is transferred to the collection vial
with the aid of a compressed gas. Other automated
units can be used to separate fats and higher molecular
weight lipid materials from pesticide residues by a
process of size exclusion.

20.1.3.6 Derivatization

It is sometimes advantageous to alter the chemical
structure of analyte residues to make them more suit
able for detection by chromatographic techniques. This
process of structural modification by chemical reac
tion, referred to as derivatlzaticn, can be used to
enhance the thermal stability or volatility of the ana
lyte(s), to modify chromatographic behavior, to in
crease the selectivity of the detection, or to increase the
sensitivity of detection (see also Chapter 33). Most
often, derivatization is used to overcome limitations of
sensitivity. Typically, substitution or addition reactions
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are used to introduce a chromaphore, fluorophore, or
other functional group into the analyte(s) to augment
the detector response to the resulting productts). Typi
cally, the derivatization reaction is performed pre-col
umn but post-eolumn reactions also can be used pro
vided that the reaction can be" performed in situ and
automated. The one requirement is that the identity of
the original analyte(s) not be compromised by the reac
tion" The advantages of the derivatization must out
weigh the disadvantages of increased sample han
dling, analysis time, and typically a decrease in
precision. A wide variety of derivatization reactions
have been used for selected pesticide residues (n, 23).
Not surprisingly, this approach is limited to either sin
gle-residue methods or methods that determine a lim
ited group of structurally similar pesticide residues.

20.1.3.7 Automated
Chromatographic Separation

20.1.3.7.1 Gas Chromatography (Ge) GC has been
used routinely for pesticide residue determinations for
some 35 years; it is the instrumental approach of choice
for most analysts- (See Chapter 33 for general informa
tion on gas chromatography.) An extensive technical
literature on the behavior of residues with this tech
nique has been built up.

For the vast majority of pesticide residue prob
lems, it is enormously advantageous to follow a stan
dard method, To choose a stationary phase for a cus
tom analysis or for method de ....elopment studies, a
simple rule of thumb is helpful: like dissolves like
(nonpolar analytes will interact most strongly with
nonpolar liquid phases and vice versa). Analyres will
behave quite differently on different liquid phases
even if aU other analvrical conditions are identical. An
extensive compilation of the retention times of many
pesticides relative to an internal standard (chlorpyri
fos. which contains the heteroatoms P, 5, N, and CI in
addition to C, H, and 0) on O\'-li, on OV-IOl, and on
DEGS has been presented by Froberg and Doose (2~)

Tnese authors also provide many helpful suggestions
01, packed column preparation. conditioning, care,
and rejuvenating. With time, there will be a gradual but
inevitable buildup of sample coexrractives at the head
of the packed column (signaled by peak tailing,
reduced response or retention times, or even analyte
degradation). To restore performance. the initial +-8
em of packing can be removed, the exposed glass
cleaned, and the packing replaced with fresh p,ec.:'~C"

tioned stationary phase, Relative to othe starioncry
phases, the DEGS material has a greater tendency 10

bleed (slow ly volatilize), which can foul detectors.
Capillary columns, a second format of GC

columns. are fabricated from fused silic» .1:lC are jack
eted with an impervious polyamide coating Their
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principal advantage is their increased. resolving power
(roughly 12-fold over packed" columns of similar
lengths), which Is-achieved at the expense of sample
capacity. In addition to providing increased resolution,
the increased chromatographic efficiency of these
columns (sharper peaks) results in better limits of
detection, The use of capillary columns for routine pes
ticide residue analysis is commonplace despite the
possibility of fouling problems due to eoexeactives.

Columns intermediary between packed and true
capillary (0.75-1.0 nun internal diameter), megabore
columns, also are available and present many of the
best characteristics of both formats. Older chr0
matographs need not be modified; megabore columns
retain much of the resolving power of true capillary
columns even at higher flow rates, yet they retain sam
ple capacities that are midway between packed and
capillary columns.

The successful application of GC to pesticide
residue analysis is critically dependent on the use of
sensitive and highly selective detectors. The great
majority of pesticides contain one or more heteroatoms
(atoms other than H, C, or 0) within their molecular'
framework The presence of heteroatoms is exploited
advantageously by using detectors that provide a
greatly enhanced response to these heteroatcms. These
include flame photometric (for 5 or P detection), elec
tron capture (halogens,S and N), electrolytic conduc
tivity (halogens or N and 5), and thermionic detectors
(N or P). With the exceptions of atomic emission spec
troscopy (Chapter 28) and mass spectrometry (Chapter
29). other detectors have been applied to pesticide
residue analysis only infrequently because of i:. lack oi
sensitivity.

Mass spectrometry (MS) (see Chapter 29) offers
enormous possibilities as a highly selective means oi
detection and quantitation of pesticide residues. TN::
technique offers unparalleled performance in terms Or
selectivity, in confirmatory power; and in the univer
sality of analytes that can be detected. Dedicated s~·s·

terns for gas chromatography (mass selective '"~C ion
trap types) continue to decrease in cost and to improve
in performance. These devices provide maximum
response when only a few masses are monitored selec
tively [selected ion monitoring (SI)..I), as opposed to
recording complete mass spectra). For rnulriresidue
monitoring, there is a requirement that the mass detec
tor be capable of rapidly switching between pre:;.<.
lected masses as the chromatogram develops. Contino
ued improvements in recent years have been mace in
this area.

Components of the mixture subjected to GC analv
sis are identified, tentath'ely, based soleiv on their
relentio.n li~es (i.e., the retention time of t'he compo
n~n! IS ld~ntlcal to the retention time of an authentic
standard thOit has been chromatographed under idenri-
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cal conditions). Frequently, the retention time for an
analyte is expressed relative to the retention time for an
internal standard that has been added intentionally to
the sample. The pesticide chlorpyriios has been used
often as an internal standard because it chromato
graphs well on many columns and is detected by all
selective GC detectors.

20. 1.3.7.2 High Performance Liquid Chromatography
(HPLCj The application of HPLC to pesticide mul
tiresidue analysis has been restricted largely to those
analytes that do not possess either the volatility or the
thermal stability required for Gc. Typical among these
anaJytes are N-methyl carbamates [R-C(O)NH-CHJ1,
which are decomposed thermally at normal GC oper
ating temperatures. (See Chapter 32 for general infor
mation concerning HPLC.) One advantage of the
HPLC. approach to pesticide residue analysis is that
sample cleanup is usually less extensive. An extensive
compendium of references for the analysis of pesti
cides by HPLC has been compiled by Muszkat and
Aharonson (25); other reviews by Lawrence (26) and by
Moye (27) also provide an overview of the application
of the technique to pesticide residues.

The two detection techniques that have been most
popular for HPLC determination of pesticide residues
are ultraviolet (UV) and fluorescence spectrometry
(see Chapters 26 and 32). Fluorophores (fluorescent
tags) can readily be added to reactive functional
groups of those analytes that are not naturally fluores
cent. By contrast, the addition of chromaphores to reac
tive functional groups of target analytes typically does
not provide sufficiently enhanced sensitivities to by
useful. This process of derivatization, which increases
the number of analytes or the response to these ana
lytes, can be performed either pre- or post-column.

20.1.3.8 Quantitation

20. 1.3.8. 1 Overview Since some physical parameter
of the sample subjected to GC or HPlC is actually mea
sured by the detector (ability to capture electrons, or to
absorb light, etc.), the analog signal from the detector
must be related to the quantity of analyte via a separate
process of calibration. It is assumed that the change in
the detector signal as the component analyte passes
through the detector is caused only by that component.
A recording device provides a record of the changes in
the detector signal with time (a chromatogram). The
result is a series of approximately Gaussian peaks cor
responding to the separated components of the mix
ture. The time (or volume of mobile phase) required to
reach the maximum of a particular peak is referred to
as its retention time, and the peak height (vertical dis
placement from the base line) or peak area is used to

determine the quantity of analyte that must have
caused that displacement. Components of the mixture
are identified. tentatively, based solely on their reten
tion times (i.e., the retention time of the component is
identical to the retention time of an authentic standard
that has been chromatographed under identical condi
tions).

Frequently, the retention time for an anaJyte is
expressed relative to the retention time for an internal
standard that has been added intentionallv to the sam
ple. The pesticide chlorpyrifos has been ~sed often as
an internal standard because it chromatographs well
on many columns and is detected by all selective GC
detectors.

Quantitation is performed, typically, by a method
of external standards. A series of standard solutions is
prepared by dissolving known quantities of authentic
standard pestidde in a suitable solvent. These standard
solutions are separately chromatographed to establish
the response of the detector (in terms of either peak
area or peak height) for the quantity of analyte injected
into the instrument. A relationship between response
and quantity of analyte then is established by regres
sion analysis (the former on the latter).

Since the GC and HPLC methods just described
are designed to determine multiple pesticide residues,
they represent a compromise in terms of the quantity of
each analyte that is actually isolated or recovered by
the procedure. These procedures, although efficient,
are not quantitative for most pesticide residues. More
over, the recoveries themselves can be somewhat crop
dependent. Data concerning the recoveries of residues
using ~lR..vls published in FDA's PAM-l and their
behavior in PAM-l GC systems is available from:
http:/um.cjsan.gou/-frj/pestdata.himl

20.1.3.8.2 Ancillary Devices For Automated Chro
matography It was inferred earlier that the major
source of variation and uncertainty in most residue
methods resulted from the cleanup step, which is labo
rious and time consuming as well as error prone. This
is especially true if ancillary devices are used to
increase the degree of automation of the separation
and detection/quantitation steps of the analysis. Such
ancillarly devices to automate Chromatography in
clude recording integrators, chromatography softv...are
packages, and autoinjectors.

A recording integrator will not only determine the
retention time of each component of the mixture, but
also will determine the peak area and/or peak height
of each. compo.nent as well as the corresponding
area/height ratio. These robust, low-cost dedicated
units make the successful outcome of the determina
tion somewhat less critically dependent on the volume
of sample injected into the chromatograph. The deter
mination of peak height or peak area is achieved using
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sophisticated mathematical algorithms that provide
more precise and moreaccurate measurements of these
parameters than is available using a strip chart
recorder. Moreover, these: measurements are indepen
dent of the visual presentation of the chromatogram.
Thus, accurate quantitation can be achieved even if
attenuation of the detector.signaJ results in very small
peaks for some trace components of the mixture. Since
real chromatograms rarely contain truly Gaussian
peaks, operator-selected variables (peak width, thresh
old, and area reject) are optimized to achieve reliable
results.

Microcomputer-based chromatography software
packages can increase the ease of the quantitation
process. Retention times of peaks that have been de
tected can be calculated relative to an internal stan
dard; then the resulting relative retention times can be
compared with a database for standards to assign a
probable identity. In addition, two or more chro
matograms (or regions of chromatograms) can be
visualized on the screen for comparison. Typical appli
cations might include the comparison of two chro
matograms generated from the same extract with dif
ferent selective detectors or the comparison of a test
chromatogram with a control (pesticide-free) chro
matogram of the same food matrix. A review by Stan
(28) provides a concise overview of the capabilities of
personal-computer-based software for the evaluation
of pesticide residue Chromatographic data.

An autoinjector can be used to deliver a preset vol
ume of sample to the chromatograph. This increase in
automation frees the operator for other tasks (and, in
theory at least, permits 24 hr operation) but, more
importantly, it increases the precision associated with
the injection step. Other automation can involve the
use of column switching valves so that samples can be
directed to different columns.

20.1.3.9 Chemical Confirmation of
Pesticide Residues

The degree of confidence that can be placed in a peak
assignment may not be sufficiently high; it is often
preferable to corroborate the identity of the residue
that has been detected. It is generally agreed that the
most reliable way to increase the level of confidence
concerning the identity and amount of an analyte pres
ent in a sample is to obtain concordant results using
two independent methods that are based on entirely
different analytical principles. This is not always fe..s>
ble--multiresidue methods not based on a chrcmaro
graphic separation are simply unavailable. For pe:':;
cide residues, it is customary to make use of one or
more of the following less than ideal approaches. Ge
MS can be used to (I) record the mass spectrum of t:.c
analyte and (2) provide a separate estimate (quJ:1lit3-
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tion) of residue levels. Alternately, a different selective
detector can be used to replace the one used for the
original analysis, or a second column with an appr~

ciably different stationary phase can be employed..
Finally, the analyte can be chemically altered, and then
rechromatographed to demonstrate that the signal for
the analyte has disappeared and has been replaced by
a second signal at the predicted retention time for the
anticipated transformation product. Two reviews (20,
29) explore these approaches in depth.

20.1.3.10 Immunoassays

Immunoassays are a group of related analytical tech
niques whose basis of commonality is the use of anti
bodies that have a high affinity for, and only for, the
pesticide analyte. Immunoreactions are highly selec
tive (virtually specific) addition reactions between the
antibody (a high-molecular-weight glycoprotein that
exhibits the properties of immunoglobulins) and the
analyte of interest. nus interaction can be exploited
analytically if there is a means of detecting and, prefer
ably, of quantifying the reaction, typically by competi
tive inhibition or by displacement in which the binding
of the pesticide to the antibody competes with or dis
places a tracer molecule. (See Chapter 21 for a detailed
description of immunoassay techniques.)

The merits of immunoassays include their r.icl1
selectivities and the simplicity, speed, and modera-te
cost of the procedure relative to other methods for pes
ticide quantitation, The principal disadvantage of the
immunochemical approach is the extensive effort (and
time) required to elicit the antibodies in a vertebra te
host. A major concern of immunoassays is the degree of
crossreactivity (affinity) that the antibodies show for
related chemical structures. Thus, antibodies that were
developed to one pesticide may react with other
related chemical structures. Usually, this cross-rcacriv
ity is characterized by a lower affinity for the related
structures than for the analyte itself.

A complicating factor for pesticide residue analvsis
is the nonpolar nature of the parent compounds ~,3:
can be only sparingly soluble in the aqueous buffers
commonly used in irnmunoassays. Providing that .:l

monolayer of water can be maintained around L1e
bound antibodies, assays sometimes can be performed
in nonaqueous media. The kinetics of the process can
be modified appreciably by the change of solvent For
certain assays, such as for carbendazim, successful
analyses can be performed on crude ethyl acetate
extrilcts Without cleanup. By contrast, other proce
dures (for polychlorinated biphenyls) are successful
only With ~ cleanup as extensive as required for Gc.
Recent re\·lew.s .(30-32) on the application of immune
JSS.:lys to pestICide residues are illustrative of the Cur
rent status and the pOle:Hi<l1 of this approach,
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20.1.4 Thin-Layer Chromatography as a
Semiquantitative and Qualitative Method for
Pesticide Residues

R~l<l.tive to automated chromatographic techniques,
thin-layer chromatography (TlC) generally provides
roughly one tenth of the resolving capabilities of a
packed column for CC. In addition, the reduced preci
sion associated with quantitarion (relative to either GC
or HPLC) and the limits of detection have caused this
approach to fall somewhilt into disfavor. (Refer to
Chapter 31 for a discussion ofnc.) However, TIC has
certain features that can be exploited advantageously,
particularly when used as a semiquantitative screen
for a limited group of pesticide residues. Quantitation
need not be performed on-line; thus, a wide variety of
static visualization techniques have been developed. In
addition to appreciable improvements in resolving
power that can be obtained with a smaller particle size
stationary phase (high performance thin-layer chro
matography, HPTLC), devices for reproducibly spot
ting the sample onto the plate and for quantitation by
in situ densitometry appreciably improve the repro
dudbility of the technique. Extensive reviews on the
detection and determination of pesticide residues by
TIC are available (33,34).

One successful application of TIC has been the
detection and estimation of pesticides that inhibit
cholinesterases. Many organophosphate (OP) and car
bamate insecticides are capable of inhibiting this group
of enzymes. A crude extract containing. the suspect
residues is separated by TLC. The developed plate is
dried and sprayed with a solution containing one (or
more) of these enzymes (often a partially purified tis
sue extract) and then with a substrate that, when
hydrolyzed by the enzyme, liberates a colored product.
The lack of color development indicates enzyme inhi
bition, so that the pesticide residues are visualized as
colorless areas within it colored background. The zone
of inhibition is prop~lrtional to the quantity of inhibitor
present. However, m.my OPs (thiophosphate and di
thiophosphate esters) must be activated by oxidation
to their oxon analogs to serve as potent inhibitors. The
stability of oxons is such th.:lt it is often preferable to
perform the oxidation .liter the plate has been devel
oped. Care must be taken that traces of oxidant do not
interfere with the subsequent color development. More
importantly. there are .'1 number of other inhibitors of
cholinesterases th<lt occur naturally in foods. A kit
based on cholinesterase inhibition h~s been developed
by Enzy Tech Inc. (k.llls.'I:> City, ~10). It is claimed to
detect, at low nglg levels ••1\1 cholinesterase-inhibiting
insecticides (35). Neogen Corporation (Lansing, MI)
(l!ttp://w<uw.neog~'l.L·<·"') .1I:>1l distributes a detection kit
to monitor pesticide residues including malathion, car
baryl (sevin), carbofuran, sulfallate (vapona), metasys
tox, guthion, dursban. and diazenon.

A somewhat similar approach is the chromogenic
detection of photosynthesis-inhibiting herbicides. Phe
nylureas, phenykarbamates, 13 uracils, acylanilides,
and triazines can be detected On TlC separations of
crude extracts that have been partitioned into dichloro
methane (36). The eluted plate is sprayed with ol sus.
pension of chloroplasts, then with a redox indicator
(2,6-dich1oro~d~p~e~ol) and exposed to sunlight.
Photosynthetic inhibitors are visible as blue spots of
unreacted dye.

20.1.5 Example Procedures

Now that various aspects of analytical techniques for
pesticide residues in foods have been covered, short
summaries of two current MRM procedures to deter
mine pesticide residues are outlined below. For the
AOAC Pesticide Screen (AOAC Method 970.32), a
ground, homogeneous sample is extracted with ace
tonitrile. The extract is diluted with water and the
extracted compounds are partitioned between petro
leum ether and acetonitrile. The crude extract from the
partitioning step is purified by eluting from a Florisilor
magnesia column with petroleum and ethyl ethers.
The eluate is concentrated and analyzed by gas chro
matography with selective detection. Minimum detec
tion levels are in the range of 0.01 ppm depending on
the sample matrix. A second procedure is directed to
the determination of N·methylcarbamate pesticides by
HPLC. The EPAMethod 531.1 for foods and waters is
based on a reversed-phase separation of the carbamate
analytes with on-line post-column derivatization by
base/o-phthalaldehyde followed by fluoresence detec
tion. For water, a binary gradient from water to
methanol is used; limits of detection are sub !1g/kg.

20.2 MYCOTOXIN RESIDUES

20.2.1 Introduction

Mycotoxins are a broad group of chemically diverse
toxins (natural products that are toxic to some other
organism) that are produced as secondary metabolites,
principally by the terrestrial filamentous fungi com
monly known as molds. The filamentous nature of
molds is ideally suited to growth over surfaces and
through solid substrates; the mycelium forms an effi
cient system to utilize the available nutrients and trans
port them to the growing hyphaI tips. Aconsequence is
that secondary metabolic products, including myco
toxins, will remain localized and highly concentrated
in the food. The description secondary metabolites
suggests only that these chemicals are not required by
the producing organism for growth.

Mycotoxins can be produced as a result of fungal
infection either in the field or in storage. In addition,
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there is not a good correlation between the level of fun
gal inJection and the levels of the mycotcodnfs) in the
contaminated produce. Failure to detect viable inocula
of a particular toxigenic species in fresh or stored pro
duce is not a certain indicator that the mycotoxin is
absent nor does the presence of that species guarantee
that it will have produced toxin{s). Thus, features of
this class of toxins are that individual members are fre
quently produced-only by a specific species, and levels
of production vary greatly not only among different
strains of that species but also in response to environ
mental and nutritional conditions. For example, partic
ular strains of Aspergillus fltrous are used in the manu
facture of koji, whereas other strains can produce
a£1atoxins. Numerous studies have demonstrated that
several different mycotoxins can be present in the same
sample.

Analytical methods for the detection and quantita
tion of mycotoxin residues in foods and feeds are nec
essary to ensure that these commodities are safe for
human and animal consumption. Although the toxic
effects vary greatly among diHerent members of this
class, they are generally relatively small molecules
(MW <1000) and, typically, are not in themselves anti
genic. They do not appear to accumulate in the body,
and their toxicological eHects, which can be acute but
rarely fatal, vary Widely. On the other hand, aflatoxin
BI has been reported to be the most potent naturally
occurring carcinogenic substance 1<...0'"'71. Despite this
fact, the principal concern, at least for humans, remains
the deleterious health effects associated with chronic
exposure.

Although between 300 and ";00 mycotoxins are
known, the following order of relative importance for
the common mycotoxins has been suggested (37): afla
toxins (hepatoroxins), ochratoxin (nephrctoxin). tri
chothecenes (derma toxins), zearalenone (estrogen),
deoxyniva 'enol (dermatoxin), furnonisin (irnm un0

toxin), and citrinin (r.ephrotoxin), To limit human
exposure to mycotoxins, recommended advisory levels
(typic.1U;; 5-20 lAg/kg for aflatoxins) in foods and aru
ma: Ieeds have been established in many countries
(38). As with pesticide residues, a number of analytical
methods for screening, survey, and regulatory control
have been developed and validated by interlaboratory
collaborative studies. Organizations such as the AOAC
International, American Oil Chemists' Societv (AOCS),
American Association of Cereal Chemists' (AACC).
and the ruPAC have mycotoxin method validation
programs.

20.2.2 Sampling

For rnycotoxins, the problem of obtaining a sample of
the produce that is representative with respect to bur
dens of rnycotoxins in the shipment is especially ci!fi-
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cult. (See Chapter 5 for a general discussion of sam
pling.) It is \'er}' informative to consider the findings of
a study (39) in which the levels of aflatoxin were deter
mined in twenty· 2.27-kg samples hom each of 10 con
taminated lots of cottonseed (Table 20-3). Each 2.27·kg
sample was couuninuted in a sampling mill and a 100
g 5ubsample then was removed and analyzed follow
ing a standard method (extracted and the levels of afla
toxin determined dmsitometrically after separation on
a minieolumn), In Table 20-3, the 20 analytical results
for each of the 10 lots are ranked from low to high to
facilitate comparisons. Rather than being symmetri
cally distributed about the mean (the "best" estimate of
the aflatoxin concentration in the lot), the distribution
of test results, for each of the 10 lots, is positively
skewed (there are more values below the mean than
there are above the mean). H a single 2,27~kg sample
had been tested, there would have more than a 50~o

chance that the result would have been less than the
true lot concentra tion. In general, the degree of skew
ness is greatest for small sample sizes and decreases as
the size of the sample is increased. However, it can also
be seen from the results of Table 2D-3 that, even for the
same sample size (2.27 kg), as the level of contaminant
increases (lower to higher lot number), the distribution
among replicate determinations becomes somewhat
more symmetrical. 11Us is reflected in the decreasing
coefficient of variation (CV) with increasing mean .evel
of analyte. Research has demonstrated i: similar distri
bution of aflatoxin in contaminated corn, Braz:':n:.::s
(field contamination), and peanuts (post-han-est cent
amination).

As with all analytical procedures, the final result is
obtained from a series of sequential steps. The uncer
tainty associated with the estimates that are generated
(final results) is cumulative and contains contributions
from each of the steps. Variance can be used as il para
meter of this uncertainty. The total variance ('Ill) for
the overall testing procedure is equal to the sum of the
variances from several sources:

[1]

where:

Vs = variance associated with the sampling pro
cedure

V~ =variance associated with the subsarnpling
process

VA :; variance associated with the analytical
method

Since va:i;\nce is equal to the squ.:Jre of the stan
dard deviation. it represents a measure of the precision
(repeatability) associated with a process or a step; the
most c!ficie:1t way 10 make estimates of the levels of
rcxins marl' rrecis~ is to improve the repeatilbjlity oi



~ Results 0' Aftatoxln Analysis 'or 20 Replicate 2.27-kg Samples from Each of 10Contaminated lots of Cottonseed

Lot Mean Vari- CV I

Number Aflatoxin Test Results (1lglkg) fjlglkg) aoce (%)

1 0 0 0 0 0 0 0 0 0 1 1 1 .1 1 3 5 7 9 10 14 2.7 17.1 156.0
2 0 0 0 1 1 1 1 1 1 1 4 6 10 10 12 13 16 27 40 44 9.5 174 139.6
3 0 0 0 0 1 1 1 1 1 1 8 9 12 23 24 24 25 30 40 50 12.6 234 122.0
4 0 1 1 1 1 1 1 4 4 11 12 14 19 20 21 22 24 28 38 56 14.0 223 107.0
5 0 4 9 14 16 16 25 27 30 30 31 32 32 32 34 37 40 42 42 100. 30.3 819 94.5
6 6 6 7 14 20 22 24 24 31 33 38 40 42 45 54 60 67 68 68 165' 41.7 1260 85.1
7 10 10 14 20 25 31 32 34 37 37 55 61 61 65 70 74 83 86 101 117 51.1 959 60.5
6 15 16 20 21 27 30 48 52 57 67 70 60 80 90 111 118 133 136 144 160 73.8 2183 63.4
9 1 16 29 40 53 73 85 89 100 104 113 118 120 121 121 143 157 175 260 266 109.9 4990 64.3
10 70 80 91 110 114 116 127 130 133 150 178 178 '92 196 200 206 237 252 269 281 169.8 4741 40.6

I'Jllllll~2J
'CV .. coollicienl of variation '" l00(VmianclJ)'(.'/rnoan.
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the step with the greatest variance. Improving the
repeatability of steps that are not major contributors to
VT will not impact greatly on the magnitude of VT,

Studies of aflatoxin levels on granular (peanuts and
cottonseed) produce have indicated that the sampling
step, especially for smaller sample sizes, is the major
source of error (uncertainty) in the overall analytical
process. Sampling error is especially lMge because the
aflatoxin is present on only a very small percentage of
the kernels within the lot «<0.1%), but the concentra
tion within that kernel can be extremely high (up to 1 x
106 !Jog/kg). The One way to reduce Vs is to take a larger
sample size. Table 20-4 presents estimates of the range
of aflatoxin test results (at the 95% level of confidence)
that can be expected for different composite sample
sizes taken from a cottonseed shipment that is contam
inated with 100 IJ.g/kg of toxin. The predicted range of
results does not decrease at a constant rate with
increasing sample size, indicating that increasing the
sample size beyond a certain point may not be the best
use of resources. It is assumed that the sample is taken
in such a way that all parts of the shipment have an
equal chance of being included in the sample. The con
taminated particles occur in isolated pockets that are
unevenly distributed; a composite sample must be
accumulated from many different locations through
out the shipment. One of the characteristics of sam
pling statistics is that the reliability of a random sample
does not depend so much on the size of the shipment
as on the size of the sample. Thus, as a first approxi
mation, the size of the shipment can be ignored.

Once a composite sample has been obtained, the
aflatoxins must be recovered, usually by a process of
extraction. Not surprisingly, it is not feasible to extract
the mycotoxins from the total sample, which is much

Predicted Range 01 Tesl Results (at the 95"10

f~'~1
level of Confidence) When Testing a
CoHonseed tot, That Is Contaminated with

I la ble I 100 p.g/kg Aflaloxin

Low' High'2 Range
Sample Value Value Standard (High-
Size (kg) (uglkg) tug/kg) Oevialion J Low)

1 0 271 87 271
2 0 222 62 222
4 13 187 45 ;74
2 37 163 32 126

;6 53 147 2..: 94
32 65 136 '0 72'-

I:.:~ ,:21
:L;;N E ':;C - 196 (SIC del,' ;;:'01") If 1o'" ".'<:5 <: a::! ,,,a: tee:':!::·
: ....,~~ K ',C: + 1.96 (510 de', anon).
"S:anc,arc:! =e\lialion is baSfd on a Sln;~e ~OO·; swbsamcie :,,',e"
[rem the s,a:--;ple and one ar alysis.
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too 'large to be handled conveniently. In practice a sub
sample is prepared. As with the sampling step, the
reproducibility ot tile subsampling also is dependent
on the mycotoxin concentration. One way to reduce
V55 is to take a larger subsample. However, there is a
practical limit to the size of subsample that can be han
dled. If the commodity is granular, it is essential that
the sample be comminuted (groW"ld to a smaller parti
cle size and mixed thoroughly) in a suitable mill. This
comminution process not only reduces the variance by
the particle size (more particles per unit mass), but it
also increases the homogeneity of the product. The
final particle size to which the sample can be reduced
is limited by the screen mesh of the mill.

The variance associated with a particular analyti
cal method for aflatoxins also is concentration depen
dent. The variance VA can be reduced only by per
forming more replicate analyses (VA is inversely
proportional to the number of replicate analyses).
Detailed sampling plans for separate commodities

..have been developed by AOAC International and
AOCS and by FDA in collaboration with USDA.

For raw shelled peanuts, for which marketability is
certified if the lot is found to contain less than the 15
~g/kg (sum of aflatoxins B}I 52' G1, G0 action level, a
sequential sampling plan is recommended. It is consid
ered that the 15l!g/kg action level will permit proces
sors to meet the FDA's 20 IJ,g/kg guideline for ]l:'§=al

limits in finished products. In sequential sarncli:.... e;. a
bulk sample of approximately 70 kg is accumu.ated I,':::
a rate of one incremental portion per 225 kg of :C':
weight). This bulk sample is divided, in a random
manner, into three 48-1b (21.8-kg) samples usir.£: a
Dickens mechanical rotating divider. The first sample
is ground in a special subsampling hammer mill fi~ed

with a 3 mm diameter screen. A subsample (l1C<J gl is
slurried in water and analyzed by thin-layer chro
matography in duplicate. If the average of tlle r;,'v
determinations is less than or equal to 8 ~15."kg :.',.:
shipment is passed and no further testing is F~·

formed. If the a\'erage is ~~5 ~lg/kg, the shipmen: ::.
rejected, For averages between these rwc exr.ernes. .::
second ~8·lb sample is analyzed in duplicate and :r.f'
3 verilge of the (our results is used to decide wbe:l,..::: :,)
accept (~12 ~g/kg) or reject (~23 ~lg/kg), If the avere ce
is between this second set of extremes. the third 4S-;-:'
sample also is analyzed and the a\'erilge of the six
determinations is used to decide whether the level oi
contamination is more or less than the action level 0: ;;.
,Ig/kg,

Typically, a lot of r"w shelled peanuts is analvzed
prior to shipmen: to ~ l":1i1nllt.:lcturer. Alternative ~'::7:

piing ~lil~S a re l'~"rloyed typically a t the point oi er.:-:-y,
by major Imp,ortmg countrit..'s. Guidelines of 10 ~lg"kb
(total aflatoxin) and ~ ~Lb/kg on raw and l1nisr.~
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peanut products in the United Kingdom and 5 I-lg/kg
represent the legal limit in The Netherlands. respec
tively. Actionable levels (which serve as a basis for the
accept I reject decision in these two importing countries
are 10 I-lg/kg (total) and 31-lS Bl/kg. respectively.

Aflatoxin contamination of foods of animal origin
is not considered likely because livestock and poultry
have the ability to dilute and detoxify these chemicals.
The feed-to-tissue ratio for aflatoxin B1 has been esti
mated to be 14,000 for beef cattle liver and 2200 for
chicken eggs. By contrast, this ratio drops to between
100 and 200 for milk (from dairy cattle) for which the
predominant aflatoxin is M I (a ring hydroxylated
metabolite of 81) , FDA has established an actionable
level of 0.5 I-lgikg for fluid milk.

20.2.3 Chemical Screening Procedures

Nonquantitative procedures include minicolumn
screening tests and single-dimensional TIC proce
dures that are intended to provide a preliminary indi
cation of the presence of analyte mycotoxins. Since the
majority of samples are anticipated to contain no
detectable residues, a rapid yet sensitive screening pro
cedure can identify those samples that will require a
more time-consuming quantitative analysis. Minicol
umn procedures exploit the native fluorescence of afla
toxins. zearalenone, or ochratoxin A analytes. Glass
chromatography tubes (4-6 mID internal diameter)
containing different adsorbants are available commer
cially in a prepacked format (Table 20-5) and are used
in implied procedures to detect either the aflatoxins or
zearalenone and ochratoxin A. After partial cleanup,
the extract is added to the head of the column and then
eluted with various solvents. In the final step, the ana
lyte(s) are eluted from upper absorbing layers into a
Florisil lover layer. When viewed under long wave
length UV radiation (365 run), the analyte(s) appear as
a blue fluorescent band. The method limit of detection
is 10-15 ng/g. The precolumn sample treatment is
somewhat matrix dependent (40).

In the past. screening com for possible aflatoxin
and other mycotoxin contamination using a "black
light" was popular. However. the bright green-yellow
fluorescence (under illumination with long wave
length ultraviolet light) is indicative of the presence of
certain strains of Aspergilll/s. but does not indicate the
presence or absence of mycotoxins. The fluorescence
actually is produced by kojic acid, an innocuous
metabolite of A·flavus.

TlC has been used frequently both for screening
assays and separately for quantitation of mycotoxins.
The advantages of using a TlC-based preliminary
screen of samples include the fact that more samples
can be assayed on the same plate because fewer stan-

dards are required. Quantitative assessments require a
series of standard concentrations for each analvte, The
screening procedure also can be used to provide a
crude estimate of the levels of toxin so that the volume
of extract can be adjusted to obtain a response that is
within the linear range of a quantitative method subse
quently applied to the same sample. The principle lim
itation of unidirectional TLC is the presence of coex
rractives that may interfere with the detection and
quantitation. This limitation often is overcome by
resorting to two-dimensional TLC; however. the num
ber of samples or standards that can be run on the same
plate is severely limited. There are numerous environ
mental factors that influence the relative mobility (R/)
of an analyte on 3 Tl.C plate. including temperature.
the activity of the stationary phase. and the degree of
solvent undersaturation of the chromatography tank,
In consequence. many of the cfficlal methods do not
report Rf values from their procedures. Authentic stan
dards must be run frequently (if not with every sam
pie) to ensure that the chromatographic condition,
remains unchanged. Despite the increased v.1ri.1biHty
associated with TLC relative to other an.llvtical tech
niques. it is important to remember that. for'mycotoxin
analyses. the sampling error is probably the predomi
nant contributor to the overall uncertainty .lSSOCiolh.'IJ

with the final results. Multitoxin screening nc proce
dures have been reviewed by Steyn et at. (·B) and by
Romer (42).

20.2.4 Quantitative Chemical Procedures

Quantitative chemical methods for mycotoxtns are
inevitably multistage methods that follow the same
general procedures as for pesticide residues. These
procedures typically involve separate steps of extrac
tion. filtration, cleanup, concentration, chromato
graphic separation, detectionlquantitation, and con
firmation. Extraction procedures tend to be similar to
those for pesticide residues. Aqueous methanol, ace
tone, andlor acetonitrile are added to the subsarnple
and either blended at high speed or vigorously shaken
for 05 hr. Defatting of lipid-rich food matrices is fre
quently required; typically extractions with hexane or
isooctane can be performed prior to, during. or after
the mycotoxin solubilization step. The use of dimethyl
ether for defatting operations is avoided because of
analyte (aflatoxin) losses.

After filtration to remove suspended solids,
cleanup procedures are used to further purity the
extract. In addition to preparative chromatographic
columns or solvent partitioning, using procedures
described in the pesticide residues section. an aqueous
anionic precipitation procedure is used sometimes to
remove plant pigments and proteinaceous substances.
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The precipitation can be induced with a variety of
additins including lead, zinc, and ammonium sales
and phosphotungstic add. This'pfOCedure is limited to
those extracts in polar organic solvents containing
more than 55% water.

After the partially pwified extract is concentrated,
it is subjected to chromatographic separation by two
dimensional TLC, HPLC, or, for certain classes of
mycotoxins, by GC. An excellent overview of two
dimensional TLC procedures is provided by van
Egmond (43). The most popular automated chromato
gaphic technique for mycotoxins has been HPLC.
Many of these toxins (trichothecenes are the exception)
can be detected by ultraviolet or fluorescence spec
troscopy with sufficient sensitivity to provide for quan
titation at the low J.l.g/kg levels. Reversed-phase chro
matographic separation with pre-column treatment
with trifluoroacetic acid (to convert aflatox.ins B1 and
G1 to their corresponding hemiacetals) or post-column
derivatization with iodine has been used to increase
the fluorescence response of these analytes (44) in
aqueous mobile phases. For the trichothecenes, proce
dures often are optimized for the recovery of either the
relatively less polar class A subgroup (diacetoxyscir
penol, T-2 toxin, HT-2 toxin, and neosolaniol) or the
more polar B subgroup [deoxynivalenol (OON),
nivalenol, and fusarenon-X]. The purified extracts are
treated to convert the analvtes to either their
trimethylsilyl or their heptafluoroburyryl derivatives,
and the derivatives are detected bv electron capture
GC (or less often by flame ionization) following sepa
ration on packed or capillary columns.

20.2.5 Biochemical Methods

20.2.5.1 Immunoassays

Although a variety of biological assays have been
described that are useful in tracing sources of rnyco
toxin assays (acute toxicity to the larvae of brine shrimp
or fish or to chick embryos), their use in the surveillance
of foods and feeds is only of minor importance. By
contrast, the potential for the c:etermination of rnyco
toxins by immunoassay techniques has been amply
demonstrated by the development of both radioim
munoassay (RIA) and enzyme-linked immunosor
bent assay (ELISA)procedures for several mycotoxins.
These include a number of afleroxins (8\. Gl , Q!. and
Ml ) , trichothecenes (DON, DO~ macerate: T-2 toxin.
diacetoxyscirpenol). ochratoxin A, zearalenone. and
rubratoxin in a variety of food rnarrices, Limits of dc.ec
tion are in the picograrn to nanocrarn range. Tne spl.'l'd
(10 min ior the competitive bi..;Cing step). simpliCllY
(directly applicable to liquid samples and 10 \'I.',1te~

methanol extracts of solid samples), and the ~eli.:.bibt~·

have been improved stead:!:... Es:ii.1ZleS h:l\'esuf,S!:':;It'G
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that excluding research and development, ELISA Fre
cedures eost onlv 6% and 3% as much as GC and GC
MS based procedures, respectively.

Kits for the detection and quantitation of aflatoxir
and other mycotoxins (Table 2Q-S) have become avai
able from several commercial sources. As suggested b
Pestka (44), answers to a number of questions shoul
be considered in choosing a source of an assay kit

1. AIe the limits of detection and dynamic range (
the assay relevant to the needs of the labor.
tory? If the anticipated levels of rnycotoxi
residues are high, extensive dilution of tl
extract might be necessary for quantitatior
Since the absorbance recorded in an EUSA pre
cedure is inversely related to the logarithm (
analyte concentration, measurements mac
near the middle of the standard s.-shaped curv
will be more precise than measurements <
either extreme. It would be advantageous t
have the concentration corresponding to th
actionable level at the midpoint of the calibr;
tion curve.

.2. In view of the extreme heterogeneity of contazr
ination, are realistic sampling protocols C(
scribed in the literature accompanying the proc
uct?

3. Since the antibodies also might react "it
closely related chemical structures. what is th
cross-reactivity of each analog relative to the :a:
get analyte? Antibodies developed against a;j:
toxin Bl will cross-react with aflatoxin 5•. IHC"'\
ever. the strength of the bindi:lg (a\"idi~iwill t
different for the two aflatoxins.] Tvpicallv, a..,.
log competition curves do not '~';c:l'::p ar.
might not have similar slopes. Moreover. tr
specificity of the antibodies-might "ar;' ire:
batch to batch. Ideallv, antibodv lc: character»
tics should be defined in term!' 'of 1irni ~ 0: C.:~::
tion and sensitivity range fOT the analyrical Fn
cedure, resistance to organic solverus.and t:
variability of the antibody-coctco soi.d sUPFo~

4. Since certain kits come in a modular format \,'it
assay units that can be physically separated. ca
the kit be used to analyze a single sample? B
contrast. other kits are designed for la-ge n:.:::
bel'S of samples that are analyzed sli.',ul:.:.:-,·
ously.

As an example, an enzvrne-Iinked imrnuncsor:
ent screening method for a"rlatoxin Bl in ccrron-ec
an~ mixed feed that is applicable to screening 5: .
~b fig/kg has been adopted first action as a joi:
AOAC-IUPAC method. Antibodies (to aflatcxm
coated onto plastic microliter wells, lyophilized horr
radish peroxidOlse-conjugated aflatoxin SI' an enzvrr
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Some Commercially Available Mycotoxin Test Kits and Their sources'

Neogen Corporation
620 Lesher Place
Lansing, MI 48912
(http://www.neogen.com)

Romer Labs Inc.
1301 Stylmaster Drive
Union, Missouri 63084
(http://#ww.romerlabs.com)

Vicam. LP
312 Pleasant Street
Watertown, MA 02172
(http://www2viacam. comNI CAM/)

Editek Inc.
P.O. Box 908
1238 Anthony Road
Burlington. NC 27215
(http://www.editek.com)

Test kits are available to screen (Agri-ScreenT'" kits) or quanlify
(veratox'... kits): ailatoxins. zearaienone, ochratoxin. lumon
isin, vormtoxln (DON). T-2 toxin or ochratoxin.

Antibodies specific for the,analyte mycotoxin are ChemIcally
bou.nd to the wall of a mlcrowell. Added mycotoxin-@nzyme
conjugate competes with rrucotoxto In the extract tor anti.
body binding sites. After incubation, unbound materials are
washed from the well. Finally, bound enzyme mediates a
color forming reacnon with an added SUbstrate.

AflaCupT'" test kits use Solid-phase immunoassay techniques
for 8 1.82, and G,.

Mycotest™ kit provides a simultaneous assay for B,. zear
alenone, and deoxynivalenol or for DON and two acetylated
transformation products.

MycoSepfM columns are used to purify crop extracts prior to
derivatlzation coupled with HPLC, GC-MS. fluorimetry. or
TLC.

Test kits are available for:
Aflatoxins (81.82 , G 1, and G2 in feeds. foods, grains. and

nuts and M1 in dairy products)
Zearalenone. ochratoxin, fumonisin

An immunoaffinity column technology is used to bind ana
Iytes onto the antibody beads. Analytes are recovered in
methanol, derivatized and quantified by fluorimetry.

Test kits (EZ-Screen™ Quik·Card™) are available for the
detection or quantitation (EZ-OUANTTM)of aflatoxins ochra
toxin. T-2 toxin, or zearalenone.

A competitive enzyme immunoassay is performed on a solid
support (Quik-CAAD) impregnated with rabbit antibodies to
the analyte. Horseradish peroxidase bound to the analyte
competes with analyte from the sample for antibody binding
sites. After removing unbound materials an added colorless
substrate is colored by reaction with the bound peroxidase.
An analogous competitive binding assay forms the basis of
the EZ-QUANrr'" system.

I Note: Absolute detection limits of these test kils will vary and should be examined in relation to {he needs 01 the user,

substrate [2,2'-azino-d-(3-ethyl-benzthiazoline sulfo
nate)] (ABTS)in pH 4 titrate buffer, hydrogen peroxide
(30%) in pH 4 citrate buffer, and a color stopping solu
tion are available as an Agri-Screen for Aflatoxin kit
(Neogen Corp.). Similar kits are available from Romer
Labs, Vicam LP, and from Editek Inc. Several compa
nies in Great Britain also have developed and distrib
ute kits.

20,2.5.2 Immunoaffinity Separations

A further very promising development is the use of
antibodies to isolate aflatoxins from a biological matrix.
This potentially simple approach can result in a degree
of cleanup that is superior to the more elaborate stan
dard methods. Commercial single-use columns consist
ing of anti-aflatoxin antibodies covalently bound to a

gel matrix (a beaded agarose) in a plastic cartridge have
been introduced. The column packing material selec
tively adsorbs aflatoxins from coextractives in a crude
extract serving as a concentration technique. The ana
lytes then are readily released from the packing with a
polar organic solvent.

One application involves the use of monoclonal
antibody affinity chromatography as a one-step col
umn cleanup prior to the fluorometric determination
of aflatoxin M1 in milk (45). Raw milk samples (-10 ml)
were mixed with NaCl (l g), centrifuged at 2000 x g for
5 min, and then filtered. A 25-ml aliquot of the filtrate
was passed through a column (At1atestD 1, Vicam LP)
under a slight positive pressure. The column was
washed with two successive IG-ml portions of 10%
(vol/vol) methanol; then the analvte was eluted with
1 ml of 80% methanol. The eluate was diluted with 1 ml
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of aqueous bromine. and the fluoresence measured at
SO run (i.EX = 360 nm). Recoveries at the 0.05-2
!-lg/liter levels were excellent A method detection limit
was estimated to be 0.05 ItS/1 (tenfold less than the
FDA actionable level).

One appreciable advantage of this general ap
proach is that it circumvents the rather narrow linear
dynamic range of analyte concentrations associated
with ELISA and RIA methods. A concise overview of
the techniques for preparing immunoaffinity columns
has been published (46).

20.3 DRUG RESIDUES

20.3.1 Introduction

In addition to the drugs administered at therapeutic
levels to combat diseases in food producing animals.
the subtherapeutic use of antimicrobial drugs also has
played. an important role in animal husbandry. FDA
approved the addition of subtherapeutic levels of
antibiotics to animal feeds almost 40 years ago. These
levels (1) reduce the incidences of infectious diseases
caused by bacteria and protozoa (prophylactic effect),
(2) increase the rate of weight gain of treated animals,
and (3) decrease the amount of feed needed to achieve
these weight gains. The continued use of subtherapeu
tic levels of antibiotics can pose a serious but indirect
hazard to humans. Abuse of this practice has resulted
in the dominance of antimicrobial-resistant enteric bac
teria in some food animals and can result in the t:'"2:1S

mission to the human reservoir of bacterial resistance
to antimicrobial agents. .

The use of antimicrobial agents in feeds is strictly
regulated-monitoring of compliance is the responsi
bilitv of the Center for Veterinarv Medicine (CVM) of
FDA. A tolerance in edible tissues has been set for each
antibiotic and sulfonamide approved for use in animal
feeds. By analogy to pesticide registration, a tolerance.
based on uncooked edible tissues, is established after
an extensive review of the toxicology, chemistry. and
biochemistry of the active product and the develop
ment (by the sponsors of the application) of an analyt
ical method for determining residues of the drug in tis
sues. As part of the approval process, restrictions on
the dosage level and duration, species that may be
treated, and the withdrawal period (the time between
the last availability of the drug to the animal and
slaughter or the use of milk or eggs by humans) iUC

established. The withdrawal period can vary between
o and 30 days. Tolerances, if established, represer",t
total residues (parent compound plus all compounds
derived from it. including metabolites, conjugates. and
residues bound to macromolecules). In 01:1 effort to
reduce the number of methods recuired for mon:fN
ing, the concepts of a marker resic~c and a lJrSt'! tis-
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sue have been advanced. The marker residue is a
selected residue (possibly the parent compound) that
has a known relationship with the level of total
residues in each of the edible tissues. The traditional
method of establishing this relationship ~ by perform
ing a feeding trial (under conditions of the proposed
use of the candidate drug) with a radiolabeled parent
compound and monitoring the depletion and fate of
the label with time. Based on the pharmacokinetics of
the drug and its subsequent depletion from the differ
ent tissues with time. an estimate of the levels in tissues
at sacrifice can be obtained.

Estimates are that, at some time during their lives,
nearly 80%of poultry, 75%of swine, 60%of feedlot cat
tle, and 75% of dairy calves have been fed with antibi
otics (47). The Food Safety and Inspection Service
(FSIS) of USDA monitors edible tissues destined for
commerce for residues of drugs, pesticides, industrial
chemicals, and heavy metals. The United States Code
of Federal Regulations lists tolerances for some 80 ani
mal drugs in foods, of which some 30 (mostly antibi
otics) are readily detected by microbiological screening
assays. By contrast to pesticide multiresidue proce
dures, chemically based multiresidue procedures for
drug residues tend to be more limited in scope in that
they are directed at specific classes of drug residues.

20.3.2 Screening Assays for
Antibiotic Residues

Traditional screening assays have relied on the in...u~i
lion of growth of microorganisms by antibicdc
residues present in the test sample. These assay proc~

dures are based on either diffusion processes Or on
turbidity. The growth of an indicator organisrn, 1.; a
transparent liquid culture, can be followed by rnoni
roring the increased turbidity with time. In diffusior>
dependent assays, the material to be assayed diffuses
through an agar-based nutrient medium thi.: has beer
uniformly seeded with spores of a susceptible organ
ism. Upon incubation, a zone of inhibition of gerrni
nation and growth develops, indicating the prl.'....ence 01
inhibitorts). There are several factors that aUe'l the size
and appearance of zones of inhibition. The number or
viable organisms used to inoculate the medium is crit
ical because the density of growth (and therefore the
visualization of zones) is dependent on the initial num
bers of organisms. The temperature of incubation alsc
must be ribidly controlled because both the rate 0:
growth or the organism and the raters) of difrusio» of
inhibitor(s} are temperature-dependent phenomena.
Porosity of !hc medium also influences the rate of cif.
fusion. In f:ener~l. l~\\'er proportions of <lsar result in
larger zones of tnhlbition. Other factors include the
dept!' of the :lSJr layer, the age of the inoculum, the
rer~n:qul' of adding the sample to the pia te, and
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the presence of caextr<1ctives from the sample. Both
turbidity and diffusion-based techniques can be car
ried out manually. or many of the steps can be auto
mated. A detailed monograph on the theory and appli
cation of microbia! assays has been prepared by Hewitt
and Vincent (48).

Two procedures, STOP (swab test on premises)
and CAST (calf antibiotic and sulfa test), are typical of
microbial assays for antibiotic residues. Cotton swabs
that have been used to sample the suspect tissue are
placed in contact with gelled growth media that has
been amended with Bacillus subtilis (ATCC 6633)
spores and incubated at 32°C for 16-18 hr (STOP) or
Bacillus magterium (ATCC 9885) and incubated at 44°C
(CAST). If positive, these screen are usually followed
by a thin-layer bioautography assay..

There are some 40 drugs approved for use in lactat
ing dairy cows, 11 of which have been approved for the
treatment of mastitis and respiratory infections. Raw
milk is screened routinely for antibiotic residues; antibi
otic-contaminated milk (and milk products) are consid
ered as adulterated by FDA. The residues of greatest
concern include penicillin, ampicillin, cephapirin, heta
cillin, and amoxicillen, all of which can cause hyper
sensitivity reactions for certain consumers. Antibiotic
residues can interfere with the acid and flavor produc
tion during the manufacture of buttermilk and similar
products, the acid production of starter cultures used in
processed milk products and cheeses, and starter cul
ture growth when propagated in reconstituted skim
mille .

. In total, screening assays for antibiotic residues in
milk are efficient monitoring procedures in that they
are simple and rapid (permitting numerous samples to
be screened). However, they are nonspecific and
respond only to biologically active residues that inhibit
the growth of the indicator organism. Prior to 1991, the
one official test method for drug residues in raw milk
was the Bacillus stearothermophilis disk assay (BSDA).
Since then, continued improvements to and testing/
approval of kits have resulted in a wide choice of com
mercial screening kits (Table 20-6). However, there is
no ideal kit currently available for detecting antimicro
bial drug residues in raw milk.

Screening tests do not identify the specific analyte
that causes the positive response nor do they measure
the quantity of residue(s). A positive result from a
screening test is a presumptive indication that one or
more analyte is present. None of the 13-lactam tests can
detect all six approved ~lactamdrugs. Screening tests
have limits of detection for specific drug residues that
are below the tolerance level. Thus, screening assays
can provide false violation results (i.e., they can cor
rectly provide positive results for levels below the tol
erance level permitted by legislation). In addition, each
kit fails to detect residues of one or more approved ~-

lactams at their tolerance level. Finally, natural defense
secretions in milk from mastitic cows have produced a
positive response in antimicrobial screening assays
even though the cows had not been treated \..;th any
animal drug. However, the positive responses from
these natural inhibitors occur only under conditions in
which the somatic cell count is many times greater than
the maximum number of somatic cells permitted
under current legislation. In addition, it seems unlikely
that whole herds would be affected sufficiently to pro
duce a positive response to tanker truck loads of raw
milk.

The Charm II test (Charm Science) is a rapid
radioisotopic assay procedure that can detect the fol
lowing antibiotic groups: ~-lactams, tetracyclines,
macrolides, aminoglycosides, novobiocin, sulfon
arnides, and chloramphenicols. The assay is based on a
competition between labeled drug and residues in the
milk sample for a limited number of specific binding
sites on the surfaces of bacteria that are added to the
sample. In brief, the procedure involves the addition of
the radiolabeled tracer antibiotic and the binding
microorganism to the milk sample, a short incubation,
centrifugation, fat removal, resuspension of the micro
bial plug in a scintillation fluid, and counting. The
greater the concentration of antibiotic residue, the less
radiolabeled tracer will become bound to the microor
ganism. Two antibiotic groups can be assayed in each
tube by using a combination of 14C and 3H tracer anti
biotics. The various antibiotic types can be assayed in
approximately 12 min, and with limits of detection that
are very much lower than the more traditional diffu
sion assays. For ~-lactam antibiotic residues, Angenics
Inc. has developed a rapid (6-min) antibody-based
assay, in kit forni, that is performed on a glass slide and
evaluated in a monitoring device. Penzyme On-Farm
and Laboratory m tests (Smithkline Animal Health
Products) are enzyme-based colorimetric assays tor 13
lactam antibiotics.

20.3,3 Chemically Based Approaches To
Quantitative Determinations

20.3.3.1 Overview

The approaches to the quantitative detennination of
drug residues in tissues, in feeds, or in other food prod
ucts follow the same general steps as for other trace
analytes. After an optional sample pretreatment (to aid
in the release of bound residues), drug residues are sol
ubilized with an appropriate solvent, the crude extract
is purified by partitioning or column chromatography,
and then the purified extract is analyzed using an auto
mated chromatographic technique. However, for drug
residues, cleanup procedures often involve acid-base
partitioning against organic solvents to take advantage
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~ Examples of Commercially Distributed Screening Klb for Drug Resldues

AgridiagnoslicslEditek tnc.,
'238 Anthony Road.
Burlington, NC

Charm Science
36 Franklyn Street
Malden. MA 02148-4120
http://www.world.std.com/-cfJarm1/chrmweb.htm

IDEXX laboratories Inc.•
1 IDEXX Drive
Westbrook. ME 04092
h:rp://www.idexx.com

of the acidic character (phenolic compounds) or the
basic character (benzimidazoles, sulfonamides. tetra
cyclines) of the analytes, For ionic analytes, ion
exchange cleanup columns have been used extensively.
Alternately. the add/base character of analytes can be
exploited by performing the initial extraction with
mineral acids (HC), HClO~) or with aqueous buffers to
recover t(r.~cycli:lC5 from meats, fish, and blood.
Buffers sorr.etirncs can be combined advantageously
with a water-miscible organic solvent to improve the
selectivity of the solubilization step. The addition of
the wa ter-rruscible organic solvent appreciably reduces

. the solubility of proteinaceous materials and avoids a
separate deproteination step. Other advantages of this
approach are that the procedure is simple and rapid.
appears to be widely applicable. and results in consis
tently high recoveries. However, the resulting extracts
cannot be injected directly onto a reversed-phase
HPLC column for lack of analyte retention, The o:-sanic
solvent is usually removed (;;1 part or totally). O:lC

approach that can be effective ior polar analytes (tetre
cyclines) is to add a nonpolar water-immiscible so!v e~t

(CH2CI~ or hexane). In CO:l::-a~1 to mas: pesticides. the
polar drug residues are retained in the agucous phcse.

Swab Teston Premises (S.T.a.p.) detects ~Iactams. tetracy
clines. aminoglyc:osides. and macrolytes.

If the tissue contains antibiotic residues. fluid from the ussee
swab win inhibit the growth of a sensitive organism on a cul
ture plate.

GalfAntibiotic Sul/a Tesl(CAS.T.) detects ~-Iactams, tetracy
clines. aminogJycosides.macrolytes, and sulfa drugs.

Analytes Will diffuse out from the swab and inhibit the growth
01 bacterial colonies in the area around the head of the
swab.

Fast Antibiotic Swab Test(FAS.T.) detects ~Jactams. tetracy
clines, aminoglycosides. maerolytes. and sulfa drugs. Iden
tical to the CAS.T. assay exeept that a color change is gen
erated in approximately 8 hr.

Live Animal Swab Test(LAS.T) detects ~Iactams. tetracy
clines, aminoglycosides, and macrolytes using a modifica
tion 01 the S.T.O.P. test to permit the monitoring of urine.

Sulfaon-Site (S.O.S.) employs a TLC technique.

Charm 1. Farm Test, RITe Test. 8.st Tablet Disk Assay.
Screening kits for ~Iactam. sUlfonamides. tetracycline
macrolide. and aminoglycoside drug residues in milk. beef.
pork. eggs. fish. feed. and grain honey serum and urine (not
all kits are applicable to all matrices).

Charm /I detects novobiocin. spectinomycin. and fotic acid
analog residues in milk. ehloramphinieol residues in the
matrices above, and performs all other Charm tests.

SNAP p-/acram, SNAP Tetracycline. A competitive binding
assay coupled with enzyme-mediated color developme~t

within a card and card holder. The card also contains a cos
itive control,

CITE Sulfa Trio. Probe Gentamicin

Analytes in the crude aqueous phase can be concert
trated on a solid-phase extraction (SPE) cartridge or
directly on the head of an HPLCcolumn.

20.3.3.2 Automated
Chromatographic Separations

As is the case for mycotoxins, the most popular :l.:to
mated approach to separation/quantitation of drug
residues has been HPLC. The major applications ci this
approach have been for confirmatory rather than ror
screening purposes. One of the advantages of HPLC
relative to GC is that frequently little sample prepara
tion is required. A multiresidue procedure for eigh:
benzimidazole residues in liver and muscle is typical of
more recent developments in drug residue methoccl
ogy (49). In brief, previously blended and frozen tissue
sample (bovine. ovine, or swine liver or muscle), 10 S;
N<l2S0~ 5 S; ..; M K2CO), 1 ml; and ethyl acetate, .30 rnl
are blended, and the filtrate is evaporated. The residue.
in hexane, is partitioned ilgainst ethanol..{}.2 MHCl.•~
il!iq:::.>l of the aqueous phOise is alkalized with K,CO ....
";1C! then purified on a C: minicolumn. The an:l.lyt;s M'e

r':,':I\·l.'red ~rom the minicolumn with ethyl ncet~te. The
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organic solvent is evaporated. and the residues are
resuspended in ethanol-ammonium phosphate mobile
phase. separated by reversed-phase HPLC. and de
tected at ~8 nm. The identity of residues can be cor
roborated by GC-l'vlS after hydrolyzing a second
aliquot of the extract with He! and derivatizing the lib
erated amine(s) with N-methyl-N-(t-butyldiInethylsi
Iyl)-trifluoroacetamide. Recoveries. at the 100 !lg/kg

.spiking level. averaged 88"10 =6%.
An HPLC screen for 10 sulfonarnides in raw

bovine milk is also illustrative (SO). Sample preparation
is minimal and involves partitioning the residues into
chloroform-acetone, evaporating the solvent. resus
pending the residues in 0.1 M potassium dihydrogen
phosphate. and subsequently removing of fatlike coex
tractives with hexane. After filtration. the aqueous
phase is analyzed by reversed-phase HPLC (using
either of two isocraric mobile phases) with detection at
~65nm. the coefficients of variation were 3-13% at the
10 !lg/kg level of spiking. A recent overview of the
application of HPLC to antibiotic residue determina
tions has been provided by Moats (51).

20.4 SUMMARY

As a society, we expend enormous effort and consider
able resources to identify and control "synthetic"
chemicals that are considered to pose a carcinogenic
risk to society of greater than one in a million. The
detection and determination of traces of pesticide.
mycotoxin, and antibiotic residues in foods represents
a formidable challenge for the analyst. In support of
existing legislation. detailed sampling protocols and
analytical procedures have been developed both to
screen for and to measure toxic residues at trace and
ultra trace levels. Despite a generation of dedicated
research and many thousands of analyses per year, the
level of consumer confidence in our food supplies
appears to be declining somewhat. In response to con
cerns regarding the safety of our food supplies. newer
methodologies will have to be developed and opti
mized to screen even greater numbers of samples and
analyze for greater numbers of toxicants. Above all. we
have to continue to ensure the rapid publication in the
open literature of the results of monitoring programs to
help allay consumers' concerns.

20.5 STUDY QUESTIONS

1. What is meant by the "tolerance level" for a pesticide on
a fresh agricultur<ll product?

2. Why is it that all analytical methods provide only esti
mates of the level(s) of an analvte within the sample? In
your opinion. how exact are these estimates?

3. Briefly outline the five major steps involved in a quanti-

tative single-residue method for residues of a pesticide in
a fresh plant food.

4. What strategies can be followed in an attempt to corrob
orate the presence of a pesticide, a mycotoxin. or a drug
residue in a sample? What is the value, it any, of these
approaches?

5. Conventional pomiculture can require up to 12 spray
treatments of an orchard during a single growing season.
The use of a "stop drop" agent can cause much of the
crop to ripen at the same time to facilitate mechanized
harvesting. You have been asked to ensure that the appli
cation ofa registered stop drop agent "X" conforms to all
existing regulations. How would you proceed?
a. Which government agency is responsible for register

ing agent X on apples and which agency is responsi
ble for ensuring that residues at harvest conform to
existing tolerances?

b. You find this pesticide and its tolerance level on
apples in the "Compendium of Registered Pesti·
cides." What is meant by "tolerance level?"

c. In Volumes I and Il of the Pesticide Analvtical Manual
you find multi residue methods, single-residue meth
ods. and screening methods. Which one of these types
of methods would you use to ensure compliance with
the tolerance level for agent X and why would you
choose this approach over the other two classes of
methods?

6. For immunoassay-based analytical methods. what is
meant by the term crossmzctiuity?

7. Why haven't microbiological assays been developed to
detect the presence of toxicogenic fungi in fresh or stored
produce and usedas an indicator of possible mycotoxin
contamination of that product?

8. Why are sampling procedures for pesticide residues ap
preciably different from sampling procedures for myca
toxins even when dealing with the same sample matrix?

9. What are the advantages and disadvantages of analytical
screening procedures for pesticide. ior mycotoxin, and
for drug residues?

10. Selected food products can be screened for certain myco
toxin residues using a simpleminicolumn and iorantibi
otic residues by using a commercial kit such as the
Charm II test. A different approach for ailatoxin or for
certain sulfonamide antibiotic residues would be to per
form an HPLC separation coupled with a selecth-e, yet
sensitive, detection process. Briefly explain how each of
these three methods might be applied to solve the-seana
lytical problems. Include in your answer iI description of
the principles involved and the limitations oi each
approach. (See also Chapters 31 and 32 for general col
umn chromatography and for HPLC. and Chapter 21 on
immunoassays.)

11. Having suffered through this chapter. are you any closer
to deciding whether roods are safe?
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21.1 INTRODUCTION

Immunological methods are finding widespread appli
cation in food analysis. The classical methods used in
food analysis consisted of agglutin.ltion and gel precip
itation reactions and gave way to the isotopic assays,
such as radioimmunoassay (RIAl. This assay provided
excellent sensitivity, but the need for expensive equip
ment and radioisotopes presented a drawback to its
widespread use. Evolution of enzyme immunoassays
(EIAs) overcame the undesirable features (e.g., poten
tial health hazards from exposure to radioactivity)
posed by RL-\s. Enzyme-linked immunosorbent
assays (ELISAs) have found widespread use in the food
ind ustry. They can be used to detect desirable as well as
undesirable substances. Questions have been raised
recen tly about the safety of the food su pply.A grea t deal
of attention has been placed on the detection of unde
sirable substances such as pesticides, drug residues,
hormones, growth promoters, microbial toxins, either
mycotoxins or enterotoxins, natural intoxicants such as
alkaloids, and other undesirable additives. Recent reg
ulations put in place by the United States Department
of Agriculture (Hazard Analysis and Critical Control
Point, HACCP) require testing of seafood, meat, and
poultry for escherichia coli and Salmonella in processing
plants and slaughterhouses. These tests must be rapid,
provide robust performance in field situations, and be
sensitive and specific to detect the undesirable patho
gens. Immunoassays will find widespread application
in these settings. Immunoassays continue. to gain pres
ence in testing of food for potential allergens, such as
the protein gluten (e.g., gliadins) in wheat used to make
gluten-free products for coeliacs,

There are a large number of chemicals present in
foods that are natural components (e.g., carbohydrates,
proteins, fats, color, flavor, minerals), as well as addi
tives added intentionally to enhance processing. Con
centrations for one or more of these may need to be
monitored on a regular basis (e.g., for nutritional label
ing). Microbes may produce beneficial compounds for
food processing (fermentation for preservation). They
also may be the source of harmful mycotoxins.

Immunological methods and most definitely
ELISAs provide sensitivity, specificity, speed, and cost
effectiveness that many of the classical microbiological
and chemical analytical methods lack. The microbio
logical and chemical methods are costly and time con
suming, requiring extensive sample preparation (e.g.,
extraction, cleanup procedures, concentration and sep
aration steps), trained personnel, and expensive equip
ment. Immunoassays lend themselves to routine analy
sis of large numbers of samples. They can be used in the
field, where qualitative screening often is desired. They
also can be used quantitatively to obtain a value of how
much of the analyte is present in the sample. EUSAs can
be used in the private sector as well as government lab-
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oratories as research tools. They also can find applica
tion in routine surveillance and quality control testing
in manual or automated systems.

Until the mid-1970s, immunoassays were devel
oped with polyclonal antibodies. Milstein and Kohler
(1) developeJ hybridomas that secrete monoclonal
antibodies. Monoclonal antibodies now have been
developed for use in food analysis.

Principles ot imrnunoassays and their applications
for research and commercial use are discussed in this
chapter. There has been an explosion of immunoassay
development within the last few years, for both re
search and commercial product development related
to food testing and food safety. Consumer awareness
has heightened and the public is demanding a safer
food supply, which now can be addressed by using
technologies such as immunoassays that are sensitive,
rapid, and specific, Much of the information on
imrnunoassays is accessible via the Internet. Reference
is made in this chapter to web sites to obtain the most
recent information available on development and
application of immunoassays,

21.2 PRINCIPLES AND PROCEDURES

21.2.1 Immunological Definitions

21.2.1.1 Antibodies

Antibodies are members of the family of immunoglob
ulins. These proteins are slightly glycosylated and
exhibit a number of important and diagnostic features
(2,3). There are two types of antibodies: polyclonal
antibodies and monoclonal antibodies. In brief, to
produce polyclonal antibodies, a properly selected
antigen is injected into the host animal. The animal's
immune system will recognize the antigen as a foreign
substance and respond to it. The resulting antibodies
are a mixture. There are a number of different determi
nants or one repeating determinant. There are various
determinants to which the immune cells respond and
result in a mixture of antibodies to those determinants.
If a successful preparation is made, the population will
contain some antibodies whose affinity and avidity are
great for the foreign protein. .

Monoclonal antibodies are secreted bv hvbrido
mas that are created by fusing hyperimmunized spleen
cells, usually from mice, to myeloma cells, usually of
mouse origin. The secreted antibodies are hornoge
0005, since all the cells in the culture that secrete the
antibodies Originated from one cell.

21.2.1.2 Antigen

The term antigen is more complex in meaning than is
the term antibody. The antigen may be described as the
substance to which the antibody binds. The work of
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Landsteiner (4) demonstrated that the antibodies bind
to and have speci.6.cily for fairly small chemical moi
eties. Kabat estimated the chemical group may be the
size of a pentasaccharide (5), while another study esti
mated it to be as large as a tetrapeptide (6). Therefore,
an antigen can be a large soluble protein, a mammalian
cell, or an organism (e.g., bacteria or vrirus), The actual
site of antibody binding is called a determinant (7) Or
an epitope (8).

21.2.1.3 Hapten

The term multivalent can be used to describe antigens
made of proteins or bacteria. Small hormones and hap
tens are examples of univalent antigens. A hapten is a
small molecule of less than 1000 daltons. It is nonim
munogenic in its own right and must be chemically
linked to proteins (in vivo or in vitro) to produce anti
bodies. When a small molecule is attached. to a large
carrier molecule [e.g., bovine serum albumin (BSA) or
keyhole limpet hemocyanin (KUI)], the immunogen is
called a conjugate antigen.

21.2.2 Methodology for Immunoassays

Immunoassays (lAs) comprise a test format that is
antibody based. They can be used to detect antigens or
antibodies. They can be developed for detection of
large or small molecules.

21.2.2.1 Isotopic tmmunoesseys

21.2.2.1.1 Overview In an isotcpic immunoassay,
hapten or antigen can be rncasured. The assay is based
on competition for antibody between a radioactive
indicator antigen and its unlabeled cou..n terpart in the
test sample. As the amount of unlabeled antigen b the
test sample increases, less labeled antigen is bound.
The concentration of antigen is H,~ tes: sample can be
determined from comparison with a standard calibra
tion curve prepared with known concentrations of
purified antigen (9).

21.2.2.1.2 Radioimmunoassay (RJA) The sensitivity
of the RlA is largely Ji...nited by the amount of radioac
tivity that can be introduced into the radiolabeled anti
gen {9}. levels as low as 1 ng can be detected when car
rier-free radioactive iodine-l25 is used as an extrinsic
label. Precipitates usuallv do not result due to the
extremely low concentrations used. There are several
procedures that can be used to separate free and bound
indicator antigen. In the classica I method, complexes of
antibody bound to radiolebeled ar.rigen are precipi
tated with antiserum prepared against the antibody
moiety (anti-species antibody).

There also are some solid-phase assays that allevi
ate the need {or the second anti-species antibody (Fig.
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21·1). In one method, antibodies to the antigen are
adsorbed onto the plastic (e.g., polystyrene) tube. Next,
radiolabeled antigen binds specifically to the adsorbed.
antigens and can becounted, When unlabeled antigen
that competes also is present, less radiolabeled antigen
can be proportionally bound. The unbound fraction
that is left can be removed. This method is cost effec
tive, quick, and highly sensitive. For example, it is pos
sible to detect less than O.OOllJ.g of antigen when a tube
is coated. with l\J.g of antibody (10).

21.2.2.2 Nonisotopic Jmmunoassays

Nonisotopic immunoassays are different from iso-
topic immunoassays mainly due to the type of label
used, the means of endpoint detection, and the possi
bility of eliminating a separation step. Two types of
nonisotopic immunoassays are fluoroimmunoassays
(FIAs) and enzyme immunoassays (EIAs).

21.2.2.2.1 Ftuoroimmunoassays Fluorescein and
rhodamine are used commonly for labeling molecules.
There are three types of fluoroimmuncassays: (1) non
separation fluoroimmunoassays that require no sepa
ration step of bound from unbound product, (2) polar
ization fluoroimmunoassays that operate based on
antibody binding to enhance the signal, and (3)
quenching fluoroimmunoassays that depend on a
decrease in signal from the bound fraction (Fi[;:. 21-:;}.
The quenching of the activity is attributed to the anti
body's ability to affect the excitation or the emission
from the labeled small molecule (12).

21.2.2.2.2 Enzyme Immunoassays (fE/As) EL~~ em
ploy enzyme labels and are divided into two cate
gories: homogeneous and heterogeneous. Homoge
neous assays require no separation of unrearted
reagents because the immune reaction affect~ :..1).:
enzyme activity. Heterogeneous assays have set ara
lion steps. ELISA, a type of heterogeneous 2.'~:".

requires washing between each step to remove
unbound reagents. Enzyme labels widely used include
alkaline phosphatase, glucose oxidase, and horserad
ish peroxidase. These enzymes catalyze reactions t,l.;at
cause substrates to degrade and form a colored prod
uct that can be read either spectrophotornetrically or
visually by eye. Depending on format, either antibodv
or antigen is adsorbed Onto a solid phase, which can b~
polystyrene tubes, polystyrene microtiter wells, or
membranes (i.e., nitrocellulose and nvlon) (13. 14).

1. Sandwich ELISA. This format 'enables detection
of large antigens fbactertal, viral, and other large pro
reins). Two preparations of antibodies are used. one to
coat the solid phase and one onto which the enzvrne is
attached (Fig. 21-3). These antibodies can ha~'e the
same specificity or can be directed against separate
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Radioimmunoassay methodology. Principle of radioimmunoassay (simplified by assuming a very highly avid
antibody and one combining site per antibody molecule). (a) If we add 3 moles of radiolabeled Ag (.) to 2 moles
of Ag, 1 mole of Ag will be free and 2 bound to Ab, The ratio of the counts of freeto bound will be 1:2. (b) Ii we now
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since the Ab cannot distinguish labeled from unlabeled Ag, half will be radioactive. The remaining antigen .....ill be
free and the, ratio of free:bound radioactivity changes to 2:1. This ratio will vary with the amount of unlabeled Ag
added, and this enables a calibration curve to be constructed. (From (11), used with permission.]
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Immunofluorescence methodology. The basis of fluorescence antibody tests for identification of tissue antig:ensor
their antibodies. • '" fluorescein labeled. [From (11), used with permission.]

antigenic determinants. They can be raised in the same
or different species. The color development is directly
related to the amount of antigen present. The assay
derives its name from the position the antigen occupies
in the test. It is sandwiched betvveen the unlabeled
antibody attached to the solid phase and the enzyme
labeled antibody. which is added following addition of
the antigen. A washing step is required between each
step to remove unbound reactants.

An indirect double-sandwich ELISA may be
developed. Here the solid-phase antibodies are specific

to the large protein produced in species A (e.g., rabbit)
are coated into the solid phase. Serial dilutions of stan
douds and sample(s) are added and the mixture is incu
bated for a specified time. Unbound antigen is washed
out and a fixed amount of specific antibody from
species B (e.g., mouse) is added. Following Incubation
of the second antibody and a washing step, a labeled
antibody (anti-speciesB antibody) is incubated and
then the excess washed out. Substrate is added and
color development of the amount of antigen present
also is proportional (14).
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21.2.2.3 Other Immunochemical Methods

21.2.2.3.7 Aggfutination Particle immunoassay ca:1
be defined as an assay based on immunological agglu
tination in which either an antigen or its correspondinf;

Double antibody sandwich assay Color

1J----:..1fJ.[~]!, I -:
antibody and IabelJed subslnll; lL...--.

aJllibody added Anlilc:ll c:ooc.

Competitive assay using enzyme-labelled antigen

/lzJ~lif

M~M~lMl~
mLibody Add bbcDcd m1ip Add cazyme

A) with food cLlrlla substraJe
B) witboDtfood c=r::1nC%

antibody is attached. to an inert particle (Fig. 21-6). This
particle functions as a label. which is opposed to direct
precipitation of the antigen-anbbody immunocomplex
(16). Agglutination reactions are based. on the forma
tion of antibody bridges between immunoglobulin G
(IgG), which is bivalent, and IgM, which is a multiva
lent antibody, and antigen' particles possessing multi
pIe antigenic determinants. It then is possible for anti
bodies to react with more than one site on a single
particle or to react with equivalent sites on different
particles to produce a cross-linked structure, Aggluti
nation reactions generally are used to detect antibody
in specimens directed to specific antigens sensitized on
particles (passive or indirect agglutination) (l6).
Reverse agglutination using a specified antibody sen
sitized on a particle surface can be used to detect solu
ble antigen in a sample. It should be noted that a hap
ten, which contains a single antigenic determinant
(e.g., drug residue) would not form the cross-linked
structure and could not be agglutinated unless it was
immobilized on a solid surface (16).
A number of different particles have been used as solid
phases for particle agglutination assays. About 100
years ago, the first direct agglutination reaction (17)
was observed in a reaction involving bacteria and an
infected patient serum. The reaction occurred between
intrinsic antigen on the surface of the bacterial particle
and its corresponding antibody. Direct agglutination is
still used for immunological diagnosis of microbia!
infection (e.g., Brucella and Salmonella) (16).

The advancement of technology for manipularicn
of particles, along with the development of sophisri
cated methods for synthetic organic chemistry a;-,C
antigen characterization, has brought about creation cf
particles to replace natural antigen particles. The parri
de would be sensitized with antigen or an antibody
specific to the target in passive (or indirect) aggluti:-.~·

tion (16).
1. Hemagglutination. The principle 'of the pass: v

hemagglutination test is based on the least "moun: 0:
soluble antigen required to inhibit agglurinaricn of :cc:
blood cells (Fig. 21-7). This is the concentration of ~:(~i

gen in the last tube that will give a wide ring agsluti
nation pattern (known as a mat) (18).

Methods based on the agglutination are semiquan
titative procedures. It is typical to use a t1....ofcld dil u
tion scheme (Fig. 21-S). Therefore, the procedures car'
only yield results that reflect the dilution sequence. lf
the interval between antigen concentrarion ',,,'2$

greater, then the inherent error also would be grca:e;.
However, the narrower the range, the more accurate
the assay (19).

Hemagglurination assays are easy to perform and
possess the desired sensitivity. Unfortunately, thev
reql.:.lre large quantities of antiserum, and some anti
bud y prepcrations do not react with red blood cells.
The biggest potential disLld'·,1nt.:lge is that there may be

Sandwich ELISA methodology. Enzyme-im
munoassay formats used for quantification of
food protein antigens. [From (5), used with
permission, Illustration from Deoelopment /lnd
Application of Imm:Jr:OIl55Q!, for Food ArAlysis,
I.H. Rittenburg, se, copyright ~ 1990 by Else
vier SciencePublishers, Ltd., reprinted by per
mission of publisher.)
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2. Compctitive Direct ELISA. 1-1 this format, free
hapten competes with an enzyme-labeled hapten Ior a
number of limited antibody sites attached onto a solid
phase. Unbound reactants are washed before substrate
is added. Following substrate addition, the color is pro
duced is indirectly related to the amount of hapten L'1
the test sample (Fig. 21-4).

3. Competitive Indirect ELISA. In this format,
antibody is free in solution, and competition occurs
between free hapten and solid-phase antigen bound to
the plastic or membrane. Followingan incubation step,
unreacted reagents are washed away, and an anti
species antibody labeled with enzyme is added and
incubated. After another washing step, substrate is
added. The color produced is indirectly related to the
amount of hapten present in the sample (Fig. 21-5).
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Examples of direct competitive and noncompetitive enzyme-linked immunosorbent assays. [From (15). used with
permission. illustration from Development and Application of Immunoassay for Food AlUllysis, I.H. Rinenburg, Ed.,
copyright@ 1990by Elsevier Science Publishers Ltd., reprinted by permission of publisher.)

nonspecific interaction from other proteins also capa
ble of causing agglutination (20).

2. Latex Agglutination. Polystyrene latex can be
used for attachment of antibodies or soluble antigens,
either via adsorption or covalent attachment, in agglu~

tination reactions. Latex particles have found wide
application in agglutination immunoassays because of
their stable characteristics and the ease with which
antibodies and antigens can be attached chemically to
their surface. Latex particles Canbe coated or sensitized
with specific antisera and then mixed with extracts of
sample to test for the presence of a specific antigen (Fig.
21~9). When the antigen molecule is a hapten, it is nec
essary to set up the immunoassay as an inhibition of
agglutination (Fig. 21-10). Here a protein-hapten con
jugate is synthesized and attached to the latex particles.
Agglutination occurs when the particles are mixed
with corresponding antisera (16).Addition of freehap
ten to the mixture will inhibit the reaction via competi
tion for antibody sites. The concentration of analyte in
the sample can be detennined by comparison with
standard antigen solutions (16).

21.2.2.3.2 Immunodiffusion
1. Single Radial Immunodiffusion. The poly

clonal antiserum prepared against the desired antigen
is uniformly dispensed in an agar gel (21).Standards of
known concentration of the antigen and sample
extracts are placed into the appropriate wells cut into
the agar. Diffusion of the standards and samples into
the agar cause formation of precipitin rings. At any
given time, the diameter of the rings is proportional to
the initial antigen concentrations in the wells (Fig. 21
11). Microgram quantities of antigen can be detected
with the method. The method requires large quantities
of antiserwn and is not ideal for analysis of sparingly
soluble antigens. However, gels that contain urea do
enable analysis of such proteins (e.g., gluten) (22).

2. Double Diffusion. Double diffusion assavs are
not used quantitatively; they enable the user to ~btain
infonnation about the immunochemical relationship
(similarities and dissimilarities) of several antigens
(23). An extract may bescreened against several differ
ent antisera by placing the extract in the center well
and the antisera in peripheral wells (Fig. 21-12).
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Principles of particle agglutination immunoas
say for detection of antigen with multiple epi
topes (A) or antibodies (B). [From (16), used
with permission.]

Principles of particle inhibition irnmuncassav
for detection of antigen with a single epilo,<.
using anrisen particles with free (A} or fixeC. 'T j
antibody. (From (16), used with perrnission.]
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precipitates that form in the gel have heights that are
dependent on antigen concentration (Fig. 21-14).

27.2.2.3.3 Quantitative Precipitin Techniques For
quantitative precipitin techniques (26), an insoluble
complex. forms follow ing interaction between a sol
uble anhsen and specific antibodies (Fig. 21-15). This

Example of a" bdirect competitive enzyme
linked Immunosorbent assay. [From (15), used
with permission. Illustration from Depelopment
and AppliCJ1tior. of lmmunoassavfor Food Analysis.
].H. Rinenburg, Ed., copyright e 1990 by Else
vier Science Publishers Ltd., reprinted by per
mission or publisher.)
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3. Immunoelectrophoresis. This procedure is C:Jr
ned out by electrophorehcally separating the antigen
to provide resolution of different antigenic compo
nents in the mixture prior to immunodiffusion against
the antiserum (24). The antigen is electrophoresed in a
gel. A trough is cut parallel to the direction of the sepa
ration. An antiserum is added to the trough and the
separated antigens diffuse toward one another. which
results in [ormation of precipitates (Fig. 21-13).

4. Rocket Immunoelectrophoresis. In this method,
the antiserum is dispensed into the agarose gel (25).The
antigen standards and sample extracts are added to L'1C
small wells cut into one end of the gel. The antigens then
electrophorese into the antibodv-contatning gel. The
assay is designed such that antigen migrates with a
sparing to no antibody migration. The rocket-shaped
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Hemagglutination assayfor detection of antibodies to T.pallidumantigen based on qualitative and quantitative test
protocols. This is a clinical application, but a similar format would be used for food-based application. [From (16),
used with permission.]

method works in solution, not in'a geL The amount of
precipitate is subsequently analyzed by protein assay.
A fair amount of sensitivity is achievable, but the assay
requires long times to obtain maximal precipitate for
mation. Generation of biphasic antigen concentration
versus precipitate curves is a potential problem.

21.2.2.3.4lmmunoaffinity Columns An immunoaffin
ity column is constructed by attaching antibodies with
specificity for certain analyte to a solid-phase support
(e.g., gel matrix). A sample is extracted and passed
through the column. The analyte of interest binds to
the antibodies and can be eluted and quantified using
fluorescent derivitization or instrumental quantifica
tion [(e.g., high performance liquid chromatography
(HPLC») (Fig. 21-16).

21.2.3 Considerations for
Immunoassay Development

It is not possible, because ofthescope and length of this
chapter, to describe in any great detail all the consider
ations for development of all the immunoassays. It is
appropriate, however, to provide in brief detail the

steps required to develop one such method, Since
development and application of EUSAs for detection
of small molecules important in the food industry are
constantly on the rise, an overview of the general pro- .
cedure for developing a direct competitive ELISA is
provided, along with the procedure to validate such an
assay.

21.2.3.1 Overview

The key tasks required for ELISAdevelopment for hap
tens are as follows: (1) Prepare a suitable immunogen;
(2) immunize host animal (e.g., mouse or rabbit); (3)
obtain test bleeds to titer antisera for specific antibod
ies; (4) develop an assay for optimizing (balancing) of
antibodies and enzyme conjugate; (5) apply the test to
the desired sample matrix; and (6) validate the method.

To elicit an immune response, the hapten must be
chemically linked (in vivo and in vitro) to a carrier mol
ecule, namely a protein. If a reactive group is not pres
ent, one musfbe added onto a portion of the molecule.
Amino or carboxyl groups are added, which then
enables the molecule to be linked to the carrier protein
via an amino or carboxyl group. Commonly used car-
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illustration of a latex agglutination i...'\hibiton
reaction for detecting small molecule antigens
in a sample. The latex particles are coated with
a preparation of the antigen anc then mixed
with the sample extract and the orimarv z.."lti
body. If the target antigen is present in the~
pie it will inhibit the agglutination reacccn
from occurring. [From (15), used with pe;.:-.i.s
sion.]

range of analyte concentration. The reagents often ere
first standardized in pure solutions of the hapten. 3='1d

then the desired sample matrix is applied to the as::.:.y.
Samples that would be analyzed for any SPCC1r:c 2:-.1

lyte could be one or more of the following: tissue (;.:.:; ..
liver, kidney, muscle), dairy products (e.g., 1':'..:::.:.
yogurt, and cheese), feeds, cereal grains. or processed
foods.

VVllcn an assay is optimized, the antibody concen
tration and enzyme-labeled conjugate concenrrc rions
are set up so that the assay operates within the linear
part oi the curve (absorbance versus concenrraricr; or'
hapten). M,lny assays are designed to work arou:.... ':: a
concentranon tnJl is regulated. For example, at1.:do\::-,s
are regulated by the United States Food and D:-.Jc
Acmi~js!r.:ltio~ (FDA) at 20 ppb (39). An ,1ssa~' ;o~
detection of this myco!oxin, whether it is used to screen
for the presence or absence of the toxin. or quanrita
tively to dclcrmine an actual concentration, would

PARTICLES AGGLUTINATE-VISIBLE CLUMPING EVIDENT

Illustration of a latex agglurinatica reaction for
detecting antigen in a sample. Latex particles
approximately 1.0 !UT\ in diameter are coated
with primary antibody, These particles are then
mixed with the sample extract and if the target
antigen is present a visible agglutination reac
tion will occur. [From (15), used with permis
sion.]

rier: are nsx. keyhole limpet hemocyanin (KLH), and
bovine gamma globulin (BGG). Reports of hernisucci
nate (28) and oxime (29) derivatizations appear in the
literature. Periodate is a coupling method also cited
(30). The mixed anhydride reaction (3I), N·hydroxy
succinirnide reaction (32), two-step glutaraldehyde
reaction (33-35), carbodiimide (36), and diazotization
(37) have been used to couple the derivarized hapten to
the carrier molecule. The advanraces and disadvan
tages of use of these methods are d;s:ribed in (38).

Once a titer is observed in :he test serum and the
reaction is shown to be specific. the re.3gents are opt:
mizcd to generate the best possible curve in the desired
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c) Noo-il!en!ityb) P:utial idcntiry

Double immunodiffusion methodology. (it)
Lint: of confluence obtained with two antigens
that cannot be distinguished bv the antiserum
used. (b) Spur formation by partially related
antigens having it common determinant .r but
individual determinants y and z reacting with a
mixture of antibodies directed against .r and y.
The antigen with determinants r and: can only
precipitate antibodies directed to react to r, The
remaining antibodies (Aby) cross the precipitin
line to react with the antigen from the adjacent
well, which has determinant y giving rise to it

spur over the precipitin line. (c) Crossing over
of lines formed with unrelated antigens. [From
(11), used with permission. lliustration from
Dwtlopmmt and Application of Immunoassay for
Food Analysis, I.H. Rittenburg, Ed., copyright
© 1990 by ElsevierSciencePublishers Ltd (orig
inal publisher). Chapman &: Hall. Ltd (current
publisher).)

The principles of immunoelectrophoresis.
Stage 1: Electrophoresisof antigen in agar gel.
Antigen migra~ to hypothetical position
shown. Stage 2: Current stopped.. Trough cut in
agar and filled with antibod,.~ Precipitin arc
formed. Becauseantigen theoretically at a point
source diffuses radially, and antibody from the
trough diffuseswith a plane front, they meet in
optimal proportions for precipirion along an
arc. The arc is closest to the trough at the point
where antigen is in highest concentration.
(From(ll), used with permission.]

Andgea Antibody,

! I •

~-e+ •
Stage 1 Stage 2 A!lJjFD

(e.g., polystyrene) or membranes (e.g., nitrocellulose,
nylon, polypropylene) as solid phases. The membranes
are immobilized onto dipsticks, cups, or disks. Choices
for enzymes include horseradish peroxidase, alkaline
phosphatase, glucose oxidase, and ~·galactosiJase.

Depending on the substrate chosen and the method
used to terminate the reaction, different colors (e.g.,
green, blue, yellow) can be generated. Regardless of
which enzyme is chosen. it should satisfy a number of

Antigen
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o dj d.2
Distance tram antigen well -

Single radical immunodiffusion: relation of
antigen concentration to size of precipitation
ring formed. Antigen at the higher concenrra
tion (Agt ) diffuses further from the well before
it falls to the level giving precipitation with
antibody near optimal proportions. [From (11),
used with permission.]

need to accurately detect aflatoxins above and below
the 20 ppb concentration.

To construct an assay that provides the desired
sensitivity, the antibody and enzyme conjugate must
work together. "'When an assay is constructed, time is a
key factor. Usually, an assay will be developed to work
in the shortest time possible necessary to generate the
desired color and sensitivity. Color development is
extremely important when an assay is designed to be
read visually. Distinct color must be observable at the
control concentration as well as above and below that
level.

An assay needs to be developed in a manner so
that little or no color development is due to nonspecific
color in the test. There are various ways antibody can
be loaded onto the solid phase. and various ways plas
tic sites not coated with antibody can be blocked with
agents to decrease or eliminate nonspecific binding of
enzyme conjugate.

Optimization of an assay requires a discussion in
much greater detail. Therefore, the reader is encour
aged to review additional discussions on the subject
(13, 14).

ELISAs can be developed using microtiter wells
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Predpllill arcs
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Qualitative precipitin reaction. A series of tubes
containing a standard quantity oJ antibody is
prepared and to these, various amounts of anti
gen are added. Followlng incubation and cen-
trifugation, the precipitate and supernatant are
separated and the amount of annbodv and
antigen in equal halves of the supernatant
quantified. The antibody content 01 the serurn
can be calculated from the equivalence point
where no antigen or antibody is present in the
supernatant. All the antigen added is therefore
c:omplexed in the precipitate with all the anti
body available and the antibody content is
given by subtracting the weight of antigen
added from the weight of the annbocy-entigcn
precipitated, [From (15), used with permission.
Illustration from the Dc-oJtlopmcnt and r.ppiica
tion of Immunoassay for Food Analysis. I.H. Rit
tenburg, Ed., copyright e 1990. Elsevier Science
Publishers, ltd (original publisher). Chapman
& Hall Ltd (current publisher).]
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Wht>n determining the limit of detection for a
direct competinve EUSA, the following equation can
be used:

criteria: (1) high turnover number; (2) easily detectable
product (high extinction coefficient of product in a
spectral region where substrate does not absorb light.
and if fluorescence detection is employed, high quan
tum yield of fluorescence of prod UCI); (3) long-term sta
bility; (4) high retention of activity af:er coupling: (5i
absence of endogenous activity lr. sample; (6) cost
effectiveness; and (7) abundant s:..;ppiy (-=0).

Rocket electrophoresis. Antigen, in this case
human serum albumin. is electrophoresed into
gel containing antibody. The distance from the
starting well to the front of the rocket-shaped
arc is related to antigen concentration. In the
example shown. human serum albumin is pre
sent at relative concentrations from left to right:
3,2, and 1. [From (47), usedwith permission.)

21.2.3.2 Method Validation

Once optimized and applied to the desired samplers).
the method must be validated. Generally, there are
nine criteria that must be satisfied to complete the val
idation (41). As these criteria are described below, data
from an EUSJ'\ used to detect sulfamethazine in milk
(42) will be used to illustrate certain criteria.

Sulfonamide residues can and do occur in milk
from any of several ways. Mastitis therapy, deliberate
feeding, inadvertent feeding. and the use of sulfarnet
hazine-containing boluses to prevent infection b cows
that have calved are some of the common wavs for sul
fonamide residues to occur in milk. Surveys ~nd stud
ies have been performed that showed that 50%or more
of the milk samples analyzed contained measurable
amounts of sulfamethazine residues (34).

21.2.3.2.7 Limit of Detection (Chemical Sensitivity)
This is the smallest quantity or concentration of an ana
Iyte that can be reliably distinguished from back
ground in the test.
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Affinity chromatography, Acolumn is filled with Sepharose-linked antibody, The antigen mixture is poured down
the column. Only the antigen binds and is released, by change in pH. for example. An antigen-linked affinity col
umn will purify antibody, obviously. (From (11), used with permission.]

where:

Xo :::: mean of the absorbance value for 0 parts
per billion (ppb)

250 =2 times the standard deviation

surprising since sulfamerazine only lacks one methyl
group that sulfamethazine possesses. The antibody did
not recognize penicillin or chlortetracycline, which are
commonly used in combination with sulfonamides.

The mean of the 0 ppb value is the composite value
obtained from the average of a number of standard
curves. For example, the limit of detection for an EUSA
used to detect sulfamethazine in milk is 0.7 ppb (Table
21-1). The test enables the detection of sulfamethazine
well below the safe level set by the FDA (43).

21.2.3.2.2 Crossreactivity (Chemical Specificity) This
is the extent to which the assay responds to only the
specified analyte and not to other compounds or sub
stances in the sample.

The sulfamethazine antibody was found to be
highly specific for sulfamethazine and did not bind to
closely related sulfonamides (Table 21-2). There was
140/0 crossreactivity with sulfamerazine; which is not

21.2.3.2.3 Reproducibility This is the ability of the
assay to duplicate results in repeat determinations. It is
the opposite of variability in the assay.

1. Intra-Assay Variability. nus is the variability
between replicate determinations in the same assay.
Intra-assay variability for the sulfamethazine EUSA
ranged from 6.02% to 7.70%, with overall variability
being 6.89%. This assay is highly repeatable.

2. Inter-Assay Variability. This is the variabil
ity between replicate determinations from different
groups. Inter-assay variability for the sulfamethazine
ELISA ranged from 2.84% to 17.44%, with an overall
value of 8.54%. A coefficient of variation (CV) below
10% is very good. Chemical methods often have CVs of
=50% when measurements are taken in the ppb range
(44).

Umlt of Defectlon tor the Direct Competltive EUSA for
Sulfamethazine In Milk

CONCENTRATION OF SULFAMETHAZINE (ppb)
Absorbance 0/650 nm

o 2.5 5 10 25 50

Mean

0.122
0.124
0.117
0.137
0.137
ll.1li
0.135

0.620
0.614
0.568
0.560
0.560
~
0.586

0.735
0.774
0.720
0.724
0.704
~
0.732

0.544 0.367 0.209
0.540 0.377 0.205
0.521 0.347 0.196
0.493 0.352 0.192

. 0.467 0.364 0.215
Q..5.lil Q...4.2..1 Q239
0.513 0.371 0.209

.. Id . Xo-2SD 100LlmllO etecnco « )(
Xo

0.732 - 2(0.0215) 00
= xl0.732 .

=94.1%
94.1% absorbance corresponds 100.7 ppb concentration of sulfamethazine

when graphed On logit-log paper.

From (42). used WIth permission.
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21.2.3.2.8 Stability This is the usable shelf life of the
kit for specified storage conditions. It can be deter
mined by accelerated aging studies and confirmed by
real-time testing. This validation point, is, of course,
important if a method is to be commercialized into a
test kit fonnat (46). Many ELISAs that are commer
cially available in kits are stable for 6 months to 1 year
when stored at 4°C. Some tests can be stored at room
temperature.

21.2.3.2.7 Overall Accuracy nus is the combined or
total ability of the test to correctly detect positive and
negati\·c samples (sensitivity and specificity = overall
accuracy).

The overall accuracy for the sulfamethazine EUSA
was determined to be 20/21 + 52/53 = 72/74 = 97.3%,
which demonstrates that ELISA,; can produce highly
accurate results.

100
14
<0.18
<0.18
<0.18
<:0.18
<0.18
<:0.18
<:0.18
<:0.18
<0.18

Percent
Crossreactivity!

90
630

>50.000
>50.000
>50.000
>50.000
>50,000
>50,000
>50,000
>50.000
>50.000

Binding
(ppb)

CONCENTRATION R£OUfRED
TO INHIBIT 50% OF ANTIBODY

Compound

Sulfamethazine
Sulfamerazine
SuJlathiazole
Sulfapyridine
Sulfaquinoxaline
Sulfachloropyridazine
Sulfadimethoxine
Sulfanilamide
Chlorotetracycline Hel
Procaine penicillin
p-Aminobenzoic acid

Percent Relative Crossr8CIctivity of
Anti-Sulfamethazine Polyclonal Antibody
Determined Using Sulfamethozine and
Other Drugs

From (42). used with permission
'Relative percent crossreactivity ..

Concentration 01sulfamelhazioe required to
inhibit 50% of antibody binding (ppb)

Concentration of other antirnicroOial agent
reQuired to inhibit SO"" ot antibody binding (ppb)

)(100

21.2.3.2.9 Ruggedness It is common for ruggedness
testing to be included in the validation. An example of
ruggedness testing for an EUSA would be to deter
mine test performance over a range of temperatures
(e.g., extreme temperatures). This might be a concern
when a test is used in the field in a setting exposed to
seasonal temperature fluctuations (e.g., slaughter
house).

21.2.3.2.4 Reference Correlation This is the degree
of closeness of the linear relationship between the re
sults obtained using the ELISA and a reference assay
[(e.g., HPLC or thin-layer chromatography (TLC) ver
sus ELISA)] over the range of the test.

When 64 milk samples were analyzed for sul
famethazine by ELISA and HPLC, a correlation of
94.9% was obtained. Excellent agreement between
immunoassays and chemical methods is possible. The
calculation of reference correlation is performed dur
ing collaborative studies carried out bv AOAC Interna-
tional (45). -

21.2.3.2.5 Sensitivity This is the ability of the test to
detect positive samples as positive. It is the percent
positivity in a population of true positives.

When 7-i raw milk samples were analyzed for sul
Iamethazine by ELISA, the sensitivirv was determined
to be 20/::1 =-95.:2% (>10 ppb su1f~ethazine is posi
tive).

21.2.3.2.6 Specificity This is the ability of the test to
detect negative samples as negative. It is the percent
test negativity in 01 population of true negatives.

When 74 raw milk samples were analyzed ior sul
Iamethazine by ELISA, the specificity was determined
to be 52/53 = 98.1% «10 ppb sulfamethazine is nega
tive) (42).

21.3 APPLICATIONS

Immunoassays and particularly ELlSAs are ::ndin5
increasing application every year for food analysis and
surveillance testing. A chapter of this nature cannot
even begin to summarize, let alone discuss in c:ny great
detail, each type of immunoassay and how it is being
used. There are numerous books and lengthy review
articles that describe the drawbacks to using chemical
methods (e.g., thin-layer chromatography. high perfor
mance liquid chromatography, gas chrornarogr ~;

phy-mass spectroscopy) as well as older immunccssnv
(e.g, gel diffusion. agglutination) for rOUI~-,e s,nTipi:
analysis (15, 47-S0). These articles and books also
desc~ibe in great detail the development and applica
tion of EUSAs for analysis of foods, whether the sam
ples comprise food components, are naturally occur
ring contaminants, or are by-products of crop or
livestock production. The literature describes the:
potential interferences in samples and discusses which
samples are more difficult to analvze.

The references cited earlier discuss not only assay
development and Olpplication but also issues concern
ing us~ of ELiSAs by reguliltory agencies for sample
analysis. There also are discussions concerning imple
mentation of ELl~As for uses other than research pur
poses (e.g.. qualJty control testing, routine sample
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analysis, regulatory testing, field versus laboratory set
ting).

Also provided in the references are lists of tests that
can be purchased commercially for testing various
commodities. Integratlon of ELISA kits and other irn
rnunoassays into routine testing progr:1m5 is an ever
increasing occurrence. In many instances, immune
assays are used for initial screening, and then classical
microbiological tests are used for confirmation. There
are more and more Immunoassays to choose from that
enable the user to obtain quick and accurate results for
.l modest price. This Information can be gathered from
numerous web sites. Several companies that market
immunoassays for food testing include Neogen Corpo
ration, Lansing, Ml (flttp://www.neog~n.coml). Indexx
(http://.urur.u.idexx.coml), and Vicam (http://ruww.vicam.
com/VICAAfj).

Whether an individual is a student in the area of
food science and technology, or an experienced indus
trial researcher or academician, information can be
gained from memberships in a number of associations,
such as AOAC International and the Institute of Food
Technologists (!FT). A comprehensive list of commer
cial immunoassay kits for detection of food pathogens
(e.g., Salmonella and E.coli), rnycotoxins, and numerous
analytes is obtainable from the AOAC International
web site (http://wunu.ao/tc.org). The AOAC International
web site is hyperlinked to many other organizations
[e.g.,American Association of Cereal Chemists (AACC)
(1lttP://lurucu.scsoc.org/aaccl)] and to government agen
cies such as the FDAand the Food Safetyand Inspection
Service (FSIS) of the United States Department of Agri
culture. Byvisiting these sites onecan learn about all the
recent regulations put in place for testing meat, poultry,
eggs, and seafood for E. coli and Salmonella, for which
immunoassays can be applied. One also can view infor
mation that consumers can access from the FDA web
site that describes the risks of foodbome illness from
foods, as well as precautions that can be taken to make
smart buying choices, and the proper types of food han
dling and preparation to avoid or decrease risk of ill
ness from foodbome pathogens.

The 1FT website (ltttp:/lwW'w.ift.org) includes infor
mation about allergen testing in foods. lmrnunoassays
can be used for detection of food allergens (51, 52) to
ensure that they are properly controlled in food-pro
cessing plants. Using hazard analysis critical control
point (HACCP)type flow diagrams, it is possible to
identify points for control of allergens in the process
(51). The sensitivity, specificity, and speed of use of
immunoassays enables real-time testing to be done to
verify that a system is allergen-free, Radioimmunoas
say (53-55) and ELISA (52, 56) methods are being
developed, but are not yet validated methods, to
ensure that a system is allergen-clean. This is a good
example of an area where the value of immunoassay
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has been observed, method development is occurring,
which will lead to validation of the method. The appli
cation of immunoassays, and ELISAs, in particular,
continue to grow in number and scope (57-63). Their
use will continue to be exploited for years to come and
will serve as tools for both the research and industrial
communities.

21.4 SUMMARY

It is obvious upon review of this chapter that a great
number of Irnmunoassavs exist that can be used for
analysis of large and sm~ll molecules. All have advan
tages and potential disadvantages that must be consid
ered when selecting a method for analysis. Numerous
factors also must be considered in developing and val
idaring any immunoassay method.

In an era when questions are raised on a regular
basis that focus on the safety of the food supply, when
consumers are aware and concerned about the food
they are buying, when large numbers of samples need
to be tested on a routine basis, the need is great and the
application of inununoassay, mainly ELlSAs, is timely.
While immunoassavs were once a tool used onlv for
analysis of clinical samples, development and u~e of
immunoassays for detection of food constituents, addi
tives, natural contaminants, growth promoters, and
the like are becoming more and more commonplace in
the testing scenario. With the advent of commercial
kits. testing can be handled efficiently and effectively
for a minimal cost. It is an area of explosive growth,
with newer, more sensitive, and more specific methods
available for sample analysis. Consumers can rest
assured that implementation of immunological testing
tools will monitor the safety of their food supply in a
more effective manner than has every before been pos
sible. With Internet access both consumers and scien
tists can gather information that before was unavail-

. able or took a long time to obtain. Information
technology and immunoassays together have brought
the area of food analysis into the modem age.

21.5 STUDY QUESTIONS

1. We live in an era when consumers are' becoming more
concerned about food safety. Where might a consumer go
toleamabout the programs or regulations that are in
place for testing food commodities? What government
agenciesor scientificassociationsmight be able to provide
this type of information and can this information be
accessedby the consumer? How?

2. An ELISA was developed for use by a research group for
routine screening of atlatoxin B1 CAFe J) in peanut butter.
The reagents (the anti-AFB l antibodv and the enzvme
labeled AFB, conjugate). were commercially purch~sed.
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Aflatoxin B\ was extracted from the peanut butter using
organic solvent According to. the procedure, the AFB I

antibodies were previously attached to the .....ells in the
mlcrotiter plate. Then the sample extract (with an
unknown amount of AFB.) wu mbced with the enzyme
labeled AFB I . This mixture was added to one set (set #1) of
duplicate wells with anti-AfB1 anb'bodies attached to the
miaotiter wells. To another set of wells (set #2) (with anti
bodies already coated onto the wells) was added enzyme
labeled Ant mixed with an equal volume of solvent. The
plates were incubated for 10 min at room temperature.
After the reactants were washed from the microtiter wells,
the substrate of the enzyme was added to all the wells.
The microtiter wells contents were incubated for 10 min at
room ternperature.A :>topping reagent was added to the
wells to inhibit further enzyme activity and the absor
bance was read spectrophotometricalJy (with an ELISA
reader) at theappropriatewave1ength [e.g., 405 nm for the
substrate A8TS-H2~;ABlS = 2,.2'-azino-<i-{3-ethyl-benz
thiazoline sulfonate)].
a. Draw a schematic diagram of the assay components in

each of the duplicate sets of wells, for set #1 and iot set
#2. Be sure to label the components with anti-a; anti
body, enzyme-labeled APE\. sample or unknown AFB1
concentration. blank solvent, substrate, stopping
reagent

b. Select the correct answer for each question:
1. Is this type of EUSA assay competitive direct, com

petitive indirect, or sandwich ELISA?
2. Would the absorbance at 405 nm of the well contents

where AFBI enzyme labeled conjugate a.-"i ::lank
solvent were incubated be hi£h. low, or have no
absorbance?

3. Would a very low absorbance reading at .;,C5 :1."7l

suggest that the amount oi .~nl in the p('a;-:~: cut
ter sample is low, high, or there is none prese:?

3. Describe how an immunoaffinity colwnn could be used to
purify a substance from a food ;xtract. Are there an:' com
mercially available immunoaffinity columns? How would
you find out which one(s) are certified or approved fer use
in the food testing industry? How would you use the
Internet to find the desired information?

4. Ust the key tasks required for development of an ELISA
for detection of a low-molecular-weight compound.

5. Describe the nine criteria required to validate a method.
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22.1 INTRODUCTION

Enzymes are protein catalysts that are capable or very
great specificity and reactivity under physiological
conditions. Enzymatic analysis is the measurement or
compounds with the aid or added enzymes or the mea
surement of endogenous enzyme activity to give an
indication of the state of a biological system including
foods. The fact that enzyme catalysis can take place
under relatively mild conditions allows for measure
ment of relatively unstable compounds not amenable
to some other techniques. In addition, the specificity of
enzyme reactions can allow for measurement of corn
ponents of complex mixtures without the time and
expense of complicated chromatographic separation
techniques.

There are several uses of enzyme analyses in food
science and technology. In several instances, enzyme
activity is a useful measure for adequate processing of
a food product. The thermal stability of enzymes has
been used extensively as a measure of heat treatment;
for example, peroxidase activity is used as a measure of
adequacy of blanching of vegetable products. Enzyme
activity assays are also used by the food technologist to
assess potency of enzyme preparations used as pro
cessing aids.

The rood scientist can also use commercially avail
able enzyme preparations to measure constituents of
foods that are enzyme substrates. For example, glucose
content can be determined in a complex food matrix
containing other monosaccharides by. using readily
available enzymes. A corollary use of commercially
available enzymes is to measure enzyme activity as a
function of enzyme inhibitor content in a food.
Organophosphate insecticides are potent inhibitors of
the enzyme acetylcholinesterase and hence the activity
of this enzyme in the presence of a food extract is a
measure of organophosphate insecticide concentration
in the food. Also of interest is the measurement of
enzyme activity associated with food quality. For
example, catalase activity is markedly increased in
milk from mastitic udders. Catalase activity also paral
lels the bacterial count in milk. Another use of enzyme
assays to determine food quality is estimation of pro
tein nutritive value by monitoring the activity of added
proteases on food protein samples (see Chapter 17).
Enzymes can be used to measure the appearance of
degradation products such as trimethylamine in fish
during storage. Enzymes are also used as preparative
tools in food analysis. Examples include the use of
amylases and proteases in fiber analysis (Chapter 12)
and the enzymatic hydrolysis of thiamine phosphate
esters in vitamin analysis.

To successfully carry out enzyme analyses in
foods, an understanding of certain basic principles of
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enzymology is necessary. After a brief overview of
these principles, examples of the use of enzymatic
analyses in food systems are examined.

22.2 PRINCIPLES

22.2.1 Enzyme Kinetics

22.2.1.1 Overview

Enzymes are biological catalysts that are proteins. A
catalyst increases the ~ate (velocity) of a thermody
namically possible reaction. The enzyme does not
modify the equilibrium constant of the reaction, and
the enzyme catalyst is not consumed in the reaction.
Because enzymes affect rates (velocities) of reactions.
some knowledge of enzyme kinetics (study of rates) is
needed for the food scientist to effectively use enzymes :
in analysis. To measure the rate of an enzyme-cat
alyzed reaction, typically one mixes the enzyme with
the substrate under specified conditions (pH, tempera
ture, ionic strength, etc.) and follows the reaction by
measuring the amount of product that appears or by
measuring the disappearance of substrate. Consider
the following as a simple representation of an enzyme
catalyzed reaction:

[1]

where:

5 = substrate
E =enzyme

ES = enzyme-substrate complex
P =product

The time course of an enzyme catalyzed reaction is
illustrated in Fig. 22-1. The formation of the enzyme
substrate complex is very rapid and is not normally
seen in the laboratory. The brief time in which the
enzyme-substrate complex is initially formed is on the
millisecond scale and is called the pre-steady-state
period. The slope of the linear portion of the curve fol
lowing the pre-steady-state period gives us the initial
velocity (vc)' After the pre-steady-state period, a
steady-state period exists in which the concentration
of the enzyme-substrate complex is constant. A time
course needs to be established experimentally by using
a series of points or a continuous assay to establish the
appropriate time frame for the measurement of the ini
tial velocity.

The rate of an enzyme-eatalyzed reaction depends
on the concentration of the enzyme and also depends
on the substrate concentration. With a fixed enzyme
concentration, increasing substrate concentration ·will
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Second&lMinut8&

where:

[EJ =[Eo] - [ES] [7]

k1([Eo] - [ESJ)[5] :: k_1[ES] + k2[ES] [8]
= (k_1 + kv[ESJ

[9]

Rearranging and solving for [ESJ:

ES= k1 [EonS]
k] [5] + (k_1 + k,)

[Ep][S]
= k + k + [5]

-I 2

k1

Rate of appearance of~= k1 [E][S} [4]

Then kl [EUS] =k_1[ES] + k2[ESJ [5]

[Eo] = [E]+ [ES] [6]

Eo =total enzyme
E =freeenzyme

ES =enzyme-substrate complex

Substituting

Tune course for a typical enzyme-catalyzed
reaction showing the pre-steady-state and
steady state periods. [Pj =product concentra-
tio~ . .

Time

t.'o =k2 [ES]

It we define the velocity (va) of the enzyme-catalyaed
reaction as: .

Note that Km is notaffected by enzyme or subsrr..te con
centration,
Then:

flO]

[11][ESI:: [¥PHS]
x; +- [SJ

If the collection of rate constants in the denominator is
defined as the Michaelis constant (~):

K _ k_1 +- kf
m - k

1

Then:

result in an increased velocity (see Fig. 22-2). As sub
strate concentration increases further, the increase in
velod ty slows until, with a very lar;e concenrra tion of
substrate, no further increase i..'1 ve.oorv is noted. The
velocity of the reaction at tf)is very iargf substrate con
centration is the maximum velocity (V",i of t:"1C reac
tion under the conditions of t:.at ?artic-.r.:::.: assay. The
substrate concentration at which one hdi Vm is
observed is defined as the Michaelis constant or Km,

Km is an important characteristic of an enzvme. It is an
indication of the relative binding affinity of the enzyme
for a particular substrate. The lower the K:rt, the greater
the afiinitv of the enzvme lor the substrate.

Ii we examine rel~tionshipsthat hold in the steady
state period, the Michaelis-Menten equation can be
derived for the simplified enzyme-catalyzed reaction:

k: rES) ::: k2 [Eo] at [51 » Km

When aU the enzyme is saturated-all substrate bind
ing sites on the enzyme are occupied-at the luse sub
strate concentrations in Fig. 22-2 we have maximum
veloci ty, Vm: All of Eo is in the ES form and

kl k~

E +- 5 = ES - E ... P [2]
k_1

where:

kl , k_l , k: =reaction rate constants for reactions
indica led

V
_ k~ [EoJlSI

0- «; + [5]
[13J

In the steady stale, the rate of change in enzyme sub
strate complex concentration is zero: J £S/dt = Oand:

Rate of disappearance of ES '" k_ t [ESI + J:~rE51 131

and.

11~]
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Effect of substrate concentration on the rate of an enzyme-catalyzed reaction.. Plotted according to the
MichaeUs-Menten equation.

This is the Michaelis-Menten equation, the equation
for a right hyperbola; the data plotted in Fig. 22-2 fit
such an equation. A convenient way to verify this equa
tion is to simply remember that va = 1/2 Vm when [5]=
Km• Therefore, by simple substitution

1/2 V :;:: VmKm =Vm [15]
m ·Km + Km 2

22.2.1.2 Order of Reactions

The velocity of an enzyme-catalyzed reaction increases
as substrate concentration increases (see Fig. 22-2). A
first-order reaction with respect to substrate concentra
tion is obeyed in the region of the curve where sub
strate concentration is small ([5] « Km) . This means
that the velocity of the reaction is directly proportional
to the substrate concentration in this region. When the
substrate concentration is further increased, the veloc
ity of the reaction no longer increases linearly, and the
reaction is mixed order. This is seen in the figure as the
curvilinear portion of the plot. If substrate concentra
tion is increased further. the velocity asymptotically
approaches the maximum velocity (Vm)' In this linear,
nearly zero slope portion of the plot, the velocity is
independent of substrate concentration. However,note
that at large substrate concentrations ([Sj » K,J, the
velocity is directly proportional to enzyme concentra
tion (Vm =k2 [Eo»· Thus, in this portion of the curve

where [5]»K..., the rate of the reaction is zero order
with respect to substrate concentration (is independent
of substrate concentration) but first order with respect
to enzyme concentration.

If we are interested in measuring the amount of
enzyme in a reaction mixture, we should, if possible,
work at substrate concentrations so that the observed
velocity approximates Vm" At these substrate concen
trations, enzyme is directly rate limiting to the ob
served velocity.Conversely, if we are interested in mea
suring substrate concentration by measuring initial
velocity, we must be at substrate concentrations less
than Km in order to have a rate directly proportional to
substrate concentration.

22.2.1,3 Determination of Michaelis Constant
(k"JandVm

To properly design an experiment in which velocity is
zero order with respect to substrate and first order with
respect to enzyme concentration, or converselv an
experiment in which we would like to measure 'rates
that are directly proportion to substrate concentration,
we must know the Km• The most popular method for
determining Km is the use of a Lineweaver-Burk plot.
The reciprocal of the Michaelis-Menten equation is:

1 K 1
Vo = Vm[Sl + Vm [16]
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This equation is that of a straight line y:; m;r + b'l..-here
m :: slope and b :;; y-intercept. A plot of substrate con
centration versus initial velocity as sho"..m in Fig. 22-,2
can be transformed to a linear form via use of the reci
procal Equation [I6] and Fig. 22-3 (Lineweaver-Burk
plot) results. The intercept of the plotted data on the y
(vertical) axis is llVm while the intercept on the:c (hor
izontal) axis is -1/~. The slope of the line is Km/Vm'

Consequently, both Km and VIn can be obtained using
this method.

A disadvantage of the Lineweaver-Burk plot is
that the data with the inherently largest error, collected
at very low substrate concentrations and consequently
low rates, tends to direct the drawing of a best fit line.
Ar. alternative method of plotting the data is the
Eadi~Hofstee method. The Michaell5-Menten equa
tion can be rearranged to give:

Vo:; V In - Vr~m [I7]

Equation [17] is also the equation of a straight line and
when va versus VailS] are plotted, the slope of the line
is -Ku., the y·intercept is Vm and the z-intercept is
Vm/Km. A more even spacing of thedata is achieved by
this method than by a the Lineweaver-Burk plot.

22.2.2 Factors That Affect Enzyme
Reaction Rate

The velocitv of an enzvme-catalvzed reaction is af
fected by a 'number of f~ctors, including enzyme and

sreee • K~
V;;
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substrate concentrations, temperahlre, pH, ionic
strength, and the presence of inhibitors and activators.

22.2.2.1 Effect of Enzyme Concentration

The velocity of an enzyme-catalyzed reaction ' v ill
depend on the enzyme concentration in the reaction
mixture. The expected relationship between enzyme
activity and enzyme concentration is shown in Fig. 22
4. Doubling the enzyme concentration will double the
rate of the reaction. If possible, determination of
enzyme activity should be done at concentrations of
substrate much greater than ~. Under these condi
tions, a zero-order dependence of the rate with respect
to substrate concentration and a first-order relation
ship betweenrate and enzyme concentration exist. It is
critical that the substrate concentration is saturating
during the entire period the reaction mixture is sam
pled and the amount measured of product formed or
substrate disappearing is linear over the period during
which the reaction is sampled. The activity of the
enzyme is obtained as the slope of the linear part of the
line of a plot of product or substrate concentration ver
sus time.

Ifa large number of samples are to be assayed, a sin
gle aliquot is often taken at a single time. This can be
risky and will give good results only if the time at which
the sample is taken falls on the linear portion of a plot
of substrate concentration or product concentration
versus time of reaction (see Fig. 22-5). The plot becomes
nonlinear if the substrate concentration falls below L,C
concentration needed to saturate the enzyme, if the

2 3 4 5

Enzyme Concentration

Plot of substrate-velocity CilIa by l~(, Line
weaver-Burk method.

Expet led effect (If enzyme concentration on
observed vetocltv of an enzvme-caralvzcd reac-
lion. . • .
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a..

Time

Effect of enzyme concentration on time course
of an enzyme-catalyzed reaction. The dashed
lines are experimentally determined data with
enzyme concentration increasing from 1 t~ ~.

The solid lines are tangents drawn from the lJ11

tial slopes of the experimental data. If a single
time point, a, is used for data collection, a large
difference between actual data collected and
that predicted from initial rates is seen.

increase in concentration of product produces a signifi
cant amount of back reaction, or if the enzyme loses
activity during the time of the assay. Normally, one
designs an experiment in which enzyme- concentration
is estimated such that no more than 5-10% of the sub
strate has been converted to product within the time
used for measuring the initial rate. In the example
shown in Fig. 22-5,by sampling at the single point, a,an
underestimation of the rate is made for curves 3 and 4.
Abetter method of estimating rates is to measure initial
rates of the reactions, in which the change in substrate
or product concentration is determined at times as close
as possible to time zero. This is shown in Fig.22-5 by the
solid lines drawn tangent to the slopes of the initial
parts of the curves. The slope of the tangent line gives
the initial rate.

Sometimes it is not possible to carry out enzyme
assays at [Sl»Km• The substrate may be very expen
sive or relatively insoluble or Km may be large (i.e.,Km
> 100 mM). Enzyme concentration can also be esti
mated at substrate concentrations much less than Km•

When substrate concentration is much less than Km, the
substrate term in the denominator of the Michaelis
Menten equation can be ignored and v =(Vm[S])/Km
which is the equation for a first-order reaction with
respect to substrate concentration. Under these condi
tions, a plot of product concentration versus time gives
a nonlinear plot (Fig. 22-6). A plot of log ([Sol/[SI) ver
sus time gives a straight line relationship (Fig. 22-6,

Product concentration [PJ formed as a function
of time for an enzyme-catalyzed reaction. line
1 is linear indicating a zero-order reaction with
respect to substrate concentration (5].The slope
of line 1 is directly related to enzyme concen
tration. Line 2 is nonlinear. A replot of line 2
data, plotting log[SolllS] versus time is linear
(insert), indicating the reaction is first order
with respect to substrate concentration. The
slope of thereplot is directly related to enzyme
concentration.

inset). The slope of the line of the log plot is directly
related to the enzyme concentration. When the slope of
a series of these log plots is further plotted as a function
of enzym~ concentration, a straight line relationship
should result. If possible, the reaction should be fol
lowed continuously or aliquots removed at frequent
time intervals and the reaction allowed to proceed to
greater than 10% of the total reaction.

22.2.2.2 Effect of Substrate Concentration

The substrate concentration-velocity relationship for
an enzyme-catalyzed reaction in which enzyme con
centration is constant is shown in Fig. 22-2. As noted
before, the rate of the reaction is first order with respect
to substrate concentration when [S] « Km. At [51 »
Km• the reaction is zero order with respect to substrate
concentration and first order with respect to [E1. At
substrate concentrations between the first-order and
zero-order regions, the enzyme-eatalyzed reaction is
mixed order with respect to substrate concentration.
However. when initial r..tes are obtained, a linear rela
tionship between Va and Eo should be Seen.

22.2.2.3 Environmental Effects

22.2.2.3.1 Effect of Temperature on Enzyme ActiVity
Temperature can affect observed enzyme activity in
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[18]

[19]
E

log k =log A - --'
2.3RT

Effect of temperature on rate constant of an
enzyme-catalyzed reaction. The data are plot
led 2.3 log k versus 1fT (K). according to the
Arrhenius equation. k = A(- l/RT,

which can be written:

where:

tion, and time of reaction can affect the observed opti
mum, For this reason, investigators should fully de
scribe a system in which the effects of temperature on
observed enzyme activity are reported,

The data of line 2 of Fig. 22-7 can be plotted accord
ing to the Arrhenius equation:

1fT (ilK)

k =a specific rate constant at some temperature,
T(K)

Ea =activation energy, the minimum amount of
energy a reactant molecule must have to be
converted to product

R =gasconstant
A =a frequency factor (preexponentia1 factor)

The positive slope on the left side (high tempera
ture) of the Arrhenius plot (Fig. 22-8) gives a measure
of the activation energy (Ea) for the denaturation of the
enzyme. Note that a small change in temperature has a
very large effect on the rate of denaturation. The slope
on the right side of Fig. 22-8 gives a measure of the E.
for the transformation of substrate to product cat
alyzed by the enzyme. If the experiment is carried out
under conditions in which V In is measured ([5]» !<:n),
then the activation energy observed will be for the cat
alytic step of the reaction.

C?
0
c
-....
.2
>-
o
.2

~II)

> en....... 0..-
C':l
C\l

C\I
"0
c
<tl

,...
III
C1l
C

--- .....-

Temperature

Effect of temperature on velocity of an enzyme
catalyzed reaction. Temperature effect on sub
strate to product conversion is shown by line 1.
Line 3 shows effect of temperature on rate oi
enzyme denaturation (right·hand y-axis is for
line 3). The net effect of temperature on the
observed velocity is given by line 2 and t.~~
temperature optimum is at the maximum 01

line 2.

several ways. Most obvious is that temperature can
affect the stability of enzyme and also the rate of the
enzyme<atalyzed reaction. Other factors in enzyme
catalyzed reactions that may be considered include the
effect of temperature on the solubility of gases that are
either products or substrates of the observed reaction
and the effect of temperature on pH of the system. A
good example of the latter is the common buffering •
species Tris (tris [hydroxymethyl]aminomethane), for
which the pKa changes 0.031 per l°e change.

Temperature affects both the stability and the
activity of the enzyme, as shown in Fig. 22~7. At rela
tively low temperatures, the enzyme is stable. How
ever, at higher temperatures, denaturation dominates,
and a markedly reduced enzyme activity represented
by the negative slope portion of line 2 is Observed. Line
1 of Fig. 22-7 shows the effect of temperature on the
velocity of the enzyme-catalyzed reaction. The velocity
is expected to increase as the temperature is increased.
As shown by line 1, the velocity approximately dou
bles for every IDoe rise in tempera ture. The net effect of
increasing temperature on the rate of conversion of
substrate to product (line 1) and on the rate of the
denaturation of enzyme (line 3) is line 2 of Fig. 22~7.

The temperature optimum of the enzyme is at the max
imum point of line 2 The temperature optimum is not
a unique characteristic of the enzyme. The optimum
applies instead to the entire system because type of
substrate, pH, salt concentration, substrate concentra-
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22.2.2.3.2 Effect of pH on Enzyme Activity The ob
served rate of an enzyme-catalyzed reaction is greatly
affected by the pH of the medium. Enzymes have pH
optima and commonly have bell-shaped ~rves f~r

activity versus pH (Fig. 22-9). This pH effect I~ ~ rnaru
festation of the effects of pH on enzyme stability and
on rate of substrate to product conversion and milY
also be due to changes in ionization of substrate.

The rate of substrate to product conversion is
. affected by pH because pH may affect binding of sub

strate to enzyme and the ionization of catalytic groups
such as carboxyl or amino groups that are part of the
enzyme's active site. The stability of the tertiary or
quarternary structure of enzymes is also pH de~en

dent and affects the velocity of the enzyme reaction,
especially at extreme acidic or alkaline pHs. The pH ~or

maximum stability of an enzyme does not necessarily
coincide with the pH for maximum activity of that
same. enzyme. For example, the proteolytic enzym.es
trypsin and chymotrypsin are stable at pH 3, while
they have maximum activity at pH 7-8.

To establish the pH optimum for an enzyme reac
tion, the reaction mixture is buffered at different pHs
and the activity of the enzyme is determined. To deter
mine pH enzyme stability relationships, aliquots of the
enzyme are buffered at different pH values and held
for a specified period of time (e.g., 1 hr). The pH of the
aliquots is then adjusted to the pH optimum and each
aliquot is assayed. The effect of pH on enzyme stability
is thus obtained. These studies are helpful in establish
ing conditions for handling the enzyme and also n:ay
be useful in establishing methods for contronu:g
enzyme activity in a food system. Note that pH srabil-

100

'"~..c
w

1
iii
£

Typical velocity-pH curve for an enzyme-cat
alyzed reaction. The maximum on the curv~ is
the optimum for the system and can vary WIth
temperature. specific substrate, and enzyme
source.
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itv and the pH optimum for the enzyme activity are not
t~e constants. That is to say, these may vary with par
ticular source of enzyme, the specific substrate used,
the temperature of the experiment, or even the buffer
ing species used in the experiment. In the use of
enzvrnes for analysis, it is not necessary that the reac
tion' be carried out at the pH optimum for activity, or
even at a pH at which the enzyme is most stable, but it
is critical to maintain a fixed pH during the reaction
(i.e., use buffer) and to use the same pH in all ~tudil!s to
be compared.

22.2.2.4 Activators and Inhibitors

22.2.2.4. 1 Activators Some enzymes contain, in addi
tion to a protein portion, small molecules that are acti
vators of the enzyme. Some enzymes show an absolute
requirement for a particular inorganic ion for activity
while others show increased activity when small mol
ecules are included in the reaction medium. These
small molecules can playa role in maintaining the con
formation of the protein, or they may form an essential
component of the active site, or they may form part of
the substrate of the enzyme.

In some cases, the activator forms a nearly irre
versible association with the enzyme. These nonprotein
portions of the enzyme are called prosthetic groups.
The amount of enzyme activator complex formed is
equal to the amount of activator present in the mixture.
In these cases, activator concentration can be estimated
up to coqcentrations equal to total enzyme concentra
tion by simply measuring enzyme activity.

In most cases, dissociation constants for an enzyme
acti.....ator complex are within the range of enzyme con
centration, Dissociable nonprotein parts of enzymes
are categorized as coenzymes. "When this type of acti
vator is added to enzyme, a curvilinear relationship
similar to a Michaelis-Menten plot results, making dif
ficult the determination of an unknown amount of acti
vator. A reciprocal plot analogous to a Lineweaver
Burk plot can be constructed using standards and
unknown activator concentrations estimated from
such a plot.

An example of an essential activator is the pyridine
coenzvme NAO+, NAO+ is essential for the oxidation
of eth~nol to acetaldehyde by alcohol dehydrogenase:

alcohol
dehydrogenase acetaldehyde

ethanol + NAO-. • + NADH + H-
1201

In the reaction, NAO+ is reduced to NADH and can be
considered a second substrate. Another example of an
actin tor of an enzyme is the chloride ion with a-amy
lase. In this case, a-amylase has some activity in the
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absence of chloride. With saturating levels of chloride,
the a-amylase activity increases aboutfourfold. Other
anions, including F",'Br", and r-; also activate a-amy
lase. These anions must not be irr the reaction mixture
if a-amylase stimulation is to be used as a method of
determining chloride concentration.

22.2.2.42 Inhibitors An enzyme inhibitor is a com
pound that when present in an enzyme-catalyzed reac
tion medium decreases the enzymp activity. Enzyme
inhibitors can be categorized as irreversible or re
versible inhibitors. Enzyme inhibitors include inor
ganic ions, such as Pb2+ or Hg2+, which can react with
sulfhydryl groups on enzymes to inactivate the en
zyme, compounds that' resemble substrate, and na
turally occurring proteins that specifically bind to
enzymes (such as protease inhibitors found in le-
gumes). . . .

1. Irreversible Inhibitors When the dissociation
constant of the inhibitor enzyme complex is very small,
the decrease in enzyme activity observed will be
directly proportional to the inhibitor added. The speed.
at which the irreversible combination of enzyme and
inhibitor reacts may be slow, and the effect of time on
the reduction of enzyme activity by the addition of
inhibitor must be determined to ensure complete
enzyme-inhibitor reaction. For example. the amylase
inhibitor found in many legumes must be preincu
bated under specified conditions wi:h amylase prior to
measurement of residual activity to accurately est
mate inhibitor content (1).

2. Reversible Inhibitors Most inhibitors exhibit a
dissociation constant such that both enzyme and
inhibitor are found free in the reaction mixture. Several
types of reversible inhibitors are known: com pen live,
noncompetitive, and unccmpctitivc.

Competitive inhibitors usually resemble the sub
strate structurally and compete with substrate for
binding to the active site of the enz:"'me, and only one
molecule of substrate or inhibitor can be bound to the
enzyme at one time. An inhibitor can be characterized
as competitive by adding a fixed amount of inhibitor to
reactions at various substrate concentrations and by
plotting the resulting data by the Lineweaver-Bwk
method and noting the effect of inhibitor relative to
that of control reactions in which no inhibitor is added.
If the inhibitor is competitive, the slope and x intercept
of the plot with inhib'itor are altered while the y inter
cept (l / Vm) is unaltered. It can be shown tha t the ra rio
of the uninhibited initial velocity (':.)) to the inhibited
initial velocity (v,) gives:

[21J

where:
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Kj = dissociation constant of the enzyme-inhibitor
complex

[I] =concentration of competitive inhibitor

Thus, a plot of TJO!l)i versus inhibitor concentration will
give a straight line relationship. From this plot the con
centration of a competitive inhibitor can be found (2).

A noncompetitive inhibitor binds to enzyme
independent of substrate and is bound outside the
active site of the enzyme. A noncompetitive inhibitor
canbe identified by its effect on the rate of enzyme-cat
alyzed reactions at various substrate concentrations
and the data plotted by the Lineweaver-Buck method.
Anoncompetitive inhibitor will alfect the slope and the
y intercept as compared to the uninhibited system
while the z intercept, 1/~, is unaltered. Analogous to
competitive Inhibitors, a standard curve of volOJ versus
inhibitor concentration may be prepared and used to
determine the concentration of a noncompetitive
inhibitor (2).

Uncompetitive inhibitors bind only to the
enzyme-substrate complex. Uncompetitive inhibition
is noted by adding a fixed amount of inhibitor to reac- .
tions at several substrate concentrations and plotting
the data bv the Lineweaver-Burk method. An uncom
petitive inhibitor will affect both the z and y intercepts
of the Lineweaver-Burk plot as compared to the unin
hibited system, while maintaining an equal slope to the
uninhibited system (i.e., a parallel line will result). A
plot of 'Do/v; versus inhibitor concentration can be pr~
pared to be used as a standard curve for the deterrni
nation of the concentration of an uncompetitive
inhibitor (2).

22.2.3 Methods of Measurement

22.2.3.1 Overview

For practical enzyme analysis, it is necessary to D(
familiar with the methods of measurement of the
reaction. Any physical or chemical property of th:
system that relates to substrate or product concentra
tion can be used to follow an enzyme reaction. A wide
variety of methods are availa ble to follow enzyme reac
tions, including absorbance spectrometry, fluorime
try, manometric methods, titration, isotope measure
ment, and viscosity. A good example of the use of
spectrophotometTy as a method for following enzyme
reactions is use of the spectra of the pyridine coenzyme
NAD(H) and NADP(H), in which there is a marked
change in absorbance at 340 rom upon oxidarion-reduc
non <Fig. 2:-10). ~lany methods depend on the
increase or decrease in absorbance at 340 nm when
these coenzymes are products or substrates in a cou
pled reaction.

An example of using several methods to measure
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22.3 APPLICATIONS

22.2.3.2 Coupled Reactions

[221

{23]

51 12 P1

indica ting reactio n

measuring reaction

PI Jg P2

Enzymes can be used in assays via coupled reactions.
Coupled reactions involve using two or more enzyme
reactions so that a substrate or product concentration
can be readily followed. In using a coupled reaction,
there is an indicator reaction and a measuring reac
tion. for example:

select the method that is able to monitor the reaction
continuously, is most sensitive, and is specific for the
enzyme-catalyzed reaction.

The role of the indicating enzyme (E2) is to produce P2,
which is readily measurable and, hence, is an indica
tion of the amount of PI produced by E1. Alternatively
the same sequence can be used in measuring 51, the
substrate for El. When a coupled reaction is used to
measure the activity of an enzyme (e.g., El above), it is
critical that the indicating enzyme E2 not be rate limit
ing in the reaction sequence: the measuring reaction
must always be rate determining. Consequently, E2
activity should be much greater than E1 activity for an
effective assay. Coupled enzyme reactions can have
problems with respect to pH of the system if the pH
optima of the coupled enzymes are quite different. It
may be necessary to allow the first reaction (e.g., the
measuring reaction catalyzed by El above, Equation
(221) to proceed for a time and then arrest the reaction
by heating to denature E1.The pH is adjusted, the indi
cating enzyme (E2, Equation [23)) added, and the reac
tion completed. If an endpoint method is used with a
coupled system, the requirements for pH compatibility
are not as stringent as for a rate assay because an
extended time period can be used to allow the reaction
sequence to go to completion.

As described previously, certain information is needed
prior to using enzyme assays analytically. In general,
knowledge of Km time course of the reaction, the
enzyme's specificity for substrate, the pH optimum
and pH stability of the enzyme, and effects of temper
ature on the reaction and stability of the enzyme are
desirable. Many times this information is available
from the literature. However, a few preliminary exper
iments may be neCeSsMy, especially in the case of

-- -- NAO<NAOPJ

- NAOH(NAOPH)

Absorption curves of NAD(P) and NAD(P)H; /...
=wavelength. Many enzymatic analysis meth
ods are based on the measurement of an
increase or decrease in absorbance at 3-10 run
due to NAD(H) or NADP(H).

. 260

2.4

the activity of an enzyme is in the assay of a-amylase
activity (3). a-Amylase cleaves starch at a-l,4linkages
in starch and is an endoenzyme. An endoenzyme
cleaves a polymer substrate at internal linkages. This
reaction can be followed bv a number of methods,
including reduction in viscosity, increase in reducing
groups upon hydrolysis, reduction in color of the starch
iodine complex, and polarimetry. However, it is diffi
cult to differentiate the activity of a-amylase from 13
amylase using a single assay. ~-Amylase cleaves mal
tose from the nonreducing end of starch. 'While a
marked decrease in viscosity of starch or reduction in
iodine color would be expected to occur due to a-amy
lase activity, ~-amylase can also cause changes in vis
cosity and iodine color if in high concentration. To
establish whether a-amylase or ~-amylase is being
measured, the analyst must determine the change in
number of reducing groups as a basis of comparison.
Because a-amylase is an endoenzyme, hydrolysis of a
few bonds near the center of the polymeric substrate
will cause a marked decrease in viscosity, while hydrol
ysis of an equal number of bonds by the exo enzyme, Jl
amylase, will have little effect on viscosity.

In developing an enzyme assay, it is wise to first
write out a complete, balanced equation for the partic
ular . enzyme-catalyzed reaction. Inspection of the
products and substrates for chemical and physical
properties that are readily measurable with available
equipment will often result in an obvious choice of
method for following the reaction in the laboratory.

If one has options in methodology, one sh~uld
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lactate
dehydrogenase

22.3.1.3 Specific Applications

22,:;.1.3,1 Measurement of Sulfite Sulfite is a food
addItive th.lt can be measured by several lechniq~e5

Iodonitrotetrazolium chloride (I},jl) is a trappir.g
reagent for the ='AOH product of the g]utar:1ate cd'':'
drogenase caratvzed reaction. The formazan for:":,,,l'': :$
measurable calorimetrically at 492 nm,

[25]NAO+
+ lactate

NAO- ~:I]

+ forrnazan

a-ketoglutarate
+NADH (2J]
+NH~"

n-kerog lutara ~.:

+ NAOH ,-::,
+ NH~-

diaphorase
NADH.;.NT

glutamate
+NAD+
+Hp

glutamate
+:-.IAO
+H~O

In SOme cases, an equilibrium is established in an
endpoint method in which there is a significant
amount of substrate remaiiUng in equilibrium ',ith
product. In these cases, the equilibrium can be altered.
For example. in cases in which a protcn-yielding reac
tion is used, alkaline conditions (increase in pH) can be
used. Trapping agents can also be used, in which prod
uct is effectively removed from the reaction, and bv
mass action the 'reaction goes to completion. Examples
include the trapping of ketones and aldehydes by
hydrazine. In this way, the product is continually
removed and the reaction is pulled to completion. The
equilibrium can also be displaced by increasing cofac
tor or coenzyme concentration.

Mothe; means of driving a reaction to completion
is a regenerating system (5). For example, in the mea
surement of glutamate, with the aid of glutamate dehy
drogenase, the following can be done:

glutamate
dehydrogenase

pyruvate
+NADH
+H-

In this system, NADH is recycled to NAD- via lac
tate dehydrogenase until all the glutamate to be mea
sured is consumed. The reaction is stopped by he",ti:'1g
to denature the enzymes present, a second aliquot of
glutamate dehydrogenase and NADH is added, ar.d
the a-ketoglutarate (equivalent to the origina) gluta
mate) measured via decrease in absorbance at 3-;0 nrn.
An example in which the same equilibrium is c.s
placed in the measurement of glutamate is es follows:

glutamate
dehydrogenase

22.3.1 Substrate Assays

The following is not an extensive compendium of
methods for the measurement of food components by
enzymatic analysis. Instead, it is meant to be represen
tative of the types of analyses possible. The reader can
consult handbooks published by the manufacturers of
enzyme kits, for example, Boehringer-Mannheim (.,1),
the review article by Whitaker (2), and the series by
Bergmeyer (5) for a more comprehensive guide to
enzyme methods applicable to foods. '

22.3.1.1 Sample Preparation

Because of the specificity of enzymes, sample prepara
tion prior to enzyme analysis is often minimal and may
involve only extraction and removal of solids by filtra
tion or centrifugation. Regardless, due to the wide vari
ety of foods that might be encountered by the analyst
using enzyme assays, a check should be made of the
extraction and enzyme reaction steps by standard
addition of known amounts of analyte to the food and
extract, and measuring recovery of that standard. Ii the
standard additions are fully recovered, this is 2 posi
rive indication that the extraction is complete, that
sample does not contain interfering substances that
require removal prior to the enzymatic analysis, and
that the reagents are good. In some cases, interfering
substances are present but can be readily removed by
precipitation or adsorption. For example, polyvinyl
polypyrrolidone (PVPP) powder can be used to decol
orize juices or red wines. \Viththe advent of small
syringe minicolurnns (e.g., CIB, silica, and ion-ex
change cartridges), it is also relatively easy and fast to
attain broup separations to remove interfering sub
stances from a sample extract.

experiments in which velocities are measured. A time
course to establish linearity of product fonnation or
substrate consumption in the reaction is a necessity. An
experiment to show linearity of velocity of the enzyme
reaction to enzyme concentration is recommended (see
Fig. 22-5).

22.3.1.2 Total Change/Endpoint Methods

While substrate concentrations can be determined L""I
rare assays when the reaction is first order with respect
to substrate concentration ((SJ c ~), substrate con
centration can also be determined bv the totJ! change
or endpoint method. In this method. the enzy:nc-cat
alyzed reaction is allowed to So to completion $0 th.1 t
concentration of product. which is measured. 1$

directly related to substrate. An example of s'Jch a 5:.5
tern is the measurement of glucose ~sins ~iL:':CSC C""
dase and peroxidase, described below.
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including titration, distillation followed by titration,
gas chromatography, and colorimetric analysis. Sulfite
can also be specifically oxidized to sulfate by the com
mercially available enzyme sulfite oxidase (SO):
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oxidase. An alternative method of measuring glucose
is by coupling hexokinase (HK) and glucose-6-phos
phate dehydrogenase (G6PDH) reactions:

HK

so
5°32

- + 02 + H~O - 50/- + HP2 [28]

glucose + ATP glucose-6-phosphate l32J
+ADP

The H:P2 product can be measured by several
methods including use of the enzyme NADH-peroxi
dase:

glucose-e- G6PDH
phosphate
+ NADP"

6.phosphoglucona te

+ NADPH 1331
+H"

The amount of sulfite in the system is equal to the
NADH oxidized, which is determined by decrease in
absorbance at 340 run. Ascorbic acid can interfere with
the assay but can be removed by using ascorbic acid
oxidase (6).

The amount of NADPH formed is measured by
absorbance at 340 nrn and is a stoichiometric measure
of the glucose originating in the dextrin or starch
hydrolyzed by amyloglucosidase. The amount of
starch determined by this method is calculated as fol
lows:

NADH-peroxidase
2HP
+NAD"

[29)

where:

VMW
c = e b tJ 1000 x .1 AJ.W [341

22.3.1.3.3. StarchlDextrin Content Starch and dex
trios can be determined by enzymatic hydrolysis using
amyloglucosidase, an enzyme that cleaves 0.-1,4 and a
1,6 bonds of starch, glycogen, and dextrins, liberating
glucose (see Chapter 11). The glucose formed can be
subsequently determined enzymatically. Glucose can
be determined by the previously described colorimet
ric method, in which glucose is oxidized by glucose
oxidase and coupled to a colored dye via reaction of the
glucose oxidase product, hydrogen peroxide, with per-

22.3. 1.3.2 Colorimetric Determination of Glucose
The combination of the enzymes glucose oxidase and
peroxidase can be used to specifically measure glucose
in a food system (7). Glucose is preferentially oxidized
by glucose oxidase to produce gluconolactone and
hydrogen peroxide. The hydrogen peroxide plus 0

dianisidine in the presence of peroxidase produces a
yellow color that absorbs at 420 run (Equations [30]and
[31]). This assay is normally carried out as an endpoint
assay and there is stoichiometry between the color
formed and the amount of glucose in the extract, which
is established with a standard curve. Because glucose
oxidase is quite specific for glucose, it is a useful tool in
determining the amount of glucose in the presence of
other reducing sugars.

glucose oxidase
~-o-glucose

+°2

H202 +
o-diansidine

o-gluconolactone
+ HP2 [30]

peroxidase
----. H20 + oxidized dye (31J

(colored)

c =starch in sample solution (g/liter)
V = volume (ml) of reaction mixture

MW = molecular weight of starch
(Because this method measures glucose
derived from starch, use 162.1, MWglucose
-MWwattr')

£ = absorption coefficient of NADPH at 340
nm (6.3 liter mmol"! em-i)

b =light pathlength of cuvette (I em)
v = volume of sample (ml)

.1AJ.W =AJ.lO.sample - A JoIo•reagent blank

Note that hexokinase catalyzes the phosphorylation of
fructose as well as glucose. The determination of glu
cose is specific because of the specificity of the second
reaction, catalyzed by glucose-6-phosphate dehydro
genase, in which glucose-6-phosphate is the substrate.

This assay sequence can be used to detect the dex
trim of com syrup used to sweeten a fruit juice prod
uct. A second assay would be needed. however, with
out treatment with amyloglucosidase to account for
the glucose in the product. The glucose determined in
that assay would be subtracted from the result of the
assay in which amyloglucosidase is used.

The same hexokinase glucose-6-phosphate dehy
drogenase sequence used to measure glucose can also
be used to measure other carbohydrates in foods, For
example, lactose and sucrose can be determined via
specific hydrolysis of these disaccharides by ~-galac

tosidase and invertase respectively, followed by the
use of the earlier described hexokinase, glucose-e
phosphate dehydrogen,1se sequence.
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22.3. J.3.4 Determination of o-Malic Acid in Apple
Juice Two stereoisomeric forms of malic acid exist. l

Malic acid 0CC1U'S naturally, while the'D form is nor
mally not found in'nature. Synthetically produced
malic add is a mixture of these two isomers. Conse
quently. synthetic malic acid can be detected by a
determination of o-malic acid. One means of detecting
the malic add is through the use of the enzyme decar
boxylating o-malate dehydrogenase (8). Decarboxylat
ing D-malate dehydrogenase (DlvlD) catalyzes the con
version of o-malic acid as follows:

containing a cis. cis, 1,4-pentadiene system producing
conjugated hydroperoxide derivatives:

(~H-CH-CHzOi-CH-)+ O2
lipoxygenase .
---(-e-cH-CH--CH-CH-)6 (conjugated) 137]

b
I

H

A variety of methods can be used to measure
lipoxygenase activity in plant extracts. The reaction
can be followed by measuring loss of fatty acid sub
strate, oxygen uptake, occurrence of the conjugated
diene at 234 nm, or the oxidation of a cosubstrate such
as carotene (11). All these methods have been used, and
each has its advantages. The oxygen electrode method
is widely Used and replaces the more cumbersome
manometric method. The electrode method is rapid
and sensitive and gives continuous recording. It is nor
mally the method of choice for crude extracts, but sec
ondary reactions involving oxidation must be cor
rected for or eliminated. Zhang et al. (12) have reported
the adaptation of the O2 electrode method to the assav
of lipoxygenase in green bean homogenates witho~t
extraction. Due to the rapidity of the method «3 min
including the homogenization), on-line proces:'- control
using Iipoxygenase activity as a control oa:-ameter for
optimization of blanching of green bea~ is a real pos
sibility. The formation of conjugated diene fa:!y acids
with a chromophore at 234 run can be follov.... ed concn
uously, However. optically clear mixtures are neces
sary. Bleaching of carotenoids has also been used ..s a
measure of Iipoxygenase activi ':.y. However, t:1C sroi
cniometry of this method is uncertain. 01:';:: ali iipoxy
genases do not have equal carotenoid t<e:l,h:"',~

activity, Williams et a1. (10) have dcvclopcc il. scC\i':'
quantitative spot test assay for lipoxygencs.e ;:', \~·r':ch

I" is oxidized to 12 in the presence of the' b,,;c:ic arid
hydroperoxide product and the j, detected ;,~, an iod:..-.,·
starch complex. -

22.3.2.3 Alkaline Phosphatase Assay

Alkaline phosphatase is a relativelv hc~t-stabl(

enzyme foundIn raw milk. The therm'al stJbiJitv 0

alkaline phosphatase in milk is greater than the ~C:1
spore-forming microbial pathogens present in r.;::~'

The phosphatase assay is applied to dairy produc:
to determine whether pasteurization has been dc-,·
properly and to detect the addition of raw milk to p.:.~

teurized milk. The common phosphatase test is base
on the phosphatase-catalyzed hydrolysis of disod:

pyruvate + CO2 [35]
+NADH+H+

DMD
o-malic acid -
+NAD+

The reaction can be followed by the measurement
of NADH photometrically. Because CO;z is a product of
this reaction and escapes, the equihDriwn of the reac
tion lies to the right and the process is irreversible. This
assay is of value because the addition of synthetic OIL

malic acid can be used to illegally increase the acid con
tent of apple juice and apple juice products.

tetraguaiacol
(colored) [36)
+H,O

22.3.2 Enzyme Activity Assays

22.3.2.1 Peroxidase Activity

Peroxidase is found in most plant materials and is rea
sonably stable to heat. Aheat treatment that will destroy
all peroxidase activity in a plant material is usually con
sidered to be more than adecuate to destrov other
enzymes and most microbes present.In vegetable pro
cessing, therefore. the adequacy of the blanching
process can be monitored by following the disappear
ance of peroxidase activity (9). Peroxidase catalvzes the
oxidation of guaiacol (cclorless) in the ?fC;enCe of
hydrogen peroxide to for", tetraguaiacol (yellow
brown) and water (Equation [36]).Tetraguaiacol has an
absorbance maximum around -!50 run. Increase in
absorbance at 450 nm can be used to determine the
activity of peroxidase in the reaction mixture.

peroxidase

22.3.2.2 Lipoxygenase

Recently it has been pointed out tha: lipoxygenase may
be a more appropriate enzyme to measure the ade
quac:y of blanching of vegetables than peroxidase (10).
Lipoxygenase refers to a group of enzymes that cat
alyzes the oxidation by molecular oxygen of f:ltty ac:j~
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umphenyl phosphate liberating phenol (13). The phe
nol product is measured colorimetrically after reaction
with CQC (2,6-dichloroquinonechloroimide) to form a
blue indophenol. The indophenol is extracted into 11

butanol and measured at 650 run. This is an example of
a physical separation of product to allow the ready
measurement of an enzyme reaction. Recently, a flue
rometric assay has been suggested and has been com
mercialized for measurement of alkaline phosphatase
in which the rate of fluorophore production can be
monitored directly without butanol extraction used to
measure indophenol when phenylphosphate is used as
substrate (14). The fluorometric assay was shown to
give greater repeatability compared to the standard
assay in which phenylphosphate is used as substrate
and was capable of detecting 0.05% raw milk in a pas
teurized milk sample.

22.3.2.4 a-Amylase Activity

Amylase activity in malt is a critical quality parameter.
The amylase activity in malt is often referred to as
diastatic power and refers to the production of reduc
ing substances by the action of a- and ~-amylases on
starch. The measurement of diastatic power involves
digestion of soluble starch with a malt infusion
(extract) and following increase in reducing substances
by measuring reduction of Fehling's solution or ferri
cyanide. Spedfically measuring a-amylase activity
(often referred to as dextrinizing activity) in malt is
more complicated and is based on using a limit dextrin

. as substrate. Limit dextrin is prepared by action of ~

amylase (free of a-amylase activity) on soluble starch.
The l3-amylase clips maltose units off the nonreducing
end of the starch molecule until an a-1,6-branch point
is encountered. The resulting product is a ~-limit dex
trin that serves as the substrate for the endo cleaving a
amylase. A malt infusion is added to the previously
prepared limit dextrin substrate and aliquots removed
periodically to a solution of dilute iodine. The a-amy
lase activity is measured by changed color of the starch
iodine complex in the presence of excess 13-amylase
used to prepare the limit dextrin. The color is com
pared to a colored disc on a comparator. This is contin
ued until the color is matched to a color on a compara
tor. The time to reach that color is dextrinizing time
and is a measure of a-amylase activity, a shorter time
representing a more active preparation.

Because a-amylase is an endoenzyme, when it acts
on a starch paste the viscosity of the paste is dramati
cally reduced, greatly influencing flour quality. Conse
quently, a-amylase activity is of great importance in
whole wheat. Wheat normally has small amounts or a
amylase activity, but when wetted in the field, prehar
vest sprouting (pregermination) can occur in wheat,
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with a dramatic increase in a-amylase activity. Prehar
vest sprouting cannot be easily detected visually, so
measurement of a-amylase activity can be used as a
sensitive estimate of preharvest sprouting. The falling
number method is a procedure in which ground wheat
is heated with water to form a paste, and the time it
takes for a plunger to fall through the paste is recorded
(15). Accordingly, the time in seconds (the falling num
ber) is inversely related to the a-amylase activity and
the degree of preharvest sprouting. This method of
measuring enzyme activity is a good example of using
change in physical property of a substrate as a means
of estimation of enzyme activity.

22.3.2.5 Rennet Activity

Rennet, an extract of bovine stomach, is used as a coag
ulating agent in cheese manufacture. Most rennet activ
ity tests are based on noting the ability of a preparation
to coagulate milk. For example, 12% nonfat dry milk is
dispersed in a 10 rru'I! calcium chloride solution and
warmed to 35°C. An aliquot of the rennet preparation is
added and the time of milk clotting observed visually.
The activity of the preparation is calculated in relation
ship to a standard rennet. As opposed to coagulation
ability, rennet preparations can also be evaluated for
proteolytic activity by measuring the release of a dye
from azocasein (casein to which a dve has been cova
lently attached). In this assay, the rennet preparation is
incubated with 1%azocasein. After the reaction period,
the reaction is stopped by addition of trichloroacetic
acid. The trichloroacetic acid precipitates the protein
that is not hydrolyzed. The small fragments of colored
azocasein produced by the hydrolysis of the.rennet are
left in solution and absorbance read at 345 run (16, 17).
This assay is based on the increase in solubility of a sub
strate upon cleavage by an enzyme.

22.3.3 Biosensorsl1mmobilized Enzymes

The use of immobilized enzymes as analytical tools is
currently receiving increased attention. An immobi
lized enzyme in concert with a sensing device is an
example of a biosensor. A biosensor is a device com
prised of a biological sensing element (e.g., enzyme,
antibody, etc.) coupled to a suitable transducer (e.g.,
optical, electrochemical. etc.). Immobilized enzymes,
because of their stability and ease of removal from the
reaction, can be used repeatedly, thus eliminating a
major cost in enzyme assays. The most Widely used
-enzyme'electrode is the glucose electrode in which glu
cose oxidase is combined with an oxygen electrode to
determine glucose concentration (lS). When the elec
trode is put into a glucose solution, the glucose diffuses
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into the membrane where it is converted to glucono
lactone by glucose oxidase with the uptake of-oxygen.
The oxygenuptake is a measure of the glucose concen
tration. Glucose can also be measured by the action of
glucose oxidase with the detection of hydrogen perox
ide. in which: the hydrogen peroxide is detected amper
ometrically at a polarized electrode (19).A large num
ber of enzyme electrodes (biosensors) have been
reported in the literature recently. For example, a glyc
erol sensor. in which glycerol dehydrogenase was
immobilized, has been developed for the determina
tion of glycerol in wine (20). NADH produced by the
enzyme was monitored with a platinwn electrode.

22.4 SUMMARY

Enzymes, due to their specificity and sensitivity, are
valuable analytical devices for quantitating cam
pounds that are enzyme substrates, activators. or
inhibitors. In enzyme-catalyzed reactions, the enzyme
and substrate are mixed under specific conditions (pH,
temperature, ionic strength, substrate concentration,
and enzyme concentrations). Changes in these condi
tions can affect the reaction rate of the enzyme and
thereby the outcome of the assay. The enzymatic reac
tion is followed by measuring either the amount of
product generated or die disappearance of the sub
strate. Applications for enzyme analyses will increase
as a greater number of enzy:nes are purified and
become commercially available. b some cases, gene
amplification techniques will make enzymes available
that are not naturally found in great enough amounts to
be used analytically. The measurement of enzyme activ
iry is useful in assessing food quality and 25 an indica
tion of the adequacy of heat process.es such as pasteur
ization and blanching. In the future. as in-lir.e process
control (to maximize efficiencies and drive quality
developments) in the food indus::y becomes more
important, irnrr.obilized enzyme sensors, along with
microprocessors, will likely playa prominent role.

22.5 STUDY QUESTIONS

1. The Michaelis-Menren equation mat.iematically defines
the hyperbolic nature of a plot relatir.s reaction velocity to
substrate concentration for an enzvme-rnediated reaction.
The reciprocal of this equation gives :."'.e Lineweaver-Burk
formula and a straight-line relations:-.;? as shown below.
a. Define ,,'hat t'D- Km• Vm' and (51 zeies to in the "ine

weaver-Bark formula.
b. Based on the components o( the L.:-ewe~\'er-[3urk (or

mula, label the y-axis, .r-axis, slope. and !'-lntt'~:e?l en
the plot.

c. Wh;1t factors that control or ir"::".Jl·n(c thc (:lIC 01
enzyme reactions affect Km and 1':".'
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1 K", 1 1
-=~-+-

tlo V", [S] v,
a. tlo=

Km =
Vm =

[S]=
b.

Co K.n
Vm -

2. Explain, on a chemical basis, why extremes of pH and
temperature can reduce the rate of enzyme-<atalyzed
reactions.

3. Differentiate among competitive, noncompetitive, and
uncompetitive enzyme inhibitors.

4. You believe that the food product you are working with .
contains a specific enzyme inhibitor. Explain how you
would quantitate the amount of enzyme inhibitor (I) pres
ent in an extract of the food. The inhibitor (1) in question
can be purchased commerciallyin a purified form from a
chemical company. The inhibitor is known to inhibit :he
specific enzyme E, which reacts with the substrate 5 to
generate product P, which can be quantitated specrropho
tometrically.

5. \<\"hat methods can be used to quantitate enzyme activ.ry
in enzyme-catalyzed reactions?

6. ""hal is a coupled reaction, and what are thE: concerns i.....
using coupled reactions to measure enzyme ac:i\';~y?C've
a specific example of a coupled reaction used to meas:.:..-e
enzyme acriviry,

7. Explain how p-rr.alic acid can be quantitated t,:· an t":-..;-:."
matic method to test for adulteration of apple juice

8. Why is the enzyme peroxidase often quantitated in ere
cessing vegetables?

9. Explain the purpose of testing for phcsphatase acr» :::: in
the dairy industry, and explain why it can b(' usc.; 11l ~:-..al

way.
10.The falling number value often is one of the quality CC:1

rrcl checks in processing cereal-based products, \-,'hi!: is
the falling number test, and what information does It F~~
"ide? \-\!hatother tests could be used to assev this ou"!.::-"
factor? . , .

11.Explain how glucose can be quantitated using a ~r{'::i5c

immobilized enzyme.
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Chapter 23 • Atlalysis lor EJr:traneous Matter

23.1 INTRODUCTION

Analysis for extraneous matter is an important element
both in the selection of raw materials for food manu
facturing and for monitoring the quality of processed
foods.

23.1.1 Food, Drug, and Cosmetic Act

The federal food, Drug, and Cosmetic Act (FD&C
Act) of 1938 with Amendments (1) defines a food as
adulterated "if it consists in whole or in part of any
filthy, putrid, Or decomposed substance, or if it is oth
erwise unfit for food [Section 402 (a)(3)}; or if it has
been prepared, packed, or held under insanitary con
ditions whereby it may have become contaminated
with filth, or whereby it may have been rendered inju
rious to health" [Section 402 (a){4)]. The filthy, putrid,
or decomposed substances referred to in the law
include the extraneous matter addressed in this chap
ter. In addition, extraneous matter includes adulterants
that may be encountered in processing systems, such
as lubricants, metal particles, or other contaminants
(animate or inanimate) that may be introduced into a
food intentionally or because of a poorly operated food
processing system.

23.1.2 Good Manufacturing Practices

The Current Good Manufacturing Practice in Manu
facturing, Packing, or Holding Human Food (GMPs)
was published by the Food and Drug Administration
(FDA) (2) to provide guidance for compliance with the
FD&C Act (see also Chapter 2). That regulation pro
vides guidelines for operating a food processing facil
ity in compliance with Section 402 (a)(4). Paramount to
complying with the FD&C Act and GNlPS is the thor
ough inspection of raw materials and routine monitor
ing of food processing operations to ensure protection
of the consuming public from harmful or filthy food
products.

23.1.3 Defect Action Levels

Most of our foods are made from or consist in part of
ingredients that are obtained from plants or animals
and are mechanically stored, handled, and transported
in large quantities. It would be virtually impossible to
keep those materials completely free of various forms of
contaminants." In recognition of that, the FDA (3) has
established defed action levels (DALs) that ret1ect cur
rent maximum levels for natural or unavoidable defects
in food for human use that present no health hazard.
They reflect the maximum levels that are considered
unavoidable under good manufacturing practices, and
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apply mainly to contaminants that are unavoidably car
ried. over from raw agricultural commodities into the
food processing system. The manner in which foods are
manufactured may lead to their contamination with
extraneous materials if strict controls in processing are
not maintained. nus latter kind of contamination is not
excused by the DALs.

The most current information of FDA laws and reg
ula ::ions relevant to extraneous ma tter, including DALs, .
can be found on the Internet (FD&C Act - http://wtuw.
fda.gov/opacam!1awsljdcact/fdctoc.html DALs - http://
vm.=fsanfda.gov/-dms/dalbook.html)

23.1.4 Purposes of Analyses

The major purposes for conducting analyses for extra
neous matter in foods are to ensure the protection of the
consuming public from harmful or filthy food products,
to meet regulatory" requirements of the FD&C Act Sec
tions 402 (a)(3) and 402(a)(4), and to comply with defect
action levels.

23.2 GENERAL CONSIDERATIONS

23.2.1 Methodologies

There are various methods for separating (isolating)
extraneous materials from foods and for identifying
and enumerating them. The most authoritative source,
and that generally considered official by the FDA, is
the Official Methods of Amdysisof AOAC International.
Chapter 16, Extraneous Materials: Isolation (4), in
cludes methods for extraneous matter isolation in 16
food categories, including dairy products; grains and
their products; poultry, meat, fish, and other marine
products; snack food products; spices and other condi
ments; animal excretions; and mold and rot fragments.

The American Association of Cereal Chemists
(A.ACC) (5) has established methods [or isolating and
identifying extraneous matter in cereal grains and their
products (AACC Method 28-00). In mo:st instances, the
AACC methods are based on FDA or AOAC methods,
but the format is slightly different. The AACC presents
each procedure in an outline form that includes the
scope, apparatus, and reagents required and the proce
dure in itemized steps; the AOAC uses a narrative
paragraph form.

A valuable resource on analvsis for extraneous
matter is Principles oj FoodAnalysis"jor Filth, Decomposi
tion and Forrign MaUer. FDA Technical Bulletin No.1
(6). The FDA Training Manual/or Analytical Entomology
in tr.e Food Industry (7) is a looseleaf publication pre
pared to facilitate the orientation of food analysts to the
basic techniques they will need for filth analysis. A
recent, more advanced resource is Fundamentals of
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Microanalytical Entomology-A Practical Guide to Detect
ing and ldentif:ling Filth in Foods (8). Most chapter
authors of this resource are, or have been, FDA person
nel "involved in the forensic aspect of piecing together
the etiological puzzles of how insect filth gets into
processed food products" (8). The authors share their
experience gained in gathering and developing evi
dence used to document violations of the law that the
FOAis mandated to enforce.

23.2.2 Definition ofTerms

Terms used by AOAC International to classify or char
acterize various types of extraneous materials are de
fined as follows.

23.2.2.1 Extraneous Materials

Any foreign matter associated with objectionable con
ditions or practices in production, storage, or distribu
tion; included are various classes of filth, decomposed
material (decayed tissues due to parasitic Or nonpara
sitic causes), and miscellaneous matter such as sand
and soil, glass, rust, or other foreign substances. Bacte
rial counts are not included.

23.2.2.2 Filth

Any objectionable matter contributed by animal conta
mination such as rodent, insect, or bird matter; or any
other objectionable matter contributed by unsanitary
conditions.

23.2.2.3 Heavy Fifth

Heavier material separated from ?roducts by sedirncn
tation based on different densities of filth, food parti
cles, and immersion liquids. Examples of such filth arc
sand, soil, and some animal excreta pellets,

23.2.2.4 Light Filth

Lighter filth particles that GTe oleopnilic and are sepa
rated from products bv floating L,-:eI:"l in an oil-aqueous
liquid mixture. Examples are insect fragments, whole
insects, rodent hairs and fragments, and feather bar
bules.

23.2.2.5 Sieved Filth

Filth separated from iood products on the basis of par
ticle size using selected sieve mes: sizes.

23.2.2.6 Diagnostic Characteristics of Filth

Examples include specific diagnostic Char:lClcristics,of
molds (i.e., parallel hyphal walls, sepratlcn. £:i.:lnUl:lf
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appe~ance-of cell contents, branching of hyphae, blunt
enq5 of hyphaLfilaments,-nonrefracted appearance of
hyphae}; diagnostic characteristics of insect fragmen l:s
(i.e., r~ognizable--shBFe, form, or surface sculpture, an
articulation or joint setae or setal pits, sutures), rodent
hairs (i.e., pigment patterns and structural features),
feather barbules (i.e., structural features); diagnostic
characteristics of insect·damaged grains and packag
ing materials; and chemical identification of animal
urine and excrement.

23.2.3 Objectivity/Subjectivity of Methods

Insect parts, rodent hairs, and feather barbules in food
products are generally reported as the total number of
filth elements counted of each kind encountered per
sample unit. They are identified on the basis of objec
tive criteria (see section 23.2.2.6 above). However, ider{,;,
tifying Insect fragments is not a simple task. Training
and supervised practice are required to achieve com
petence and consistency. Some fragments are easily
identified on the basis of structural shape and form.
Mandibles, for example, are quite distinctive in their
shape and configuration; certain species of insects can
be determined on the basis of this one structure. In
other instances, fragments may be mere chips of Insect
cuticle that have neither distinctive shape nor form but
can be identified as being of insect origin if they have
one or more of the characteristics given in section
23.2.2.6. Experienced analysts should rarely misinrer
pret fragments.

Isola non of extraneous material from a food D~C'C

uct so that it can be identified and enumerated can be",
very simple procedure or one that requires a series oi
several rather involved steps. In the process of isola t'_-:.g
fragments from flour by the acid hydrolysis method.
the sample is transferred from the digestion container
to the separatory container and then to the filter 'Fa;:",",:
for identification and enumeration. Ateach of thC'~.:'

transfers there is an opportunity for loss of fragrner.:s
Although the analyst may have made every eb~:

to maintain the isolation "quantitative," there He ~r

portunities for error. Both fragment loss and ...nalys:
variation are minimized by common use of ~:.:.nc,"rd

methods and procedures and proper training and
supervised practice.

Another concern involves the significance of i ns ect
fragment counts (as well as particles of sand, pieces cf
rodent excreta, rodent hairs, etc.) in relation :0 frag
ment size. fragment counts are reported on a nll:7k.-:
cal basis; they do not reflect the total conraminer.: e.c
mass that is present. A small fragment is counted :~ c

same as a large fragment. The size of the fr<lgme:1t rr ; :.'
be a reflection of the process to which a common rio·.·..
material. such as wheat, has been subjected. a mc: e
vigorous process producing more and smaller frag-
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ments than a less vigorous procesS. These factors have
been of concern to food processors fo~ so~e time and
have prompted the search for more objective means of
determining insect contamination.

23.3 METHODS

Various basic methods for isolation of extraneous mat
ter were suggested in section 23.2.2, which defined
different types of filth: separation on the basis of dif
ferences in density, affinity for oleophilic solvents, par·
tide size; diagnostic characteristics for identification of
filth; and chemical identification of contaminants. Not
all methods of analysis for extraneous matter for all
categories of food can be discussed in this chapter.
However, a few representative methods have been
selected to illustrate the various principles of separa
tion and isolation. As indicated, some isolations are
effected very simply and others are more complex,
requiring a series of various steps. AOAC International
methods (4)are used as reference sources, but they will
be presented. in a manner similar to that used for
AACC methods (5). Refer to the specific AOAC meth
ods cited for detailed instructions of the procedures.

23.3.1 Foreign Matter in Spices and
Condiments-Sieving Method
(AOAC Method 960.51)

23.3.1.1 Scope

Applicable to ground allspice, anise, curry powder, dill
seed, fennel, fenugreek, poppyseed, savory, and condi
ments; heavy filth only: caraway seed, cardamon, cel
ery seed', cloves, coriander, cumin, ginger, mace, mar
joram, mustard, oregano, rosemary, sage, and thyme.

23.3.1.2 Apparatus

1. No. 20 sieve (8SQ-j.Lm openings) and pan
2. Widefield stereoscopic microscope

23.3.1.3 Reagents

There are no reagents in thisprocedure.

23.3.1.4 Procedure

1. Sift 200-400 g of ground spice through No. 20
sieve.

2. Transfer insects or other filth retained on sieve
to suitable dish and examine with widefield
stereoscopic microscope.
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23.3.1.5 Explanation

This method illustrates a very simple technique based
on particle size separation. The No. 20 sieve refers to
the National Institute of Standards and Technology
(fonnerly called the United States National Bureau of
Standards) sieve with 20 mesh per inch (plain weave),
which provides a sieve opening of 850 J.UIl. That sieve
is coarse enough to let the ground spices pass through
and yet retain the adult stages of insects and other con
tarninants of species and condiments. The analyst must
then be able to identify the insect species, stage, and
whether live or dead, as well as any other foreign
objects.

23.3.2 Filth in Shelled Nuts-Heavy Filth By
Sedimentation (AOAC Method 968.33a)

23.3.2.1 Scope

Applicable to shelled nuts except pecans.

23.3.2.2 Apparatus

1. 6OD-ml beaker
2. Ashless filter paper
3. Stereoscopic microscope

23.3.2.3 Reagents

Note: Use effective fume removal device to remove
vapors of flammable solvents (petroleum ether) and
toxic solvents (carbon tetrachloride and chloroform).

1. Petroleum ether (pet ether)
2. Chloroform (CHClJ)

3. Carbon tetrachloride (CClol)

23.3.2.4 Procedure

1. Weigh lOQ-g sample into a 6OQ-ml beaker.
2. Add ca. 350 ml pet ether and boil gently 30 min,

adding pet ether to maintain original volume.
(Note: petroleum ether is extremely flanunable.)

3. Decant solvent, taking care not to lose any
coarse nut tissue, and discard.

..L Add ca. 300 m1 of CHC13 to beaker and let settle
10-15 min.

5. Pour off floating nut meats and about two thirds
of the CHCIJ and discard.

6. Repeat separation with smaller volumes of mix
ture of CHCIJ and CClol (1 + 1) until residue in
beaker is relatively free of nutmeat particles.

7. Transfer residue in beaker to ashless paper and
examine for heavy filth.
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8. Count number of par ticles of shell, san d, an d
soil .

9. If ap preciable amount of sand or soil is present,
ignite paper in weighed crucible at ca. 500°C
and weigh. Report res idue as percent of JOO-g
sample.

23,3,2,5 Explanation

The petroleum ether is used as a means for de fatting
the nut meats in preparation for continued analysis to
determine light filth by an additional procedure. The
chloroform and chloroform-carbon tetrachloride sol
vents allow pieces of shell , sand, and soil to settle the
botto m of the beaker on the basis of specific gra vi ty
and cause the defatted nut meats to float an d be
decanted . Although the AOAC method does not sp ec
ify microscopic examination, that is desirable to iden
tify the extraneous rnaterial.

Essentially the same procedure is used to isolate
pieces of roden t excre ta from com grits, rye and wheat
meal, wh ole wheat flour, farina, and semolina in
AOAC Me thod 941.16A. It should be noted tha t the us e
of the more toxic solvents s uch as carbon tetrachloride,
chloroform, and petroleum ether is avoided in most
contemporary analytical methods.

23.3.3 Insect Inf e s ta ti o n (In te rnal) of
Wheat-eracking Flo ta t io n Method
(AOAC Method 982. 31)

23.3.3.1 Sc ope

Applicable to w heat. [.Also av a ilable a re s? e·:::::: crack
ing flotation methods [or oats (AO.':'.C Method 9S5.36)
and grains and seeds (except wheat and oat s) (AOAC
Method 955.-12).)

23.3.3.2 Apparatus

1. Jones sampler (rijfl e-tvpe C; \-; Ct:':')
2. N o . 12 sieve (16S0-~lm ope:"li..-:fs ), N o . 100 sieve

(l50-~lr.1 openings}
3. Cli tting-t;7 e mill
4. 2-liter s lass beeke r
5. Magnetic stirrin g hotplate
6. 2-liter trap flask (Wild man)
7, Wide-st em funn el
8. Filter flask
9. Rul ed fil te r papcr-c-srnooth . ;--jSh wet st rength.

rapid ac ting filte r pape r ru led w ith o il-. a lco
ho l-, and \v.a terp roof lines S mrn apart

10. Widefield stereoscop ic microscope . 15x
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3. Tween 50:40% isop ropanol mixture-to 40 ml of
polysorbate 80 (ICI Americas , Inc. ) add 210 ml
40% isopropanol, nux, and filter.

4. N a.jEDTA:400/0 isopropanol mixture-d.issolve 5
g of Na,EDTA in 100 ml of H,O, add 100 ml of
isopropanol, mix, and filter.

o. Mineral oil-paraffin oil, white, light, 125/135
Savbol t Universal VISCosity (38°), sp. gr. 0.8-10
0.860 (24°C)

23.3.3.4 Procedure

l. Sample preparation
a. Mix grain by p assin g six times through

Jones divider (Fig. 23-1), recombining before
each pass.

b. Separate out slightly more than 50 g and
weigh 50 g.

c. Transfer weighed sam p le to No. 12 sieve
(Fig. 23-2) and w ork any vis ible insects thru
sieve usin g sti ff brush .

d . Grin d sieved sample in cu tting- type mill set
at 0.061 in .

2. Isola tion
a. .Trans fer cracked wheat to 2-lit er glass

beaker containing magnetic stirring bar and
mix ture of 600 ml of H,o .;.50:n1of H e !. 5:::
gently while boiling 15 min on h crpla:e.

b. Trans fer sample to No. 100 sieve w ith a f~:l-

23.3.3.3 Reagents

l. Hydrochloric acid (HCI)
2. -1 0% isop rop anol

[ones sa mp ler (<I lso call ed J Jones div ider; :-i f:\ ..'
d ivid er). A lternate ch ..mnels ca use g rain J :1':

other flcv...~ t- lc solid s to be syste:Tl;l lic.1i:y
divided 1:110 rt.·p nrserua tive fractions.

t

(

t

I
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Sieve and pan. Standard mesh sizes are avail
able for various particle size separations.

tle s tream of hot tap w ater. Wash material on
sieve with vay grntle s tream of hot (55-70·C)
tap water un til washings show no acidity
w hen tes ted with blue litmus paper.

c. Place a widestem funnel in the neck of a 2
liter Wildman trap flask (Fig. 23-3) contain
ing a magnetic s tirring bar. Quanti tatively
transfer the residue from the sieve to the
flask with 40% isopropanol. Add 40% iso
propanol to make 800 ml to tal vo lume.

d . Clamp stirring rod of trap flask so stopper is
above liquid in flask . Stir gently while boil
ing 7 min on magnetic stirring hotplate.

e. Rem ove flask from hotplate an d wash down
sides wi th minimal 40% isop ropan ol.

f. Immediately add 100 ml 1 + 1 mixture of
Tween 80:40% isopropanol so lution and
Na. EDTA :40% isopropanol solution slowly
down s tirring rod. Hand stir grntly 1 min
and let stand 3 min.

g. Add 50 ml of mineral oil by pouring down
s tirring rod. Stir magnetically 5 min on coo l
s tirrer and let s tand 3 min.

h. Fill flask with 40% isopropan ol. added
s lowly d own s tirring rod to avo id agi tation
of flas k conten ts, and let stand 20 min undis
tu rbed.

i. Trap off oil laye r, rinsing neck of flask with
40% iso propano l. Ad d rinse to trappings in
beaker.

j. Add 35 rnl of mineral oil to flask an d hand
s tir 1 min. Clamp stirring rod with stopper
at midpoint of flask and let stand for 5 min ;
then spin sti rring rod to free settlings from
top of s top per and adjus t o il leve l to ca. I em
abo ve full y raised stopper. Let stand undis
turbed 15 min .

k. Trap off oil layer, combining trappings with
those in beaker. Rinse neck of flask well with
40% isopropanol and add rinsings to beaker.

373

Wildman trap flask, Stopper on shaft is lifted
up to neck of flask to trap off floating layer.

1. Filte r trappings / rins ings on ruled filter
paper, rinsing beaker well with isopropanol
(Fig. 2.3-l).

rn. Examine filter paper at 15x, counting only
whole or equivalent insects and cast skins
(Fig. 23-5).

23.3.3.5 Explanation

This method was de veloped to replace a previous sim
ple r method that resulted in excessive amounts of
plant debris trapp ed on filter pape rs . The previous
method required as many as 5-10 filter papers to col
leet material tra ppe d from a l 00-g sample of wheat.

The ini tial screening wi th the 0:0. 12 siev e (Fig. 23
2) is to remove any forms of insect that may be outside
the sample wheat kernels.

A SO-g siev ed whe at sample is ground to a particle
size roughly that of coarsely ground coffee to expose
and release insect forms that exist inside the wheat ker
nels. Although there is no official action leve l for inter
nal infestation in wheat, the insects tha t develop inside
wheat kernels are the primary source of insect frag
ments in flour, for which there is a DALof 75 fragments
(average) per 50 g in six subsamples (9).

The sa mple is boiled in hydrochloric acid solution
to hyd rolyze thestarch so that it does not interfere with
the flotation separation of insect contaminants. The
hydroly zed starch is washed from the sample with hot
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Filter flask and funnel. A special des igned fun
nel has 2. calle r (parti all y ra ised) 1.1-..2 : hol es
ruled filter paper in place c;-" the f.~...»el base :or
trapp ing f.1:.h. for exeminetion.. Sccri o-, is or--
plied with a w ater aspirator.

tap w cter w hil e the sample and :O:1ta=:1a..~. ~s a re
retain ed on the N o . 100 sieve. T -;e t i:l? water a lso
removes the aci d to o revent anv chemi cal : C2 :::::0 :1 "'II ; ~:'"

NZ.;EDTA used late; in the pro~('ec c.:': .
After the sam pl e has been \\'cshe c <:::"1 G :1£0 :':::-;:' ;'

izcd, it is rrnnsferrdd to J \ViJ dP.1a.., ::: ~D flask {::ic. 23-:·)
to separate am' insect ma terial D;eSe:1t i:c~:':'\ the
rcmain i:1g p !ant m a teri al . The sa."7l,:,,-Ie is boilee! in ·wo ~
isopropano l to dcaeratc the remaining plant ma teria l
to prevent pa rticles 170m bein g trapped off ' ....ith th e
con tcmincnt s, The mixture of Tween SOand 1': .1 .; EDT.~.

solutions se rves to prevent lighter plant materials, such
as particles of bran . from being trapped off with the
contaminants .

Tween SO (polvoxyethyle ne sorbitan rnon oolcate)
is a nonioni c as em used in many mi cro scop ic fiJ~h ?fC'
cedures. It appears to have certain surface active prop
erties that make it a useful ad junct to l\:a ~ E DT.s. ,
Na4EDTA in the prese nce of Tween SOappea rs to be a
depres sor for food rna teria ls (such as bran an d o ther
light p lant matter) that o therw ise tend to float. I' has
been su ggested tha t the chelate...s pro?c::ics of
Na.,jEDTAmay result ~"'l its ad sorptio n on to the s:l: fues
of food part icles along w ith the Su.::3Ct:.:; t Tween SO,
the reb y p rev enting an a ttraction of L"lCfood P<l:: i C ~ l' ~ to
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Widefield stereoscopic microscope. L sed tc
examine ruled filter papers for Insect ::-as:
merits, rod ent hairs, feather barbules. and ether
microscopic contaminants .

oils used to separate out insect contaminan ts. By ? :-e
venting pl an t ma terial from bein g collected L., the crin 
era l oil layer that is trap ped off, con raminarcs s';.lc..~ as
oJeophilic insect parts (exoskeleton) that ore con tained
in the separating oil are much easier to di s tinguish end
identify.

23.3.4 Light Filth (Pre- and Post-Millin g)
in Flour (Whi te)--Flo ta lion Method
(AOAC Method 972.32)

23.3.4. 1 Scope

Applicable to whea t flour (w hite ).

23.3.4.2 Appara tus

1. 2-2..3- liter bea ke r and 1-lit er beake r
2. Au toclave
3. \1 <!!)T1c tic s tirrer hotplate
4. Kilborn fun nel or pe rcolator
5. RL:! <: ': filter pa per

23.3":.3 ReiJgcn ts

r • Eel scl u tic n

~ . t· :::-.c:,·j! oi;'pi!r<i ffm, ligh t 125 /135 Se yb c lt

I

I

•
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3. 5 ~ -::a detergent solu tion (Jqueo us NJ lauryl sul 
fate )

23.3.4.4 Procedure

1. Dizest (hydro lvze) ::0 ( 7 of flou r in 2-2.5-Utero ,,0 •

beaker with 600 ml of HCI so lutio n (3 + 97) Ul

autocla ve S min at 121°C.
') Immedia tely trans fer digest to l-liter beaker

using HCl (3 + 97).l t room tem peratur e to assist
transfer.

3. Add 50 ml of mineral oil and stir magnetically 5
min.

4. Quantitatively transfer samp le to Kilborn fun 
ne l or percolator (Fig. 23-6). Retain beaker.

5. let stand 30 min, stirring gently wi th long glass
rod several times during first 10 min.

6. Drain lo wer laver to ca. 3 an of interface, wash
sides of funnel wi th cold tap wa ter, and let lay
ers separate ca. 2- 3 min. Repeat drain an d H 20
w ash until lower phase is d ear.

7. After final wash, d rain oil layer into retain ed
beaker, rinsing sides of funn el w ith H20 and
alcohol.

8. Add HCI to ea. 3% (vol/vol) and boil3--l min on
ho t plate.

~paI'a to r'1 funnel(s). Straight-sided, open-top
fu..:mel (left); lev eling- bulb type with narrow
opening at tal? (right) . These types may be used
to su bs::i ru~e tor the K: lbom runnel or perco la-
tor.
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9. Filter hot solutio n throu gh rule d filter paper
(Fig. 23-l) an d thorou ghly rinse beaker and fun
nel w-ith H20 , alcoho l, and 5% detergent solu
tion onto rul ed filter paper.

10. Examine microscopically (Fig. 23-5) and record
tight filth (insect fragments, rod ent ha irs and
fragments, and fea ther ba rbules).

23.3.4.5 Exp lanation

This is a common method use d for insect fragments,
roden t hairs, and other forms of ligh t filth de tcrrnin,r 
tion. The acid digestion breaks down the starch in the
flour and allows the o ther flour cons tituents to more
cleanly sepa rate from the dilute acid so lution. Altho ugh
L'1e AO AC method calls for digestion by autoclaving.
.-\ACC Method 28-l IA provides for an alternative hot
plate digestion, which might be more convenient for
so me laboratories. The oleophilic property o f insect
fragmen ts, rod ent hairs, and feather ba rb ul es allows
the m to be coated by the mineral oil and trapped in the
oil layer for sep aration and collection on ruled filter
paper. The heavier sedim ents of the di gestion are
washed an d drained from th e funnel. Fragmen ts and
roden t hairs are repo rted on the bas is of 50 g of flour.
The current FDA DALEo r insect fragments in flour is an

average of7 5 or more per50 g in s ix subsemples. and an
ave rage of one or mo re rodent hairs per 50 g in six sub
sa mp les (9).

23.4 COMPAR ISON OF METHODS

There are limit ed so urces of methods for isolation of
ex traneous materials from foods. AOAC Int ernational
methods (.,:) are generally considered officia l and are
often the basis for methods recommended by other
organizations, such as the A.-\CC (5). The d ifference in
forma t used by the AACC ha s already been men tioned.
The AACC has included colored pictures of represen
tative insect fragm ents commonly found in cereal
prod ucts, pictorial examples of rodent hair struc ture,
and radiograp hic examples of grain kernels tha t con
tain inte rnal inse ct infesta tio n. Kurtz and Harri s (10)
provide a vir tual parts catalog of insect fragments with
a series of micrographs. Gentry et a!' (11) is an updated
version of the Kurtz and Harris publication and
includes colored micrograp hs of common insect frag
ments.

23.5 OTHER TECHN IQUES

Althou gh X-ray radiography is not an official method
for isol ation of extraneous material, it is used by some
o rocesso rs as a means of Inspecting whea t for in tern al
~sect [nfestarion, the sou rce of inse ct fragm ents in
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processed cereal products (12). The availability of suit
able equipment may be a limiting factorin the use of X-
ray radiography. . . . .

Mention was made earlier of the subjectivity
involved in the isolation and especially identification
of some biological contaminants commonly assessed in
food products. Results have been based on nwnbers of
particular contaminants rather than on mass deter
mined in an objective manner.Some research has been
directed at measuring uric acid content of samples as a
basis for measuring insect or bird contamination by
excrement (13).AOAC International has three methods
for uric acid detection (Methods 96220, 986.29, 969.46).

More recently, an ELISA (enzyme-linked immu
nosorbent assay) method (see Chapter 21) has been
developed to objectively measure quantitatively the
amount of insect material in a sample (14). It involves
the measurement of the insect protein myosin. The
advantage of uric acid and the myosin EUSA tech
niques is their adaptability to automation and objective
measurement. Until these methods are accepted, one of
the major needs for satisfactory filth isolation is prop
erly trained laboratory analysts.

Methods described above in section 23.3 are
directed primarily at routine quality control efforts to
determine if the level of natural or unavoidable defects
is below the defect action level. To a certain extent,
those routine methods can be used to identify the
source of contaminants in processed foods. However,
other more sophisticated techniques offer opportuni
ties to pinpoint the nature and source of contaminants
that may exist unavoidably or due to mistakes, acci
dents, material or equipment failure, or intentional
ad ulteralion.

Microscopy techniques including light micro
scopy, fluorescence microscopy, and scanning electron
microscopy (SE;"t) are used to study the structure/
function relationships of food (15), but also can be
applied to questions of extraneous matter. For exam
ple, SEM with energy dispersive spectroscopy (EDS)
can be used to derermine the nature of metals in prod
ucts that may be due to equipment failure or inten
tional adulteration due to tampering (16). Light micro
scopy in a polarized mode can be used to distinguish
between plastics, glass, and other fiber or crystalline
contaminants (17).

23.6 SUMMARY

Extraneous matter in raw ingredier::s and. in proces~cd

foods might be unavoidable in the ur1lY cf foods thzt
are stored, handled, processed..and rransported. Defect
action levels may be set for amounts cC';,,\sldered
unavoidable and no health hazard. A varierv of meth
ods are available to isolate extraneous m;ttcr from
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foods. Those methods largely prescribed by AOAC
International employ a series of physical and chemical
means to separate the extraneoUs material foridentifi·
cation and enumeration. Major concerns in the analysis
of food products for extraneous matter are the objec
tivity of methods and the availability of adequately
trained analysts.

23.7 STUDY QUESTIONS

1. Indicate why the FDAhas established defect action levels.
2. List three major reasons for conducting analysis for extra

neous matter in foods.
3. What two resources provide methods for separating

extraneous matter from cereal grains and their products?
4. There are several basic principles involved in separating

(isolating) extraneous matter from foods. List fiveof these
principles and give an example of each principle.

5. Briefly describe the major constraint(s) to currently ac
cepted methods for analyses of extraneous ma rter in
foods.

6. Explain how some of the more recent analytical tech
niques can assist in identifying sources of extraneous mat
ter in foods.
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Chapter 24 • Delerminatlon of OXYlJM Demand

24.11NTRODUCTION

Oxygen demand is a commonly used parameter to
evaluate the potential effect of organic pollutants on
either a wastewater treatment process or a receiving
water body. Because microorzanisrns utilize theseo
organic materials, the concentration of dissolved oxy-
gen is greatly depleted from the water. The oxygen
depletion in the environment can have a detrimental
effect on fish and plant life.

The three main methods used to measure the oxy
gen demand of water and wastewater Me biochemical
oxygen demand (BOD), chemical oxygen demand
(COD), and total organic carbon (TOC). This chapter
briefly describes the principles, procedures, applica
tions, and limitations of each method. Methods de
scribed are from Standard Methods for theExamination of
Water and Wastwater, published by the American Pub
lic Health Association (APHA). Refer to methods cited
for detailed procedures.

24.2 METHODS

24.2.1 Biochemical Oxygen Demand (BOD)

24.2.1.1 Principle

The BOD determination is a measure of the amount of
oxygen required by microorganisms to oxidize the
biodegradable organic constituents present in water
and wastewater. The method is based on the direct
relationship between the concentration of organic mat
ter and the amount of oxygen used to oxidize the pol
lutants to water, carbon dioxide, and inorganic nitroge
nous compounds. The oxygen demand of water and
wastewater is proportional to the amount of organic
matter present. The 800 method measures the
biodegradable carbon (carbonaceous demand) and,
under certain circumstances, the biodegradable nitro
gen (nitrogeneous demand).

24.2.1.2 Procedure

Place a known amount of a water or wastewater sam
ple that has been seeded with an effluent from a bio
logical waste treatment plant in an airtight BOD bottle
and measure the initial dissolved oxygen immediately.
Incubate the sample at 20°C and, after 5 days, measure
the dissolved oxygen content again (APHA Method
5210 B). The dissolved oxygen content can be deter
mined by the membrane electrode method (APHA.
Method 4500-0 G) or the azide modification of the
icdometric method (APHA Method 4500-0 C). The
membrane electrode method is based on the diffusion
rate of molecular oxygen across a membrane. A dis
solved oxygen meter with an oxygen-sensitive mern-

381

brane electrode is used to measure the diffusion cur
rent, which is linearly proportional to the concentra
tion of molecular oxygen. The azide modified iodo
metric procedure is a titrimetric method that is based
on the oxidizing property of dissolved oxygen. The
BOD value, which is expressed as mg/liter, can be cal
culated from the difference in the initial dissolved oxy
gen and the content of dissolved oxygen after the incu
bation period according to the following equation
(APHA, Method 5210B);

BOD (mg/liter) ;; lOO/P x (DOB - DOD) [IJ

where:

DOB = initial oxygen in diluted sample, mg/liter
DOD = oxygen in diluted sample after 5-day incu

bation, mg/liter
p;; ml sample x IOO/capacity of bottle

24.2.1.3 Applications and Limitations

The BOD test is used most widely to measure the
organic loading of waste treatment processes, to deter
mine the efficiency of treatment systems, and to assess
the effect of wastewater on the quality of receiving
waters. The 5-day BOD test has some drawbacks
because:

1. The procedure requires an incubation time of at
least 5 days.

2. The BOD method does not measure all the
organic materials that are biodegradable:

3. The test is not accurate without a proper seed
ing material.

4. Toxic substances such as chlorine present in
water and wastewater may inhibit microbial
growth.

24.2.2 Chemical Oxygen Demand (COD) .

24.2.2.1 Principle

The COO determination is a rapid way to measure the
quantity of oxygen used to oxidize the organic matter
present in water and wastewater by a strong oxidizing
agent. Most organic compounds are destroyed by
refluxing in a strong acid solution with a known quan
tity of an oxidizing agent such as potassium dichro
mate. The excessive amount of potassium dichromate
left after digestion of the organic matter is measured.
The amount of organic matter that is chemically oxi
dizable is directly proportional to the potassium
dichromate consumed.
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24.2.2.2 Procedure

A known quantity of sample of water or wastewater is
refluxed at elevated temperatures for up to 2 hr with a
known quantity of potassium dichromate and sulfuric
acid. The amount of potassiwn dichromate left after
digestion of the organic matter is titrated with a stan
dard ferrous ammonium sulfate (FAS) solution using
orthophenanthroline ferrous complex as an indicator.
The amount of oxidizable organic matter, determined
as oxygen equivalent, is proportional to the potassium
dichromate used in the oxidative reaction. The COD
value can be calculated from the following equation
(APHA Method 5220 B):

COD, mg/liter =(A - B) x M x BaDalD [2]

where:

A ;:: ml of FA5 used for blank
B ;:: ml of FA5 used for sample

M ;:: molarity of FAS
D ;:: m.l of sample used

24.2.2.3 Applications and Limitations

Potassium dichromate is widely usee for the COD
method because of its advantages over other oxidizing
compounds in oxidizability, a?plicab:J..ity tc a wide
variety of waste samples, a."1C ease 0: :na.-.:?·...:a~or:.

The dichromate reflux method can be used to measure
the samples with COD values of pater than 50
mg/liter.

The COD test measures carbon and hydrogen in
organic consti tuents but not nitrogenous compounds.
Furthermore, the method does not differentiate
between biologically stable and unstable compounds
present in water and wastewater, The COD test is a
very important procedure for routinely monitoring
industrial wastewater discharges and :or the control 0:
waste treatment processes. The test is faster and more
reproducible than the BOD method. The obvious dis
advcruages of the COD method are:

1. Aromatic hydrocarbons. pyridine, and straight
chain aliphatic compounds are not readily oxi
dized.

2. The method is very susceptible to interference
bv chloride, and thus the COD of certain food
processing waste effluents such as pickle and
sauerkraut brines cannot be readil)' determined
without modification. This cifiicl.:ity rnav be
overcome by adding rnercu n c 5ulf;te :0 the
sample prior to retluxing. Chloride :c~.,:en:rJ·

tions greater than 50D-1000 mg/liter m2.:' :1O! be
corrected by the addition of mercuric s:.:!f::tt: A
chloride correction factor can be de\'(·l~?c C (;;~ .1

particular waste by the use of :=-!opcr :-:,·,~.b
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24.2.3Total Organic Carbon (TOe)

24.2.3.1 Principle

The TOC method is another rapid and convenient
means for determining the amount of organic matter
present in water and wastewater The test uses high
temperatures and a strong oxidizing agent to oxidize
the organic carbon in water and wastewater to carbon
dioxide and water. The 9U"bon dioxide that is pro
duced in the oxidative reaction is measured.

24.2.3.2 Procedure

Place a known quantity of a properly homogenized
water or wastewater sample in an elevated-tempera
ture reactor (900°C) containing an oxidizing agent such
as cobalt oxide as a catalyst. Under controlled condi
tions, the carbon atoms of organic matter present in
water and wastewater are converted to carbon dioxide
and water. The amount of carbon dioxide produced in
the oxidative reaction is determined quantitatively by
means of an infrared total organic carbon analyzer
(APHAMethod 5310 B).

24.2.3.3 Applications and Limitations

The TOC test is especially useful fa: determining the
amount of total organic carbon in water and waste
water. It is a rapid method and is more precise than
COD and BOD. The major disadvantages of the TOC
test are:

1. The test requires a well-trained technician and
expensive equipment not normally found in a
labora tory.

2. The TOC method does not completely oxidize
all the organic carbon compounds present in
water and wastewater.

3. TOC is generally not as reliable as BOD or COl)
in predicting the oxygen demand potenri..' 0:'

water and wastewater because oxygen cem".:1~!

differ between organic compounds wit:; UlL

same number of organic carbons in their struc
ture. For example, the oxygen G-.::nand <)r·

ethanol is six times greater than thr.: of OXJli,:
acid.

24.3 COMPARISON OF BOD, COD, AND
TOe METHODS

Tl.e 600 and COD analvses of water and wastewater
;;):"\ result in differcnt values because the two methoc
measure different materials. As shown in Table 24-1.
:'lC COD value of i'. waste sample is usually higher L!;.:In

us HOD .me T·X values because:
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Oxygen Demond 01 Tomoto
Processing Wastes

COO and 800 Values of Selected Fruit and
Vegetable Processing Wastes

Frcm EPA.. 1977. Pollution Abalement ,n the Fruit and Vegetable
Industry. EPA·625/3-77.cc07. Environmental Prctec:ion Ager.cy.
Washin~:on. D.C

The COD, however, has value for specific wastes
since it is possible to obtain a direct correlation
between COD and BOD values. Table 24-2 shows the
COD and BOD values of waste effluents from fruit and'
vegetable processing factories. The BOD/COD ratios
of these processing waste effluents varied considerably
and ranged from 0.50 to D.n (Sptitstoesser and Down
ing, 1969). The BOD/COD ratio can be a useful tool for
rapid determination of the biodegradability of organic
matter present in the wastes. A low BOD/COD ratio
indicates the presence of a large amount of non
biodegradable organic matter. Samples of wastewater
with high BOD/COD ratios have a small amount of
organic matter that is nonbiodegradable.

The TOC test is a rapid and convenient means to
estimate BOD or COD, once an empirical relationship
ben....een TOC and BOD or TOC and COD has been
established. The TOC method may give a lower value
than the actual amount of organic matter present in

1. Many organic compounds that can be chemi
cally oxidized cannot be biochemically oxi
dized. For example, cellulose cannot be deter
mined by the BOD method but can be measured
by the COD test.

2. Certain inorganic compounds such as ferrous
iron, nitrites, sulfides, and thiosulfates are read
ily oxidized by potassium dichromate. This
inorganic COD introduces an error when com
puting the organic matter of water and waste
water.

3. The BOD test can give low values because of a
poor seeding material. The COD test does not
requires an inoculum.

-1. Some aromatics and nitrogenous (ammonium)
compounds are not oxidized by the COD
method. Other organic constituents such as cel
lulose or lignin, which are readily oxidized by
potassium dichromate, are not biologically
degraded by the BOD method.

5. Toxic materials present in water and wastewater
that do not interfere with the COD test can affect
the BOD results.

24.5 SUMMARY

0.55
0.57
0.52
0.53
0.50
0.55
0.61
0.66
0.72
0.58
0.60

MeanRatio
(BOD/COD)

BOO
(mg/liter)

240-19.000
53Q-.6400
817-1927
600-1900

1587-5341
43-1400

337-1350
300-41.000
454-1575
55-323

363-7645

COD
(mg;1iter)

395-37.000
445-13.240

1750-2910
12CQ-3795
34C~10.100

7a-22GO
723-2284
47o-BS,OOO
652-2305
193-597
495--12.200

Apples
aeels
Carrots
Cherries
Cern
Green beans
Peas
Sauerkraut
Tomatoes
Wax beans
Wi~e

Ptcauct

From Splittstoesser. D.F..and Downing, D.L 1969. Analysis of efflu
ents (rom fruit and vegetable processing factories. N.Y. Stale Agr.
Exp. Sta. Res. cee. 17. Geneva, NY.

water and wastewater because certain organic matter
may not be oxidized completely (Table 24-1). Further
more, samples of water and wastewater that contain
certain inorganic components, such as carbonates and
bicarbonates; may give slightly higher TOC values.

Samples of water and wastewater collected for oxygen
demand determinations must be analyzed as soon as
possible or stored under properly controlled condi
tions until analyses can be made.

Samples for the BOD test can be kept at low tem
peratures (<l°C or below) for up to 48 hr. Chemical
preservatives should not be added to water and waste
water because they can interfere with BOD analysis.

Untreated wastewater samples for the COD test
must be collected in glass containers and analyzed
promptly. The COD samples can be stored at 4°C or
below for up to 28 days if these are acidified with a con
centrated mineral acid (sulfuric add) to a pH value of
2.0 or below.

Samples of water and wastewater for the TOC test
must be collected in amber glass containers. If the test
cannot be made immediately, the TOC samples must
be kept in the dark at low temperatures (4°C or below)
or they can be preserved by acidification to pH 2.0 or
below using concentra ted sulfuric or phosphoric acid.

24.4 SAMPLING AND
HANDLING REQUIREMENTS

Oxygen demand is most widely used to determine the
effect of organic pollutants present in water and waste
water on receiving streams and rivers. The three

1.2C0
2.800
I.CCO

19751974

1.300
3.000
1.1CO

1973

2,400
5,500
z.oco

Item

800. rr.gIIiler
COD, rr:gIIiter
TOC. rr.gIIiter
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important methods used to measure oxygen demand
are BOD, COD, and TOC.

The BOD test measures the amount of oxygen
required by microorganisms to oxidize the biodegrad
able organic matter present in water and wastewater.
The COD method detennines the quantity of oxygen
consumed during the oxidation of organic matter in
water and wastewater by potassium dichromate. The
TOC determination is a measure of the amount of total
organic carbon present in water and wastewater that
can be converted to carbon dioxide and water by
means of a strong oxidizing agent such as potassium
dichromate at elevated temperatures.

Of the three methods used to measure oxygen
demand, the BOD test has the widest application in
measuring waste loading to treatment systems, in
determining the efficiency of treatment processes, and
in evaluating the quality of receiving streams and
rivers because it most closely approximates the natural
conditions of the environment. The COD or TOC test
can be used to monitor routinely the biodegradability
of organic matter in water and wastewater if a rela
tionship between COD and BOD or TOC and BOD has
been established. .

24.6 STUDY QUESTIONS

1. Differentiate the principles of the BOD, COD, and TOC
methods to measure oxygen demand.

2. In your new job as supervisor of a lab that has previously
been using the BOD method to determine oxygen d ernand
of wastewater, you have decided 10 change to the COD
method.
a. Describe the basic principle and procedure of the COD

method to your lab technicians.
b. In what case would they be instructed to use mercuric

sulfate in the COD assay?
c. You realize there are advantages and disadvantages of

all three potential methoc.s-BOD. COD. and TOC.
Give two odvantages and two disadvantages for each

Partll • Chemieat~ition and ChaTaetElrislics of Foods

of the BOD and TOCmethods as compared to the COD
method.

3. In each case described below, indicate if you would expect
the COD value to be higher or lower than results from a .
BOD test. Explain your answer.
a. poor seed material in BOD test
b. sample contains toxic materials
c. sample high in aromatics and nitrogenous compounds
d. sample high in nitrites and ferrous iron
e. sample high in cellulose and lignin

24.7 PRACTICE PROBLEMS

1. Determine the BOD value of a sample given the following
data (see Equation [ID:

DOB :: 9.0 mg/liter
DOD .. 6.6mg/llter
p= 15 ml
Capacity of bottle = 300ml

2. Determine the COD value of a sample given the following
data (see Equation [2J):

FAS for blank =37.8 ml
FASfor sample =34.4ml
molarity of FAS .. 0.025 M
sample=5mJ

Answers

1. BOD = 48 mg/liter; 2. COD = 136 mg/liter.

24.8 RESOURCE MATERIALS

EPA. I97i. Pollution Abatement in the Fruit anc. \'egetable
Industrv, EPA-625/3-i7-0007. Environmental Protection
AgencY. Washington, DC.
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Standard Methods JOT the Examination of Wat" and WQSlt·
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(APHA). Washington, DC.
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25.1 INTRODUCTION

where:

[tJ

-.l- .

Ml~(A)
cn'eCllonof
PfClpogcllon

Representation of plane-polarized electromag
netic radiation propagating along the z-a:Us.
The electric and magnetic fields are in phase,
perpendicular to each other and to the direc-
tion of propagation,

pass a fixed point. The wavelength ()..) represents the
distance between successive maxima on any given
wave. The units used in reporting wavelengths will
depend on the region of electromagnetic radiation
used in the analysis. Spectroscopic data sometimes are
reported with respect to wavenumbers (V), which are
reciprocal wavelengths in units of an-I. Wavenumbers
are encountered most often in infrared spectroscopy.
The velocity of propagation (Vi) of an electromagnetic
wave, in units of distance per second, in any given
medium "i" can be calculated by taking the product of
the frequency of the wave, in cycles pe;- second, and its
wavelength in that particular medium.

Vi::;: velocity of propagation in medium "i"
v ::;: wave frequency

;.., ::;: wavelength in medium "i"

The frequency of an electromagnetic wave is deter
mined by the source or the radiation, and it remains
constant as the wave traverses different media. How
ever, the velocity of propagation of a wave will vary
slightly depending on the medium through which the
light is propagated. The wavelength of the radiation
will change in proportion to changes in wave velocity
as defined by Equation [IJ. The amplitude of the wave
(A) represents the magnitude of the electric vector at
the wave maxima. The radiant power (P) and radiant
intensity (1) of a beam of radiation are proportional to
the square of the amplitude of the associated waves
making up that radiation. Figure 25-1 indicates that
electromagnetic waves are composed of oscillating
magnetic and electric fields, the two of which are
mutually perpendicular, in phase with each other, and
perpendicular to the direction of wave propagation. As
drawn,the waves represent changes in the respective
field strengths with time at a fixed location or changes
in the respective field strengths over distance at a fixed

Spectroscopy deals with the production, measure
ment, and interpretation of spectra arising from the
interaction of electrom.lgnetic radiation with matter.
There are many different spectroscopic methods avail
able for solving a wide range of analytical problems.
The methods differ with respect to the species to be
analyzed (such as molecular or atomic spectroscopy),
the type of radiation-matter interaction to be moni
tored (such as absorption, emission, or diffraction), and
the region of the electromagnetic spectrum used. in the
analysis. Spectroscopic methods are very informative
and widely used for both quantitative and qualitative
analyses. Spectroscopic methods based on the absorp
tion or emission of radiation in the ultraviolet (UV),
visible (VlS), infrared (ill), and radio (nuclear mag
netic resonance, NMR) frequency ranges are most
commonly encountered in traditional food analysis
laboratories. Each of these methods is distinct in that it
monitorsdiiferent types of molecular or atomic transi
tions. The basis of these transitions is explained in the
following sections.

25.2 LIGHT

25.2.1 Properties

Light may be thought of as particles of energy that
move through space with wavelike properties. This
image of Ught suggests that the energy associated with
a ray of light is not distributed continuously through
space along the wave's associated electric and mag
netic fields but rather that it is concentrated in discrete

. packets. Light is therefore said to have a dual nature:
particulate and wavelike. Phenomena associated with
light propagation, such as interference, diffraction, and
refraction, are most easily explained using the wave
theory of electromagnetic radiation. Ho ....ever, the
interaction of light with matter, which is the basis of
absorption and emission spectroscopy, may be best
understood in terms of the particulate nature of light.
Light is not unique in possessing both wavelike and
particulate properties. For example, fundamental par
ticles of matter, such as electrons, protons, and neu
trons, are known to exhibit wavelike behavior.

The wave properties of electromagnetic radiation
are described in terms of the wave's frequency, wave~
length, and amplitude. A graphical representation of a
plane-polarized electromagnetic wave is given in Fig.
25-1.The wave is plane polarized in that the oscillating
electric and magnetic fields making up the wave are
each limited to a single plane. The frequency (v) of a
wave is defined as the number of oscillations the wave
will make at a given point per second. This is the reci
procal of the period (p) of a wave, which is the time in
seconds required for successive maxima of the wave to
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behavior is known as the principle of superposition.
Superposition o~ sinusoidal waves is illustrated in Fig.
25-3. Note that in all cases, the effective amplitude of
the perceived wave at the point in question is the COm

bined e~ect ~feach of the waves that crosses that point
at any gIven instant. In spectroscopy, the amplitude of
n:ost general interes~ is that co:responding to the mag
nitude of the resulting' electric field intensity. Maxi
mum constructive interference of two waves OCC'...:.'"S
when the waves are completely in phase (i.e., t;,e
maxima of one wave aligns with the maxima of 6e
other wave), while maximum destructive interference
occurs when waves are 180' out of phase (the maxima
of one wave aligns with the minima of the other wave).
This concept of interference is fundamental to the
interpretation of diffraction data, which represents a
specialized segment of qualitative spectroscopy. inter
ference phenomena also are widely used in the desic::
of spectroscopic instruments that require the di5::"Z:
sion Or selection of radiation, such as those instrumcr.z
employing grating monochromators or interference :";j.
ters, as described in Chapter 26.

Interference phenomena are best ra tionalizec bv
considering the wavelike nature of liSht. Howc\'e~,
phenomena such as the absorption and emission 01
radiation are more easily understood bv considerinc
the particulate nature of light. The particles of cners;'
that move through space with wavelike properties .:::r
called photons. Tnc cnerg)" of a photon can be defined
in terms of the frequency of the wave with which it is
aS~0cjJt~'d (Equation t~:).WcYe:'ronts

'---y--'
Wcvelro;n

-+---+--J--- Rays

Wcvettonts

25.2.3 Interference

time. The electrical and magnetic eompenents of the
waves are represented as a series of vectors whose
lengths are proportional to the magnitude of the
respective field, It is the oscillating electric field that is
of most significance to spectroscopic phenomena such
as absorption, tra..tsmissicn, and refraction. However, a
purely electric field, without its associated magnetic
field, is impossible,

22.2.2Terminology

The propagation of electromagnetic waves is often
described in terms of wavefronts or trains of waves
(Fig. 25-2). A wavefront represents the locus of a set of
points all of which are in phase. For a point source of
light, a concentric ring that passes through the maxima
of adjacent light rays will represent a wavefront. The
entire ring need not be drawn in all cases, such that
wavefronts may represent planes of light in cases
where the observation is sufficiently removed from the
point source that the curved surface apPears planer.
Wavefronts are most typically drawn by connecting
maxima, minima, or both for adjacent rays, If maxima
are used for depicting wavefronts, then each of the
wa:vefronts will be separated by one wavelength. A
tram of waves, or wave-train, refers to a series of
wavefronts all of which are in phase, that is, each indi
vidual wave will have a maximum a.":'l.~litude at the
same location in space. A wave-train zls~ may be rep
resented by a series of light rays. RaY$ c: light are used
generally with reference to the corr-usrular nature of
light, representing the path of photc:'.So A wave-train
would indicate that a series of photons, all in phase,
followed the same path.

Interference is the term used to describe the observa
tion that \....hen two Or more wave-rrains cross One
another, they result in an instantaneous wave, at the
point ~f interseC'~ion, whose amplitude is the algebraic
sum 01 the arnplitudcs of the individual waves at the
point of intersection. The law describing this wave

Wavefronts. wave-trains, and ravs. [FTC'r."I
Hugh D. Young, Uni7."l.'fSltl/ Pnvsics, 'Sth ec. (?
947).~ 199::! by Addison.\\'o!SJ,:o·v. Re;'ll~:ng. \1.-\.
Courtesy of the publisher.] .

where:

.:: ::: ~'ners~' of .:l photon
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h = Planck's constant
v =frequency of associated wave

This relationship indicates that the photons making up
monochromatic light, which is electromagnetic radia
tion composed of waves having a single ~quencyand
wavelength, are all of equivalent energy. Furthermore,
just as the frequency of a wave is a constant deter
mined by the radiation source, the energy of associated
photons also will be unchanging. The brightness of a
beam of monochromatic light, when expressed in
terms of the particulate nature of light, will be the
product of the photon flux and the energy per photon.
The photon flux refers to the number of photons flow
ing across a unit area perpendicular to the beam per
unit time. It follows that to change the brightness of a
beam of monochromatic light will require a change in
the photon flux. In spectroscopy, the term lnightness is
generally not used, but rather one refers to the radiant
power (P) or the radiant intensity (1) of a beam of Light.
Radiant power and radiant intensity often are used
synonymously when referring to the amount of radi
ant energy striking a given area per unit t:i.me.1n terms
ofSI Units (time, seconds; area, meters2

; energy, jou1es),
radiant power equals the number of joules of radiant
energy impinging on a 1 meterl area of detector per
second. The basic interrelationships of light-related
properties and a general scheme of the electromagnetic
spectrum are presented in Table 2.5-1 and Fig, 25-4,
respectively.

25.3 ENERGY STATES OF MAnER

25.3.1 Quantum Nature of Matter

The energy content of matter is quantized. Conse
quently, the potential Or internal energy content of an
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atom or molecule does not vary in a continuous man
ner but rather in a series of discrete steps. Atoms and
molecules, under normal conditions, exist predomi
nantly in the ground state, which is the state of lowest
energy. Ground state atoms and molecules can gain
energy, in which Case they will be elevated to one of
their higher energy states, referred to as excited states.
The quantum nature of atoms and molecules puts lim
itations on the energy levels that are available to these
species. Consequently, there will be specific "allowed"
internal energy levels for each atomic or molecular
species. Internal energy levels not corresponding to an
allowed value for that particular species are unattain
able. The set of available energy levels for any given
atom or molecule will be distinct for that species. Sim
ilarly, the potential energy spacings between allowed
internal energy levels will be characteristic of a species.
Therefore, the set of potential energy spacings for a
species may be used qualitatively as a distinct finger
print Qualitative absorption and emission spec
troscopy make use of this phenomenon in that these
techniques attempt to determine an unknown com
pound's relative energy spacings by measuring transi
tions between allowed energy levels.

25.3.2 Electronic, Vibrational, and Rotational
Energy Levels

The relative potential energy of an atom or molecule
corresponds to the energy difference between the
energy state in which the species exists and that of the
ground state. Figure 25-5 is a partial molecular energy
level diagram depicting potential energy levels for an
organic molecule. The lowest energy state in the figure,
bottom line in bold, represents the ground state. There
are three electronic energy states depicted, each with

Properties ot Ught

Symbolsflerms

A. =wavelength

v ::: frequency
c =speed of light
9", wavenumber

p '" period
£::: energy

h ::: Planck's constant
P::: radiant power

Relationship

A.V'" c

= 11).

p= lA
£'" hv
=hcf)..
::: hC9

amount of energy striking a
given unil area per unit lime

Frequently Used Units

nm (nanometers. ,o-'l m)
A(Angstrom units. 10-10 m)
urn (microns. 1~ m)
ml-l (millimicrons. lo-'l m)
Hz (hertz, 1 Hz::: 1 oscillation per second) sec"
2.9979 x lOa m sec" in vacuum
ern"
kK (kilokayser, 1 kK =1000 ern")
seconds
J (1 joule =1 kg m2 5ec-2)

cal (calorie. 1 cal'" 4.184 J), .

erg(lerg::: 10"' J)
eV (1 electron volt =1.&122 )( 10-19 J)
6.6262 x i~ J sec
(Joules)(m2r l (secr l
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its corresponding vibrational and rotational energy
levels. Each of the electronic stales corresponds to a
given electron orbital. Electrons 1.""1 different orbitals
are of diff.~rent potential eneq;y. When an electron
changes orbitals, such as when absor:--ing or emir:-:.ng a
photon of appropriate ene,s!", it is termed an electronic
transition since it is the electron that is changing
c:lcrSY levels. However, any change 1."\ the potential
energy of an electron will, by necessity, result in a cor
responding change in the potential energy of the atom
or molecu.e that the electron is associated with.

Atoms are like molecules in. that only specific
energy levels are allowed for atomic electrons. Conse
quently, an energy level diagram of an atom w ould
consist of a series of electronic energy levels.In contrast
to molecules, the electronic energy levels of atoms have
no corresponding vibrational and rotational levels and.
hence, mil)" appear less complicated, Atomic energv
levels correspond to allowed electron shells (orb: t51
and corresponding subshells (i.e., 1!. 25. 2?, erc.). The
magnitude of the energy difference between the
ground state and iirsl excited slates for valence eke
trons of atoms and bonding electrons of molecL,;ies is

generally of the same range as the energy content of
photons associated with UV and Vis radiation.

The wider lines within each electronic state of Fie.
25-5 depict the species' vibrational energy levels. :h~'
atoms that comprise a molecule are in constant merion.
vibrating in rn"ny wa;.-s. However, in all cases t}-,(,

energy associa ted with this vibrational motion corre
sponds to defined quantized energy levels. The c:-:en;~'

differences between neighboring vibrational c,,~rgy

levels are much smaller than those between adjacent
electronic energy levels. Therefore. it is cornrr.cn to
consider that several vibrational energy levels are
superimposed on each of the molecular electronic
energy levels. Energy differences between allowed
vibrational energy levels are of the same magnitude a~

the energy of photons associated with radiation in the
infrared region. Vibrational energy levels would not be
superimposed on an atomic potential energy level dia
gram since ll,is vibrational motion does not exist in a
single atom. In this respecr.the potential energy dia
grOlm for an atom is less complex than that for a mole
cult:', the atomic energy level diagram having fewer
encrs~ levels. .



Partial molecular energy level diagram depicting three electronic states.

The potential energy of a molecule also is quan
tized in terms of the energy associated with the rota
tion of the molecule about its center of gravity. These

. rotational energy levels are yet more closely spaced
than the corresponding vibrational levels, as depicted
by the narrow lines within each electronic state shown
in Fig. 25-5. Hence it is customary to consider several
rotational energy levels superimposed on each of the
permitted vibrational energy levels. The energy spac
ings between rotational energy levels are of the same
magnitude as the energy associated with photons of
microwave radiation. Microwave spectroscopy is not
commonly used in food analysis laboratories; however,
the presence of these different energy levels will
impact the spectrum observed in other forms of spec
troscopy, as will be discussed later. Similar to the situ
ation of vibrational energy levels. rotational energy
levels are not of consequence to atomic spectroscopy.

In summation, the internal energy of an atom is
described in terms of its electronic energy levels,
while the internal energy of a molecule is dependent
on its electronic, vibrational, and rotational energies.
The algebraic form of these statements foUows.

The spectroscopist makes use of the fact that each of
these associated energies is quantized and that differ
ent species will have somewhat different energy spac
ings.

25.3.3 Nuclear Energy Levels in Applied
Magnetic Fields

Nuclear magnetic: resonance (NNfR) spectroscopy
makes use of yet another type of quantized energy
level. The energy levels of importance to NMR spec
troscopy differ with respect to those described above in
that they are relevant only in the presence of an applied
external magnetic: field. The basis for the observed
energy levels may be rationalized by considering that
the nuclei of some atoms behave as tiny bar magnets.
Hence. when the atoms are placed. in a magnetic: field.
their nuclear magnetic moment will have a preferred
orientation, just as a bar magnet would behave. The
N1v1R-sensitive nuclei of general relevance to the food
analyst have two permissible orientations. The energy
difference between these allowed orientations depends
on the effective magnetic field strength that the nuclei
experience. The effective magnetic field strength will
itself depend on the strength of the applied magnetic
field and the chemical environment surrounding the
nuclei in question. The applied magnetic field strength
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absorption ofa photon of appropriate energy also m,,~·

cause simultaneous changes in electronic. vibrational.
and rotational energy levels, The ability of molecules :0
have simultaneous transitions between the different
enerb)'levels tends to broaden the peaks in the Uv-Vis
absorption spectrum of molecules relative to those
peaks observed In the absorption spectrum of atoms.

25.4 ENERGY LEVEL TRANSITIONS
IN SPECTROSCOPY

will be set by the spectroscopist. and it is essentially
equivalent for each of the nuclei in the-applied field.
Hence, diHerences in energy spacings of NMR-sensi
tive nuclei will depend solely on the identity of the
nucleus and its environment. In general, the energy
spacings between pennissible nuclear orientations.
under usable external magnetic field strengths, are of
the same magnitude as the energy associated with
radia tion in the radiofrequency range.

25.4.1 Absorption of Radiation

The absorption of radiation by an atom or molecule is
that process in which energy from a photon of electro
magnetic radiation is transferred to the absorbing
species. When an atom or molecule absorbs a photon of .
light, its internal energy increases by an amount equiv
alent to the amount of energy in that particuJar photon.
Therefore, in the process of absorption. the species goes
from a lower energy state to' a more excited state. In
most cases, t!}e species is in the ground state prior to
absorption. Since the absorption process may be con
sidered quantitative, i.e., all of the photon's energy is
transferred to the absorbing species, the photon be: ....,g
absorbed must have an energy content that exactly
matches the energy di.'ierE:'!1ce between the energy .ev
els across which the transition occurs. Tnis must be :.~e

case due to the quantized energy levels of matter. as dis
cussed previously, Consequently, if one plots phoron
energy versus the relative absorbance of radiation
uniquely composed of photons of that energy. one
observes a characteristic absorption spectrum, the
shape of which is determined by the relative absorbtiv
ity of photons of different energy. The absorbtivity of a
compound is a wavelength-dependent proportionality
constant that relates the absorbing species concentra
tion to its experimentally measured absorbance under
defined conditions. A representative absorption spec
trum covering a portion of the l.iV radiation range is
presented in Fig. 25·6. The independent variable of an
absorption spectrum is most commonly expressed in
terms 0 f the w a" e properties (wavelength, freq uency, or
wavenumbers) of the radiation, as in Fig. 25-6, rather
than the energy of the associated photons.

Various molecular transitions resulting from the
absorption of photons of different energy are shown
schematically in Fig. 25-7. The transitions depicted rep
resent those that may be induced by absorption of 1..;'\',
Vis, IR, and microwave radiation. The figure also
includes transitions in which the molecule is excited
from the ground state to an exited electronic state with
a simultaneous change in its vibrational or rotationill
energy levels, Although not shown in the figure, the
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This would be expected when one considers that vibra
tiona~ and rotational energy levels are absent ~ an
atorruc energy level diagram. The depicted transtnons
between vibrational energy levels, without associated
electronic transitions, are induced by radiation in the
infrared region. Independent transitions between al~

lowed rotational energy levels also are depicted, these
resulting from the absorption of photons of microwave
radiation. A summary of transitions relevant to atomic
and molecular absorption spectroscopy, Including cor
responding wavelength regions, is presented in Table
25-2.

25.4.2 Emlaslon of Radiation

Emission is essentially the reverse of the absorption
process, occurring when energy from an atom or mol
ecule is released in the form of a photon of radiation. A
molecule raised to an excited state will typically
remain in the excited state for a very short period of
lime before relaxing back to the ground state. There are
several relaxation processes through which an excited
molecule may dissipate energy. The most common
relaxation process is for the excited molecule to dissi
pate its energy through a series of small steps brought
on by collisions with other molecules. The energy is
thus converted to kinetic energy, the net result being
the dissipation of the energy as heat. Under normal
conditions, the dissipated heat is not enough to mea
surably affect the system. In some cases, molecules
excited by the absorption of UVor VIS light will lose a
portion of their excess energy through the emission of
a photon. This emission process is referred to as either
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fluorescence or phosphorescence, depending on the
nature of the excited state. In molecular fluorescence
spectroscopy, the photons emitted from the excited
species generally will be of lower energy and longer
wavelength than the corresponding photons that were
absorbed in the excitation process. The reason is that,
in most cases, only a fraction of the energy difference
between the excited and ground states is lost in the
emission process. Toe other fraction of the excess
energy is dissipated as heat during vibrational relax
ation. nus process is depicted in Fig. 25-8,which illus
trates that the excited species undergoes vibrational
relaxation down to the lowest vibrational energy level
within the excited electronic state, and then undergoes
a transition to the ground electronic state through the
emission of a photon. The photon emitted will have an
energy that equals the energy difference between the
lowest vibrational level of the excited electronic state
and the ground electronic state level it descends to. The
fluorescing molecule may descend to any of the vibra
tional levels within the ground electronic state. U the
fluorescence transition is to an excited vibrational level
within the ground electronic state, then it will quickly
return to the ground state (lowest energy level) via
vibrational relaxation. In yet other cases, an excited
species may be of sufficient energy to initiate some
type of photochemistry that ultimately leads to a
decrease in the system's potential energy. In all cases,
the relaxation process is driven by the tendency for a
species to exist at its lowest permissible internal energy
level. The relaxation process that dominates a system
will be the one that minimizes the lifetime of the
excited state. Under normal conditions, the relaxation

Wavelength
Region

Garrrna rays

X-rays

Ultraviolet

Vis:c!e

Inlra~ed

Aac:cwave

Wavelength Reglons, Spectroscopic Methods, ond Associated Transitions

Usual Types 0/ Ti'ansitions in
Wavelength Wavelength Chemical Systems with

Umits Type 0/ Spectroscopy Range Similar Energies

0.01-1 A Emission <0.1 A Nuclear proton/neutron arrange-
ments

0.1-10 nm Absorption. emission, fluo- 0.1-100A inner-shell electrons
rescence, and diffraction

10-380 nm Absorption, emission, and 180-380 nm Outer-shell electrons in atoms,
fluorescence bonding electrons in molecules

380-750 nm Absoq::tion, emission, and 380-750 nm Same as ultraviolet
f1uor:scence

0.07~1000 !JiTl Absorcticn 0.78-300 !J.~ Vibrational position of atoms in
molecular bonds

0.1-100 cm Absor:::::cn 0.75-3.75 trr: Rotational position in molecules
Electrc:,,; s::lin resonance 3cm Orientatlon of unpaired electrons

in an applied magnetic field
1-1000 m I'h.;c~e2: magnetic reso- 0.6-10 m Orientation of nuclei in an applied

nance magnetic field
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25.6 STUDY QUESTIONS

1. 'rVhich phenomena associated with light are most readily
e.''Cplaineci by cBnsidering the wave nature of light?
Explain these phenomena based on your understanding
of interference.

2. \Vh.ich phenomena associated with light are most readily
explained by considering the particulate nature of light?
E."CJ'lain these phenomena based on your understanding
of the quantum nature of electromagnetic radiation.

3. What does it mean to say that the energy content of mat
ter is quantized?

4. Molecular absorption of radiation in the tN·VlS range
results in transitions between what types of energy levels?

5. Molecular absorption of radiation in the IR range results
in transitions between what types of energy levels?

6. Why is an applied magnetic field necessary for NNm.spec
troscopy?

7. How do the allowed energy levels of molecules differ
from those of atoms? Answer with respect to the energy
level diagram depicted in Fig. 25-5.

8. In fluorescence spectroscopy, why is the wavelength of &.e
emitted radiation longer than the wavelength of the radi
ation used for exdtation of the analyte?

Partial molecular energy level diagram includ
ing absorption. vibrational relaxation, and flu
orescence relaxation.
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process is SO rapid that the population of molecules in
the ground state is essentially unchanged.

25.7 RESOURCE MATERIALS

25.5 SUMMARY

Spectroscopy deals with the interaction of electromag
netic radiation with matter.Spectrochemical analysis. <:.

branch of spectroscopy, encompasses a wide range of
techniques used in analytical laboratories for the quali
tative and quantitative analysis of 6e chemical com
position of foods. Common spectrochemical analysis
methods include ultraviolet. visible, and infrared
absorption spectroscopy; molecular fluorescence spec
troscopy; and nuclear magnetic resonance spectre
scopyln each of these methods. the analyst attempts to
measure the amount of radiation either absorbed or
emitted by the analyte. All of these methods make use
of the facts that the energy content of matter is quan
tized and tha t photons of radiation may be absorbed or
emitted by matter if the energy associated with the pho
ton equals the energy difference for allowed transitions
of that given species. The above methods differ from
each other with respect to the radiation wavelengths
used in the analysis or the molecular versus atomic
nature of the analvte.
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tion. In some cases, the analyte may naturally absorb
radiation in the UV-Vis range, such that the chemical
nature of the analyte is not modified during the analy
sis. In other cases. analytes that do not absorb radiation
in the UV-VLS range are chemically modified during the
analysis. converting them to a species that absorbs
radiation of the appropriate wavelength. In either case,
the presence of analyte in the solution will affect the
amount of radiation transmitted through the solution
and, hence, the relative transmittance or absorbance of
the solution may be used as an index of analyte con
centration.

In actual practice, the solution to be analyzed is
contained in an absorption cell and placed in the path
of radiation of a selected wavelength(s). The amount of
radiation passing through the sample then is measured
relative to a reference sample. The relative amount of
light passing through the sample is then used to esti
mate the analyte concentration. The process of absorp
tion maybe depicted as in Fig. 26-1. The radiation inci
l4!ent on the absorption cell, POI will have significantly
greater radiant power than the radiation exiting the
opposite side of the cell, P. The decrease in radiant
power as the beam passes through the solution is due
to the capture (absorption) of photons by the absorbing
species. The relationship between the power of the
incident and exiting beams typically is expressed in
terms of either the transmittance or the absorbance of
the solution. The transmittance (T) of a solution is
defined as the ratio of P to Po as given in Equation [1].
Transmittance also may be expressed as a percentage
as given in Equation [2}.

26.1 INTRODUCTION

Spectroscopy in the ultraviolet-visible (UV-Vis) range
is one of the most commonly encountered laboratory
techniques in food analysis. Ele<:tromagnetic radiation
in the UV-Vis portion of the spectrum ranges in wave
length from approximately 200 to 700· run. The UV
range runs from 200 to 350 run and the Vis range from
350 to 700 run (Table 23-1). The tN range is colorless to
the human eye, while different wavelengths in the vis
ible range each have a characteristic color, ranging
from violet at the short wavelength end of the spec
trum to red at the long wavelength end of the spec
trum. Spectroscopy utilizing radiation in the tN·VlS
range may be divided into two general categories,
absorbance and fluorescence spectroscopy, based on
the type of radiation-matter interaction that is being
monitored. Each of these two types of spectroscopy
may be subdivided further into qualitative and quan
titative techniques. In general, quantitative absorption
spectroscopy is the most common of the subdivisions
within UV-VlS spectroscopy.

26.2 ULTRAVIOLET AND VISIBLE
ABSORPTION SPECTROSCOPY

26.2.1 Basis of Quantitative
Absorption Spectroscopy

The objective of quantitative absorption spectroscopy
is to determine the concentration of analyte in a given
sample solution. The determination is based on the
measurement of the amount of light absorbed from a
reference beam as it passes through the sample solu-

T = PlPo

%T =(PIPo) x 100

[1]

{2]

Spectrum of Visible Radiatlon

Wavefength (nro)

<380
380-420
420-440
440-470
470-500
500-520
520-550
5SG-S80
580--620
620--680
sa0-780
>780

coto«

Ultraviolet
Violet
Violet-blue
Blue
Slue-green
Green
Yellow-green
Yellow
Orange
Red
Purple
Near-infrared

Complementary
Hue1

Yellow-green
Yellow
Orange
Red
Purple
Violet
Violet-blue
Blue
Blue-green
Green

where:

T = transrni ttance
Po=radiant power of beam incident on absorp

tion cell

lCcr.':plementary hue refers to the c010t observed for a solution that
shows m8JCimum absorbance althe designated wavelength assum
ing a continuous spectrum ·while· light source

Attenuation of a beam of radiation as it passes
thro~gh a cuvene containing an absorbing
solution,
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ignated by the symbol e. which is referre~ to as the
molar absorptiVity. Beer's law expressed U'\ terms of
the molar absorpti'\"ity is given in Equation [5]. In this
case, c refers specifically to the molar concentration of
the analyte.

A, b as in Equation [4J
e =molar absorptivity
c = concentration in units of molarity

Quantitative spectroscopy is dependent on the
analyst being able to accurately measure the fraction of
an incident light beam that is absorbed. by the analyte
in a given solution. This apparently simple task is
somewhat complicated in actual practice due to
processes other than analyte absorption that also result
in Significant decreases in the power of the incident
beam. A pictorial summary of reflection and sea ttering
processes that will decrease the power of an incident
beam is given in Fig.26-2. It is dear that these processes
must be accounted for if a truly quantitative estimateof .
analyte absorption is necessary. In practice, a reference
ceil is used to correct for these processes. A reference
cell is one that, in theory, exactly matches the sample
absorption cell with the exception that it contains no
analyte. A reference cell often is prepared by adding
distilled water to an absorption cell. This reference cell
is then placed in the path of the light beam, and the
power of the radiation exiting the reference cell is mea
sured and taken as Po for the sample cell. This ?TOCe
dure asswnes that all processes except the selective
absorption of radiation by the analyte are equivalent
for the sample and reference cells. The absorbance
actually measured in the laboratory approximates
Equation [6).

A =log (Plo<lh·~,,';P~r"!YtesOI"tlO") == Jog (PoIP) ~61

P =radiant power of beam exiting the absorp
tion cell

%T ...percent transmittance

The tenns T and %T are intuitively appealing, as they
express the fraction of the incident light absorbed by
the solution. However, T and %T are not directly pro
portional to the concentration of the-absorbing analyte
in the sample solution. The nonlinear relationship
between transmittance and concentration is an incon
venience since analysts are generally interested in ana
lyte concentrations. A second term used to describe the
relationship between P and Po is absorbance (A).
Absorbance is defined with respect to T as shown in
Equation [3].

A ." log (Po/P) ""-log T =2 -log%T [3]

where:

A =absorbance
T,%T as in Equations [I] and [2], respectively

Absorbance is a convenient expression in that, under
appropriate conditions, it is directly proportional to the
concentration of the absorbing species in the solution.
Note that, based on these definitions for A and T, the
absorbance of a solution is notsimply unit)' minus the
transmittance. In quantitative spectroscopy, the frac
tion of the incident beam that is not transmitted does
not equal the solution's absorbance (A).

The relationship between the absorbance of a solu
tion and the concentration of the absorbing species is
known as Beer's law (Equation [.;cD.

A =abc

where:

A =absorbance
C'" concentration of absorbing species
b =path length through solution (em)
II =absorprivi ty

where:

A =tbe [3]

There are no units associated with absorbance, A, since
it is the log of a ratio of beam powers. The concentra
tion term, C. molY be expressed in any appropriate units
(M, mAt mg/ml, ':0). The path length, b, is in units of
em. The absorptivity, a, of a given species is a propor
tionaliry constant dependent on the molecular proper
ties oi the species. The absorptivity is wavelength
dependent and m~y vary depending on the chemical
envirorunent (pH, ionic strength, solvent. etc.) the ab
sorbing species is experiencing. The units of the ab
sorptivity term are (em)"! (concentration):", In the spe·
cial case where the concentration of the analyte is
reported in units of molarity, the absorptivity tenn has
units of (~mrl ("..rrl . Under these conditions. it is des-
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\ ~ tI

f f ,
scattertnc

F.lCIOrs cOnlribi,.::mg 10 the attenuation oi .:l
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~enl.1::lin~an cbsorbing solution.
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absorbance value will be reached as Po» P, which will
occur at relatively high concentrations of the analyte,

where:

P :: radiant power of beam exiting cell
containing solvent (blank)

P.uulyte solution:: radiant power of beam exiting cell
containing analyte solution

Po- P as in Equation [1]
A as in Equation [31

A =log(Pa + PJ/(P + P,)

where:

Ps = radiant power of stray light
A as in Equation [3J
P, Pa as in Equation [11

[7]

26.2.2 Deviations From Beer's Law

It should never be assumed that Beer's law is strictly
obeyed. Indeed, there are several reasons for which the
predicted linear relationship between absorbance and
concentration may not be observed. In general, Beer's
law is applicable only to dilute solutions, up to approx
imately 10 roM for most analytes, The actual concen
tration at which the law becomes limiting will depend
on the chemistry of the analyte, A5 analyte concentra
tions increase; the intermolecular distances in a given
sample solution will decrease, eventually reaching a
point at which neighboring molecules mutually affect
the charge distribution of the other. This perturbation
may significantly affect the ability of the analyte to cap
ture photons of a given wavelength; that is, it may alter
the analyte's absorptivity (a). This causes the linear
relationship between concentration and absorption to
break down since the absorptivity term is the constant
of proportionality in Beer's law (asswning a constant
path length, b). Other chemical processes also may
result in deviations from Beer's law, such as the
reversible association-dissociation of analvte mole
cules or the ionization of a weak add in·~ unbuffered
solvent, In each of these cases, the predominant form of
the analyte may change as the concentration is varied.
If the different forms of the analyte, for example, ion
ized versus neutral, have different absorptivities (a),
then a linear relationship between concentration and
absorbance will not be observed.

.-\. further source of deviation from Beer's law may
arise from limitations in the instrumentation used for
absorbance measurements. Beer's law strictly applies
to situations in which the radiation passing through
the sample is monochromatic, since under these condi
tions a single absorptivity value describes the interac
tion of the analyte with all the radiation passing
through the sample. If the radiation passing through a
sample is polyclu'omatic and there is variability in the
absorptivity constants for the different constituent
wavelengths. then Beer's law will not be obeyed. An
extreme example of this behavior occurs when radia
tion of the ideal wavelength and stray radiation of a
wavelength that is not absorbed at all by the analyte
simultaneously pass through the sample to the detec
tor. in this case. the observed transmittance will be
defined as in Equation [7]. Note that a limiting

26.2.3 Procedural Considerations

In general, the aim of quantitative measurements is to
determine the concentration of an analyte with opti
mum precision and accuracy, in a minimal amount of
time and at minimal cost. To accomplish this, it is essen
tial that the analyst consider potential errors associated
with each step in the methodology ofa particular assay.
~otenti~ sources. of error for spectroscopic assays
include mappropnate sample preparation techniques,
inappropriate controls, instrumental noise, and errors
associated with inappropriate conditions for absorb-
ance measurements (such as extreme absorbance/
transmittance readings).

Sample preparation schemes for absorbance mea
surements vary considerably. In the simplest C3Se, the
analyte-containing solution may be measured directly
following homogenization and clarification. Except for
special cases, homogenization is required prior to any
analysis to ensure a representative sample. Clarifica
tion of samples is essential prior to taking absorbance
readings in order to avoid the apparent absorption due
to scattering of light by turbid solutions. The reference
solution for samples in this simplest case will be the
sample solvent, the solvent being water or an aqueous
buffer in many cases. In more complex situations, the
analyte to be quantified may need to be chemically
modified prior to making absorbance measurements.
In these cases, the analyte that does not absorb radia
tion in an appropriate spectral range is specifically
modified, resulting in a species with absorption char
acteristics compatible with a given speotrophotometric
measurement. Specific reactions such as these are used
in many colorimetric assays that are based on the
absorption of radiation in the Vis range. The reference
solution for these assays is prepared by treating the
sample solvent in a manner identical with that of the
sample. The reference solution therefore will help to
correct for any absorbance due to the modifying
reagents themselves and not the modified analyte.

A sample-holding cell or cuvette should be cho
sen after the general spectral region to be used in a
spectrophotometric measurement has been deter
mined. Sample holding cells vary in composition and
dimensions. The sample holding cell should be com
posed of a material that does not absorb radiation in
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the spectral region being used. Cells meeting this
requirement for measurements in the UV range may be
composed of quartz or fused silica. For the Vis range
cells made of silicate glass-are appropriate and inex
pensive plastic cells also are available for SOUle appli
cations. The dimensions of the cell will be important
with respect to the amount of solution required for a
measurement and with regard to the path length term
used in Beer's law. A typical absorption cell is 1 em!
and approximately 4.5 em long, The path length for
this traditional cell is 1 en, and the minimum volume
of solution needed for standard absorption measure
ments is approximately 1.5 mI. Absorption cells with
path lengths ranging from 1 to 100 nun are commer
dally available. Narrow cells, approximately 4 nun in
width, with optical path lengths of 1 an, are also avail
able. These nanow cells are convenient for absorbance
measurements when limiting amounts of solution, less
than 1 ml, are available.

In many cases, the analyst will need to choose an
appropriate wavelength at which to make absorbance
measurements. If possible, it is best to choose the
wavelength at which the analyte demonstrates maxi
mum absorbance and where the absorbance does not
change rapidly with changes in wavelength (Fig. 26-3).
This position usually corresponds to the apex of the
highest absorption peak. Taking measurements at this
apex has two advantages: (1) maximum sensitivity,
defined as the absorbance change per unit change in
analyte concentration and (2) greater adherence to
Beer's law since the spectral region making l.:? the
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radiation· beam is composed of wavelengths with rela
tively small diiferencesin theu molar absorptivities for
the analyte being measured (Fig. 2&-3). The latter point
is important in that the radiation beam used in the
analysis will be composed of a small continuous band
of wavelengths centered about the wavelength indi
cated Onthe instrument's wavelength selector.

The actual absorbancemeasurement is made by
first calibrating the instrument for 0% and then 100%
transmittance. The 0% transmittance adjustment is
made while the photodetector is screened from the
incident radiation by means of an occluding shutter,
mimicking in£nite absorption. This adjustment sets the
base level current or "dark current" to the appropriate
level, such that the readout indicates zero. The 100%
transmittance adjustment then is made with the
occluding shutter open and an appropriate reference
cell/solution in theUght path. The reference cell itself
should be equivalent to the cell that contains the sam
ple, i.e., a "matched" set of cells is used. In many cases,
the same cell is used for both the sample and reference
solutions. The reference cell generally is f.lled with sol
vent, that often being distilled/deionized water for
aqueous systems. The 100% T adjustment effectively
sets T = 1 for the reference cell, which is equivalent to
defining Poin Equation {1] as equivalent to the radiant
power of the beam exiting the reference cell. The 0% T
and 100% T settings should be confirmed as necessa.)'
th:oughout the assay. The sample cell that contains
ar.alyte then is measured without changing the adjust
ments. Tne adjustments made with the reference cell
wi:: effectively set the instrument to give a sample
readout in terms of Equation [6}. The readout for the
sample solution will be between 0 and 100% T. Most
modem spectrophotometers allow the analyst to make
readout measurements in either absorbance units or as
percent transmittance. It is generally most convenient
to make readings in absorbance units since, under opti
mum conditions, absorbance is directlyproportional to
concentration. When making measurements W'i~h a"
instrument that employs an analog swinging nCt'~I('

type of readout. it may be preferable to use the linear
percent transmittance scale and then calculate the cc r
responding absorbance using Equation (3). This is par
ticularly true for measurements in which the pcrccn:
transmittance is less than 20.

26.2.4 Calibration Curves

In most instances, it is advisable :0 use calibre non
curves for quantitative measurements, In food analv
sis, there are a large number ofempirical assays f~r
which calibration curves are essential. The calibration
curve is used to establish the relationship between ana
lyle concentration and absorbance. This relationship is
established experimentally through the analysis of J
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[8]A =k [(V,C. + VuCJ/(VJ]

where:

Volumeof standard <'1 .mls)

g
Q
g
o
.0
a
'".0-c

Vs =volume of standard
Vu = volume of unknown
VI=total volume
C, = concentration of standard
Cu = concentration of unknown

k = proportionality constant (path length x

absorp tivity)

The results from the assays are then plotted with the
volume of standard added to each flask (VJas the
independent variable and the resulting absorbance (A)
as the dependent variable (Fig. 26-5). Assuming Beer's
law, the line describing the relationship will be as in

ence the absorbance of the analyte, and those com
pounds that react with modifying reagents that are
supposedly specific for the analyte. This means that
calibration curves are potentially in error if the un
known and the standards differ with respect to pH,
ionic strength, viscosity, types of impurities, and the
like. In these cases, it is advisable to calibrate the assay
system by using a standard addition protocol. One
such protocol goes as follows: To a series of flasks add
a constant volume of the unknown (Vu) for which you
are trying to determine the analyte concentration (Cu) '

Next, to each individual flask add a known volume
(VJ of a standard analyte solution of concentration Cy

such that each flask receives a unique volume of stan
dard. The resulting series of flasks will contain identi
cal volumes of the unknown and different volumes of
the standard solution. Next, dilute all flasks to the same

. total volume, Vr Each of the flasks then is assayed,
with each flask treated identically. If Beer's law is
obeyed, then the measured absorbance of each flask
will be proportional to the total analyte concentration
as defined in Equation (8).
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series of samples of known analyte concentration. The
standard solutions are best prepared with the same
reagents and at the same time as the unknown. The
concentration range covered by the standard solutions
must include that expected for the unknown. Typical
calibration curves are depicted in Fig. 26-4. linear cal
ibration curves are expected for those systems that
obey Beer's law. Nonlinear calibration curves are used
for some assays, but linear relationships generally are
preferred due to the ease of processing the data. Non
linear calibration curves may be due to concentration
dependent changes in the chemistry of the system or to
limitations inherent in the instruments used for the
assay. The nonlinear calibration curve in Fig. 26-4b
reflects the fact that the calibration sensitivity, defined
as change in absorbance per unit change in analyte
concentration, is not constant. For the case depicted in
Fig. 26-4b, the assay's concentration-dependent de
crease in sensitivity obviously begins to limit its use
fulness at analyte concentrations above 10 roM.

In" many cases, truly representative calibration
standards cannot be prepared due to the complexity of
the unknown sample, This scenario must be assumed
when insufficient information is available on the extent
of interfering compounds in the unknown. Interfering
compounds include those that absorb radiation in the
same spectral region as the analyte, those that influ-

Anolyte Concentration (mM)

Linear (a) and nonllnear (b) calibration curves
typically eracountered in quantitative absorp
tion spectroscopy.

Calibration curve for the determination of the
analyte concentration in an unknown using a
standard addition protocol. A, absorbance; Vy

volume of sl.1ndard analyte solution; as dis-
cussed in text,
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Cu =
(measured intercept/measured. slope)(CslVu) [12]

where:

Vv Vu' VT'c, c; and K as in Equation [8]

Equation 191.. in which all tenns other than Vs and A are
constants. Taking the ratio of the slope of the plotted
line (Equation [10]) to the line's intercept (Equation
[11]) and rearranging gives Equation [12], from which
the concentration of the unknown.. CUI can be calcu
lated since Cs and Vu ale experimentally defined con
stants.

26.2.5 Effect of Indiscriminate
Instrumental Error on the Precision of
Absorption Measurements

All spectrophotometric assays will have some level of
indiscriminant error associated with the absorbance/
transmittance measurement itself, Indiscriminant error
of this type often is referred to as instrument noise. It
is important that the assay be designed such that this
source of error is minimized, the objective being to
keep this source of error low relative to the variability
associated with other aspects of the assay, sue;': as sam
pie preparation, subsarnpllng, reagent hand Iin g. and
so on. lndiscrirninant instrumental error is observed
with repeated measurements of a sincle homozenecus
sample. The relative concentration U:;certain; result
ing from this error is not constant over the enrire per
cent transmittance range (Q-l00%). Measurements at
intermediate transmittance values tend to have lower
relative errors, thus greater relative precision, than
measurements made at either very high or "ery low
transmittance. Relative concentration uncertainty or
relative crrcr mev be defined as 5 l C where 5 = sam-

~ {I C

ple standard deviation and C = measured concentra-
tion. Relative conccnr-ation uncertainties of from 0.5%
to 1.5% are 10 be expected for absorbance/transmit
tance measurements taken in the optimal range, The
optimal range for absorbance measurements on sim
ple, IC5s expensive spcctrophotometers is from approx
imately 0.2 to 0.8 ..csorbance units. or from 15% to 65%
transmittance. On more sophisticated instruments, the
range for optimum absorbance readings r.'lay be
extended u? to.l.S or greater, To be sare, it is prudent to
always make absorbance readings under conditions at
which the absorbance of the analvte solution is less
than 1.0. If there is 01:1 anticipated ~eed to make mea
surements at absorbance readings sreater than 1.0,

A = kCsV./VT + VuC,)/VT

slope =kCsIVT

intercept =VuC)/VT

[9]

[10]

[11]

then the relative precision of the spectrophotometer
should be. established e:'Cperimentally by repetitive
measurements of appropriate samples. Absorbance
readings outside the optirnal range of the instrument
may be used, but the analyst must be prepared to
account for the higher relative error associated with
these extreme readings. When absorbance readings
approach the limits of the instrumentation, then rela
tively large differences in analyte concentrations may
not be detected.

26.2.6 Instrumentation

There are many variations of spectrophotometers
available for UV-VlS spectrophotometry. Some instru
ments are designed for operation in only the visible
range, while others encompass both the UV and VlS
range. Instruments may diHer with respect to design,
quality of components, and versatility. A basic spec
trophotometer is composed of five essential compo
nents: the light source, the monochromator, the sam
ple/reference holder, the radiation detector, and a
readout device. A power supply is required for instru
ment operation. A schematic depicting component.
interrelationships is shown in Fig. 26-6.

Light sources used in spectrophotometers must
continuously emit a strong band of radiation encom
passing the entire wavelength range for which the
instrument is designed. The power of the emitted radi
ation must be sufficient for adequate detector :-esponse,
and it should not vary sharply with changes in ' ....ave
length or drift Significantly over the experimental time
scale. The most common radiation source fo: V~ spec
trophotometers is the tungsten filament lamp. These
lamps emit adequate radiation covering the wave
length region from 350 to 2500 nm. Consequently,
tungsten filament lamps also are employed in near
infrared spectroscopy. The most common radiation
sources for measurements in the UV range are deu
terium electrical-discharge lamps. These sources i:rC'·
vide a continuous radiation spectrum from 1'Jp::-.r,xi
rnately 160 run through 373 nrn. These lamps c"~!c:'

quartz windows and should be used in conjunction
with quartz sample holders, since glass Significantly
absorbs radia rion below 330 nm.

The component that functions to isolate the spe
cific, narrow. continuous group of wavelengths to be
used in the spectroscopic assay is the monochromator.
The monochromator is so named because light of a sin
gle wa ...elength is termed monochromatic. Thcorec
cally, polychromatic radiation from the source enters
the monochromator. is dispersed according to w.ive
length, and monochromatic radiation of a selected
wavelength exits the monochromator. In practice, Iisht
exiting the monochromator is not of a single wave
length, but rather it consists of a narrow continuous
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Arrangement of components in a simple single-beam, UV-VlS absorption spectrophotometer.
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Schematic of a monochromator employing a reflection grating as the dispersing element. The concave mirrors
serve to collimate the radiation into a beam of parallel rays.

band of wavelengths. A representative monochroma
tor is depicted in Fig. 26-7. As illustrated, a typical
monochromator is composed of entrance and exit slits,
concave mirrorfs), and a dispersing element (the grat
ing in this particular example). Polychromatic light
enters the moncx:hromator through the entrance slit
and is then culminated by a concave mirror. The cul
minated polychromatic radiation is then dispersed,
dispersion being the physical separation in space of
radiation of different wavelengths. The radiation of

different wavelengths is then reflected from a concave
mirror that focuses the different wavelengths of light
sequentially along the focal plane. The radiation that
aligns with the exit slit in the focal plane thus is emit
ted from the monochromator. The radiation emanating
from the monochromator will consist of a narrow
range of wavelengths presumably centered around the
wavelength specified on the wavelength selection con
trol of the instrument.

The size of the wavelength range passing out of
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the exit slit of the monochromator is termed the
bandwidth of the emitted radiation. Many spectre
photometers allow the analyst to adjust the size of the
monochromator exit slit (and entrance slit) and,conse
quently, the bandwidth of the emitted radiation.
Decreasing the exit slit width will decrease the associ
ated bandwidth and the radiant power of the emitted
beam. Conversely, further opening of the exit slit will
result in a beam of greater radiant power, but one that
has a larger bandwidth. In some cases where resolution
is critical, such as some qualitative work, the narrower
slit width may be advised. However, in most quantita
tive work a relatively open slit may be used since
adsorption peaks in the UV-VIS range generally are
broad relative to spectral bandwidths. Also, the signal
to-noise ratio associated with transmittance measure
ments is improved due to the higher radiant power of
the measured beam.

The effective bandwidth of a monochromator is
determined not only by the slit width but also by the
quality of its dispersing element. The dispersing ele
ment functions to spread out the radiation according to
wavelength. Reflection gratings, as depicted in Fig. 260
8, are the most commonly used dispersing elements in
modem spectrophotometers. Gratings sometimes are
referred to as diffraction gratings because the separa
tion of component wavelengths is dependent on the
different wavelengths being diffracted at different
angles relative to the grating normal. A reflection grat
ing incorporates a reflective surface in which a series of
closely spaced grooves has been etched, typically
between 1200 and 1400 grooves pe:- millimeter. The
grooves themselves serve to break u;, the reflective sur
face such that each point of reflection behaves as an
independent point source of radiation.

Referring to Fig. 26-8. lines 1 and 2 represent rays
of parallel monochromatic radiation that are in phase

I retl&ded
beorn

2

Schematic illuStri1ting the property of diffrac
tion from a reflection grating. Each reflected
point source of radiation is separated by a dis
tance d.
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and that strike the grating surface at an angle i to the
normal. Maximum constructive interference of this
radiation is depicted as occurring at an angle r to the
normal, At all other angles, the two rays will partially
or completely cancel each other. Radiation of a differ·
ent wavelength would show maximum constructive
interference at a diHerent angle to the normal. The
wavelength dependence of the diffraction angle can be
rationalized by considering the relative distance the
photons of rays 1 and 2 travel and assuming that max
imum constructive interference occurs when the waves
associated with the photons are completely in phase.
Referring to Fig. 2£H3, prior to reflection, photon 2 trav
els a distance CD greater than photon 1. After reflec
tion, photon 1 travels a distance AB greater than phe
ton 2. Hence, the waves associated with photons 1 and
2 will remain inphase after reflection only if the net dif
ference in the distance traveled is an integral multiple
of their wavelength. Note that for a different angle r the
distance AB would change and, consequently, the net
distance CD - AB would bean integral multiple of a
different wavelength. The net result is that the compo
nent wavelengths are each diffracted at their own
unique angles r.

In a spectroscopic measurement, the light trans
mitted through the reference or sample cell is quanti
fied by meens of a detector. The detector is designed to
produce an electric signal when it is struck by photons.
An ideal detector would give a signal directly propor
tional to L'-le radiant power of the beam striking it; it
would have a high signal-to-noise ratio; and it would
have a relatively constant response to light of dilierent
waveleng:..hs, such that it was applicable to a wide
range of the radiation spectrum. There are several
types anc designs of radiation detectors currently in
use. Two of the more popular detectors used in modem
spectrophctcmeters are the phototube and the photo
multiplier tube. Both detectors function by converting
the energy cssociated with incoming photons into elec
trical current, The phototube consists of a sernicylin
drical cathode covered with a photoernissive surface
and a wire anode, the electrodes being housed under
vacuum in a transparent tube (Fig. 26-9a). When pho
tons strike the phctoemlssive surface of the cathode,
there is an emission of electrons, and the freed elec
trons then are collected at the anode. The net result
of this process is that a measurable current is created.
The number of electrons emitted from the cathode and
the subsequent current through the system are directly
proportional to the number of photons, or radiant
power of the beam, impinging on the photoernissive
surface. The photomultiplier tube is of similar design.
However, in the photomultiplier tube there is an
amplification of the number of electrons collected at
the anode per photon striking the photoernissive sur-
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Schematic diagram of a typical photorube design (a) and the cathode-dynode-anode arrangementof a represen
tative photomultiplier tube (b).

face of the cathode (Fig. 26-9b). The electrons originally
emitted from the cathode surface are attracted to a dyn
ode with a relative positive charge. At the dynode, the
electrons strike the surface, causing the emission of
several more electrons per original electron, resulting
in an amplification of the Signal. Signal amplification
continues in this manner, as photomultiplier tubes gen
erally contain a series of such dynodes, with electron
amplification occurring at each dynode. The cascade
continues until the electrons emitted from the final
dynode are collected at the anode of the photomulti
plier tube. The final gain may be as many as 1~-109

electrons collected per photon.
The signal from the detector generally is amplified

and then displayed in a usable form to the analyst. The
final form in which the signal is displayed will depend
on the complexity of the system. In the simplest case,
the analog signal from the detector is displayed on an
analog meter. through the position of a needle on a
meter face calibrated in percent transmission or ab
sorbance. Analog readouts are adequate for most rou
tine analytical purposes; however, analog meters are
somewhat more difficult to read and, hence, the result
ing data are expected to have somewhat lower preci
sion than that obtained on a digital readout (asswning
the digital readout is given to enough places). Digital
readouts express the signal as numbers on the face of a
meter. In these cases. there is an obvious requirement
for signal processing between the analog output of the
detector and the final digital display. In virtually all
cases, the signal processor is capable of presenting the
final readout in terms of either absorbance or transmit
tance. Many of the newer instruments include micro
processors capable of more extensive data manipula-

tions on the digitized signal. For example, the readouts
of some spectrophotometers may be in concentration
units. provided the instrument has been correctly cali
brated with appropriate reference standards.

26.2.7 Instrument Design

The optical systems of spectrophotometers fall into one
of two general categories: They are either single-beam
or double-beam instruments. In a single-beam instru
ment. the radiant beam follows only one path. that
going from the source through the sample to the detec
tor (Fig. 26-6). 'When using a single-beam instrument.
the analyst generally measures the transmittance of a
sample after first establishing 100% r. or Powith a ref
erence sample or blank. The blank and the sample are
read sequentially since there is but a single light path
going through a single cell-holding compartment. In a
double-beam instrument, the beam is split such that
one half of the beam goes through one cell-holding
compartment and the other half of the beam passes
through a second. The schematic of Fig. 26-10illustrates
a double-beam optical system in which the beam is split
in time between the sample and reference cell. In this
design, the beam is alternately passed through the sam
ple and reference cellsby means of a rotatingsector mir
ror with alternating reflectis..e and transparent sectors.
The double-beam design allows the analyst to simulta
neously measure and compare the relative absorbance
of a sample and a reference cell. The advantage of this
design is that it will compensate for deviationsor drifts
in the radiant output of the source since the sample and
reference :ells are compared many' times per second.
The disadvantage of the double-beam design is that the
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Arrangement of components in a representative double-beam tN·VIS absorption spectrophotometer. The incident
beam is alternatively passed through the sample and reference cellsby means of a rotating beam chopper.

radiant power of the incident beam is diminished
because the beam is split. The lower energy throughput
of the double-beam design is generally associated with
inferior signal-to-noise ratios. Computerized single
beam spectrophotometers now are available that claim
to have the benefits of both the single- and double-beam
designs. Their manufacturers report that previously
troublesome source and detector drift and noise prob
lems have been stabilized such that simultaneous "read
ing of the reference and sample cell is not necessary.
With these instruments, the reference and sample cells
are read sequentially, and the data are stored, then
processed. by the associated computer.

The Spectronic~20 is a classic example of a simple
single-beam visible spectrophotometer (Fig. 26-11).
The white light emitted from the source passes into the
monochroma tor via its entrance slit; the light is then
dispersed into a spectrum by a diffraction grating; and
a portion of the resulting spectrum then leaves the
monochromator via the exit slit. The radiation emitted
from the monochromator passes through a sample
compartment and strikes the measuring phototube,
resulting in an induced photocurrent that is propor
tional to the intensity of impinging light. The lenses
depicted in Fig. 26-11 function in series to focus the
light image on the focal plane that contains the exit slit.

To change the portion of the spectrum exiting the
monochromator. one rotates the reflecting grating by
means of the wavelength cam. A shutter automaticallv
blocks light from exiting the monochromator when no
sample/reference cell is in the instrument; the zero
percent T adjustment is made under these conditions.
The light control occluder is used to adjust the radiant
power of the beam exiting the monochromator. The
occluder consists of an opaque strip with a V-shaped
opening that can be physically moved in or out of the
beam path. The occluder is used to make the 100% T
adjustment when an appropriate reference cell is in the
instrument.

26.3 FLUORESCENCE SPECTROSCOPY

The technique of fluorescence spectroscopy is gener
ally one to three orders of magnitude more sensitive
than corresponding absorption spectroscopy rnethods.
In fluorescence spectroscopy, the signal being mea
sured is the elect:-omagnetic radiation that is emitted
from the analyte as it relaxes from an excited electronic
energy l~\"el .t~ its corresponding ground state. The
analyte 15 originally acti\"ated to the higher energy
level by the absorption of radiation in the UV Or vis
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Optical system for the SPECTRONl~ 20spectrophotometer. (Figure 3, Bausch & Lomb SPECTRONrC~ 20 Spec
trophotometer Operator's Manual. Courtesy of Milton Roy Company, Rochester, NY. a subsidiary of Sundstrand
Corporation.)

[13)
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Schematic diagram depicting the arrangement
of the source, excitation and emission wave
length selectors, sample cell. photoelectric
detector. and ·readout device for a representa
tive fluorometer or spectrofluorometer.

P" = radiant power of beam emitted from fluores
cent cell

ql = constant of proportionality
Po- P as in Equation [1]

The constant of proportionality used in Equation

where:

range, The processes of activ~tion and deactivation
occur simultaneously during a fluorescence measure
ment. For each unique molecular system, there will be
an optimum radiation wavelength for sample excita
tion and another, of longer wavelength, for monitoring
fluorescence emission. The respective wavelengths for
excitation and emission will depend on the chemistry
of the system under study.

The instrumentation used in fluorescence spec
troscopy is composed of essentially the same compo
nents as the corresponding instrumentation used in
UV·VIS absorption spectroscopy. However, there are
definite differences in the arrangement. of the optical
systems used for the two types of spectroscopy (com
pare Figs. 26-6 and 26-12). In fluorometers and spectre
fluorometers, there is a need for two wavelength selec
tors, one for the excitation beam and one for the
emission beam. In some simple fluororneters, both
wavelength selectors are filters such that the excitation
and emission wavelengths are fixed. In more sophisti
cated spectrofluorometers, the excitation and emission
wavelengths are selected by means of grating mono
chromators. The photon detector of fluorescence
instrumentation is generally arranged such that the
emitted radiation that strikes the detector is traveling
at an angle of 90°C relative to the axis of the excitation
beam. This detector placement minimizes signal inter
ference due to transmitted source radiation and radia
tion scattered from the sample.

The radiant power of the fluorescence beam (PF)

emitted from a fluorescent sample is proportional to
the change in the radiant power of the source beam as
it passes through the sample cell (Equation (131).
Expressing this another way, the radiant power of the
fluorescence beam will be proportional to the number
of photons absorbed by the sample.
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[13] is termed the quantum efficiency (lp),which is spe
cific for any gi..ren system. The quantum efficiency
equals the ratio of the total number of photons emitted
to the total number of photons absorbed. Combining
Equations [3] and [5] allows one to define P in terms of
the analyte concentration and PO' as given in Equation
[I·,\).

PO' P as in Equation [1]
E, b, c as in Equation [51

Substitution of Equation [14] into Equation [13J gives
an expression that relates the radiant power of the flu
orescent beam to the analyte concentration and Po> as
shown in Equation [15]. At low analyte concentration,
Ebe < 0.01, Equation [15] maybe reduced to the expres
sion of Equation [16). Further grouping of terms leads
to the expression of Equation [17], where k incorpo
rates all terms other than Po and c.

k =constant of proportione liry
Poas in Equation [13]
e as in Equation [5]

Equation [17] is particularly useful because it empha
sizes h ..·o important points that are valid for the condi
tions assumed when deriving the equation, particu
larly the assumption that analyte concentrations are
kept relativelv low. First, thc fluorescent signa! will be
directly proportional to the analyte concentration,
a~suming other parameters are kept constant. This is
very useful because a linear relationship between sig
nal and analvte concentration simplifies data process
ing and assay troubleshooting. Second, the sensitivity
of a fluorescent assay is proportional to Po' the power
of the incident beam, the irnplicerion being that the
sensitivity of a fluorescent assay may be modified by
adjustl.'""Ig the source output.

Equations {16) and 117] will evenrually break dawn
if analvte concentrations are increased to relativelv
high values, Therefore, the linear concentration rang~
for each assay should be determined experimentally. A
representative calibration curve for a fluorescence
assay is presented in Fig. 26-13. The nonlinear portion
of the curve at relatively high ana lvte concc~trallom.

results from decreases in the fluorescence YIeld p('r

where:

where:

P =Po1a-et"

PF =cpPc2.303 tbc

{14]

lI5]

[16]

[17]

Anatyte Concentration

Relationship between the solution concentra
tion of a fluorescent analyte and that solution's
fluorescence intensity. Note that there is a lin
ear relationship at relatively low analyte con-
centrations that eventually goes nonlinear as
the analyte concentration increases.

unit concentration. The fluorescence yield for any'
given sample also is dependent on its environment.
Temperature, solvent, impurities, and pH may influ
ence this parameter. Consequently, it is imperative that
these environmental parameters be accounted for in
the experimental design of fluorescence assays. This
may be particularly important in the preparation of
appropriate reference standards for quantitative work

26.4 SUMMARY

UV and Vis absorption and fluorescence specrroscop
are used widely in food analysis. These technique
may be used for either qualitative or quantitative me;
surcrnents. Qualitative measurements are based on th
premise that each analyte has a unique' s('t of enerr
spacings that will dictate its absorption I emission SP(·

trum. Hence, qualitative assays generally arc based
the analysis of the absorption or emission spectrum
the anaJytc. In contrast, quantitative assays most oft
are based on measuring the absorbance or fluo~e~.cc!

of the analyte solution alone wavelength. QU.1:;:it.,t
absorption assays are based on the premise th.:1
absorbance of the test solution will be a function r.:

solution's analvre concentration.
Under optimum conditions, there is a cirec: J:

relationship between a solution's absorbance j;"1

analyte concentration. The equa lion describing t:. i
ear relationship is known as Beer's law, The apr l

bility of Beer'S law to any given assay always sly
be verified experimentally by means of ."'1 calibr '

. curve, The calibration curve should be establish
the same timc and under the same conditions lh
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used to measure the test solution. The analyte concen
tration of the test solution then should be estimated
from the established calibration curve.

Molecular fluorescence methods are based on the
measurement of radiation emjtted from excited analyte
molecules as they relax to lower energy levels. The ana
lytes are raised to the excited state as a result of photon
absorption. The processes of photon absorption and
fluorescence emission occur simultaneously during the
assay. Quantitative fluorescence assays are generally
one to three orders of magnitude more sensitive than
corresponding absorption assays. we absorption
assays, under optimal conditions there will be a direct
linear relationship between the fluorescence intensity
and the concentration of the analyte in the unknown
solution. Most molecules do not fluoresce and, hence,
cannot be assayed by fluorescence methods.

The instrumentation used for absorption and fluo
rescence methods have similar components, including
a radiation source, wavelength selector(s), sample
holcUng cell(s), radiation detector{s), and a readout
device.

26.5 STUDY QUESTIONS

1. Why is it common to use absorbance values rather than
transmittance values when doing quantitative UV-VlS
spectroscopy?

2. For a particular assay, your plot of absorbance versus
'Concentration is not linear. Explain the possible reasons
for this.

3. 'Nhat criteria should be used to choose an appropriate
wavelength at which to make absorbancemeasurements,
and why is that choice so important?

4. In a particular assay, the absorbance reading on the spec
trophotometer for one sample is 1.033 and for another
sample 0.032. Would you trust these values? Why or why
not?

S. Explain the difference between electromagnetic radiation
in the UV and VlS ranges. How does quantitative spec
troscopy using the UV range differ from that using the
VlS range?

6. What is actually happening inside the spectrophotome
ter when the analyst "sets" the wavelength for a particu
lar assay?

7. Considering a typical spectrophotometer. what is the
effect of decreasing the exit slit width of the monochro
mator on the light incident to the sample?

8. Describe the similarities and differences between a pho
totube and a photomultiplier tube. What is the advan
tage of One over the other?

9. Your lab has been using an old single-beam spectropho
tometer that must now be replaced by a new spectropho
tometer. You obtain sales literature that describes single
beam and double-beam instruments. What are the basic
differences between a single-beam and a double-beam
spectrophotometer, and what are the advantages and
disadvantages of each?
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10. Explain the similarities and differences between UV-Vis
spectroscopy 30d fluorescence spectroscopy with regard
to instrumentation and principles involved. What is the
advantage of using fluorescence spectroscopy?

26.6 PRACTICE PROBLEMS

1. A particular food coloring has a molar absorptivity of 3.8
x ttY em" ,M""I at 510 run.
3. "'/hat will be the absorbance of a 2)( 104M solution in

a 1 an cuvette at 510 run?
b. What will be the percent transmittance of the solution

in (a)?
2. a. Youmeasure the percent transmittance of a solution

containing chromophore X at 400 run in a 1 em path
length cuvette and find it to be 50%. What is the
absorbance of this solution?
b. l,'lhat is the molar absorptivity of chromophore X if

the concentration of X in the solution measured in
question 2a is 03 r:M!? .

c. \Vhat is the concentration range of chromophore X
that can be assayed if, when using a sample cell of
pathlength 1, you are required to keep the absorbance
between 02 and O.S?

3. What is the concentration of compound Yin an unknown
solution if the solution has an absorbance of 0.846 in a
glass cuvette with a pathlength of 0.2 em? The absorpnv
ity of compound Yis54.2an-1 (mg/mlr1 under the con
d.itions used for the absorption measurement.

4. a. Wnat is the molar absorptivity of compound Z at 293
nUl and 348 run. given the absorption spectrum
shown in Fig.26-14(which was obtained using a UV.
Vis spectrophotometer and a 1 mM solution of com
pound Z in a sample cell with a pathlength of 1 an)?

b. ;'\fow you have decided to make quantitative mea
surements of the level of compound Z in different

1.0-
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g .8

g .7

.8 .6
a
B .s
<

.4

.2

.1

I

«:n

Abso~tion. spe~trum of compound Z. to be
used III conJunctton with problems 4a and -lb.



solutions. Basrd.on the above spectrum, which wave
length wWyou use for your measurements? Give two
reasons why this is the opdmum wavelength.

Answers

1. a - 0.76.b -17.~ 2 a" 301.b =602an-1~1, c = 0.33)C
l~M to 1.33 x 10"'M; 3.0.078 mg/mJ; 4. a =860 at 295
run. 60 at 3.JS ron; b -295 nm; optimwn sensitivity and
more likely to adhere to Beer's law.
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21.1 INTRODUCTION

Infrared (IR)spectroscopy refers to measurement of ~e
absorption of different frequencies of infrared radia
tion by foods or other solids, liquids, or gases. mspec
troscopy began in 1800 with an experiment by Her
schel. When he used a prism to create a spectnun from
white light and placed a thennometer at a point just
beyond the red region of the spectrum, he noted an
increase in temperature. This was the first observation
of the effects of IR radiation. By the 1940s, lR spec
troscopy had become an important tool used by
chemists to identify functional groups in organic com
pounds. In the 19705, commercial near rn. reflectance
instruments were introduced that provided rapid
quantitative determinations of moisture, protein, and
fat in cereal grains and other foods. Today, rR spec
troscopy is used widely in the food industry for both
qualitative and quantitative analysis of ingredients
and finished"foods.

In this chapter, the techniques of mid- and near-IR
spectroscopy are described, including the principles by
which molecules absorb IR radiation, the components
and configuration of commercial IR spectrometers,
sampling methods for mspectroscopy. and qualitative
and quantitative applications of these techniques to
food analysis,

415

numbers (V, in reciprocal centimeters, cm'"), Wave
numbers are calculated as follows:

v=I/(). in em) = 10~/(A. in urn) [2]

21.2.2 Molecular Vibrations

A molecule can absorb IR radiation if it vibrates in such
a way that its charge distribution, and therefore its
electric dipole moment, changes during the vibration.
Although there are many possible vibrations in a poly
atomic molecule, the most important vibrations that
produce a change in dipole moment are stretching and
bending (scissoring) motions. Examples of these vibra
tions for the water molecule are shown in Fig. 27-1.
Note that the stretching motions vibrate at a higherfre.
quency than the scissoring motion, indicating that
more energy is required.

21.2.3 Factors Affecting the
Frequency of Vibration

The energy level for any molecular vibration is given
by the following equation:

E= (u +1/2)(h/2"'t) Jk I m1m2 (3]
ml +m2

21.2 PRINCIPLES OF INFRARED
(IR) SPECTROSCOPY

E=the energy of the system
It :::; Planck's constant
v = the frequency in hertz

Frequencies are also commonly expressed as wave-

27.2.1 The IR Region of the
Electromagnetic Spectrum

Infrared radiation is electromagnetic energy with
wavelengths (A.) longer than visible light but shorter
than microwaves. Generally, wavelengths from 0.8 to
100 micrometers hun) can be used for IR spectroscopy
and are divided into the near-IR (0.8-2.5 !!ID), the mid
IR (2.5-15 urn), and the far IR (15-100 11m) regions. One
11m is equal to 1 x1~m. The near- and mid·IR regions
of the spectrum are most useful for quantitative and
qualitative analysis of foods.

IR radiation also can be measured in terms of its
frequency, which is useful because frequency is
directly related to the energy of the radiation by the fol
lowing relationship:

where:

E=hv [IJ

where:

v :::; the vibrational quantum number (posi
tive integer values, including zero, only)

h = Planck's constant
k :::; the forceconstant of the bond

ml and ml = the masses of the individual atoms in
volved in the vibration

Note that the vibrational energy, and therefore the fre
quency of vibration, is directly proportional to the
strength of the bond and inversely proportional to the
mass of the molecular system. The vibrating molecular
functional group can absorb radiant energy to move
from the lowest (u =0) vibrational state to the first
excited (u =1) state, and the frequency of radiation that
will make this occur is identical to the initial frequency
of vibration of the bond, This frequency is referred to as
the fundamental absorption. Molecules also can
absorb radiation to move to a higher (v = 2 or 3) excited
state, such that the frequency of the radiation absorbed
is two or three times that of the fundamental frequency.
These absorptions are referred to as overtones, and the
intensity of these absorptions is much lower than the
fundamental since these transitions are less favored.
The overall result is that each functional group within
the molecule absorbs m radiation in distinct wave
length bands rather than as a continuum.
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SYKHETRIClL STRETCH

ASYMMETRIC STRETCH

also can be used as a more intense source. Older spec
trometers used sodium chloride prisms to disperse the
radiation into monochromatic components, but more
modem instruments usea diffraction grating to achieve
this effect. Common detectors include the thermoccu
pIe detector, whose output voltage varies with temper
ature changes caused by varying levels of radiation
striking the .detector. More sensitive detectors include
the Golay dedector, in which radiation striking a
sealed tube ofxenon gas warms the gas and causes pres
sure changes within the tube, and newer semiconduc
tor detectors whose conductivities vary according to
the amount of radiation striking the detector surface.

Block diagram 01 an interferometer and associ
~led electronics typically used in ,1n FTIR
Instrument.

IR~"I~R B lFIXEO)

.,0 COHYElltUl

27.2.1.2 Fourier Transform (FT) Instruments

In Fourier transform (F1) instruments, the radiation is
not dispersed, but rather all wavelengths arrive at the
detector simultaneously and a mathematical treat~

ment, called a Fourier transform, is used to convert the
results into a typical IR spectrum. Instead of a mono
chromator, the instrument uses an interferometer,
which splits an IR beam and then recombines it by
reflecting back the split beams with mirrors (Fig. 27-2).
As the pathlength of one beam is varied by moving its
mirror, the two beams will interfere either construe
tively or destructively as they are combined, depend
ing on their phase difference. Therefore, the inlensi ty of
the radiation reaching the detector varies as a function
of the optical path difference, and the pattern of energy
intensity obtained as a function of optical path differ
ence is referred to as an interferogram, Y-i'hen a sample
is placed in the recombined beam ahead of tt!e detector,
the molecules in the sample absorb at their characteris
tic frequencies, and thus the radiation reaching the
detector is modified by the presence of the sample. nus
interferogram showing intensity versus pathlength is

27.3.1 lostrumentation

Two types of spectrometers are routinely used for mid
IR spectroscopy: dispersive instruments and Fourier
transform instruments. Most newer instruments are of
the Fourier transform type.

Mid-IR spectroscopy measures a sample's ability to
absorb light in the 2.5-15 um (,*000-650 ern") region.
Fundamental absorptions are primarily observed in
this spectral region.

27.3 MID-IR SPECTROSCOPY

Vibrational modes of the water molecule. Fre
quencies of the fundamental vibration for the
symmetrical stretch. asymmetric stretch, and
scissoring motion are 3652 on-I, 3756 on-I
and 1596 em-I, respectively.

SCISSORING

27.3.1.1 Dispersive Instruments

Dispersive instruments use a monochromator to dis
perse the individ ual frequencies of radiation and
sequentially F'JSS them through the sample 50 that the
absorption of each frequency can be measured, IR
spectrometers have components similar to ultraviolet
visible (l;'Y.\ is) spectrometers, including a radiation
source, a monochromator, a sample holder, and a
detector connected to an amplifier system for record
ing the spectra. :-'lost IR spectrometers are double
beam instruments,

A common lR source is a coil or Nichrome wire
wrapped around a ceramic core, thJt glows when an
electrical current is passed through it. A Globar, which
is <I silicon co:! rbide rod across which a voltage is applied,
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then converteQ by Fourier tr:U'lSfonnation into an lR
spectrum giving absorbance verses frequency. A com
puter allows the mathematical transformation to be
completed rapidly. Because all wavelengths are mea
sured at once, FTinstruments can acquire spectra more
rapidly, with a greatly improved signal-to-noise ratio,
as compared to dispersive instruments.

27.3.1.3 Sample Handling Techniques

Liquids are most commonly measured by transmis
sion IR spectroscopy, using cells with a pathlength of
0.01-1.0 mm. Because quartz and glass absorb in the
mid-IR region, cell windows of halide or sulfide salts
are most commonly used. Since many of these materi
als are soluble in water, care must be taken when select
ing cells for use with aqueous samples. Transmission
spectra of solids can be obtained by finely grinding a
small amount of the sample with potassium bromide,
pressing the mixture into a pellet under high pressure,
and inserting the pellet into the IR beam. An alterna
tive technique is to disperse a finely divided solid in
Nujol mineral oil to form a mull. Also, attenuated total
reflectance (ATR) cells are available for obtaining spec
tra from solid samples. ATR measures the total amount
of energy reflected from the surface of a sample in con
tact with an IR transmitting crystal. The radiation pen
etrates a short distance into the sample before it is
reflected back in the transmitting medium; therefore,
the intensity of the reflected radiation is decreased at
wavelengths where the sample absorbs radiation,
allowing an absorption spectrum to be obtained. Simi
larly, internal reflectance cells also are-available for
use with liquid samples, where the IR radiation pene
trates a few micrometers into the liquid before being
reflected back into anIR transmitting crystal in contact
with the liquid. These types of cells are especially use
ful for samples such as aqueous liquids that absorb
strongly in the mid-IR region. A recent development is
the coupling of a microscope to an FTIR spectrometer.
The mbeam can be focused through a microscope onto
a thin specimen mounted on a microscope slide. The ill.
spectrum then can be obtained from a very small area
of the sample that measures only a few micrometers on
each side. By moving the microscope stage, a profile of
spectra across the sample can be obtained and used to
evaluate the homogeneity of the sample.

Transmission spectra can be obtained from gas
samples using a sealed 2-10 em glass cell with IR trans
parent windows. For trace analysis, multiple-pass cells
are available that reflect the IR beam back and forth
through the cell many times to obtain pathlengths as
long as several meters. FTIR instruments also can be
interfaced to a gas chromatograph. to obtain spectra of
compounds eluting from the chromatography column.
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27.3.2 Applications of Mid-IR Spectroscopy

27.3.2.1 Absorption Bands of Organic
Functional Groups

The wavelength bands where a number of important
organic functional groups absorb radiation in the mid
IR region are shown in Table 27-1.

27.3.2.2 Presentation of Mid-IR Spectra

Spectra are normally presented with either wavenum
bers or wavelengths plotted on the x-axis and either
percent transmittance or absorbance plotted on the y
axis. The mid-IR spectrum of polystyrene is shown in
Fig. 27-3 and is typical of the common method of pre
sentation of IR spectra,

27.3.2.3 Qualitative Applications

The center frequencies and relative intensities of the
absorption bands can be used to identify specific func
tional groups present in an unknown substance. A sub
stance can also be identified by comparing its mid-IR
spectrum to a set of standard spectra and determining
the closest match. Spectral libraries are available from
several sources, but probably the largest collection of
standards is the Sadtler Standard Spectra (Sadtler Divi
sion of Bio-Rad, Inc., Philadelphia, PA). Standard spec
tra are now commonly stored in digital format to allow
searching by computer algorithm to determine the best
match with an unknown compound. Common food
applications include the identification of flavor and
aroma compounds, particularly when FTIR measure
ments are coupled with gas chromatography. IR spec
tra also are useful for obtaining positive identification
of packaging films.

27.3.2.4 Quantitative Applications

IR spectroscopic measurements obey Beer's law,
although deviations may be greater than in t.rV·\tis
spectroscopy due to the low intensities of IR sources,
the low sensitivities of IR detectors, and the relative
narrowness of mid-IR absorption bands. However.
quantitative measurements can be successfully made.
Perhaps the most extensive use of this technique is in
the Infrared Milk Analyzers, which have the ability to
analyze hundreds of samples per hour. The fat, protein,
and lactose contents of milk can be determined simul
taneously with one of these instruments. The ester car
bonyl groups of lipid absorb at S.73/Ull (1742 em"), the
amide groups of protein at 6.47!-lm (1348 cm-I ) , and the
hydroxyl groups of lactose at 9.61J.UT1 (1046 an-I).
These automated instruments homogenize the milk fat
globules to minimize light scattering by the sample.
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~ MJd-IRAbsorp"on Frequencies of Various Organic Functional Groups

Group

Alkanes

Alkenes
Alkytles
Aromatics

Alcohols

Ethers
Amines
Aldehydes and ketones

Carboxylic acids
Amides

Absorbing Feature

~H stretch and bend
-CH2 and-C~ bend
Olefinic -CH stretch
Acetylenic -<:H stretch
Aromatic - CH stretch
-C....C- stretch
-oH stretch
-QHbend
C-oslretch
C-o asymmetric stretch
Primary and secondary - NH stretch
-C-O stretch
-<:H (doublet)
-<:-0 stretch
-<:-0 stretch
-NH stretch
-NH bend

3000-2800
1470-1420 and 1380-1340
31D0-3000
3300
3100-3OOO
1600
3600-3200
'500-1300
1220-1000
1220-1000
3500-3300
1735-1700
2~2700

1740-1720
1670-1640
3500-3100
1640-1550

, DO 1------.......,

50

Poly~tyrene

3000 2000 1000
Wovenumber3 (cm- 1)

;"lid·TRspectrum of polystyrene. showing percent transmittance versus frequen~ in wavenumbers, The absorp
tion bands just above 3000cm-1and at 1600cm-l indicate the presence of aromatic ring Structures in the molecule.
while the -CH bands just below 3000 em" indicate lhat saturated hydrocarbon regions also are present.

and then pump the milk into a flow-through cell
through which the infrared beam is passed. In some
instruments, the monochromator uses simple optical
interference filters that pass only a single wavelength
of radiation through the sample, and the filter is
selected depending on which constituent the operator
wishes to measure. The instrument is calibrated using
samples of known concentration to establish the slope
and intercept of a Beer's law plot Newer analyzers U~e

an FTIR instrument to measure the absorbance a: ~:l

wavelengths simultaneously, and then use a multiple
linear regression equation to predict the concentration
of each constituent from the absorbance values a:
selected wavelengths. ~1ultiple linear regression is
described in more detail in the section on near-IR spec
troscopy. Official methods have been adopted for the
IR milk analyzers, and specific procedures for opera
tion of these instruments are given (1, 2).

Commercial instruments also are available for
measuring I~C [atconten! of emulsified meal samples
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by IR spectroscopy. Other qumtitative applications
include measurement of the de2'Tee of unsaturation
and cisand trans contents in fats :nd oils (3).

27.4 NEAR-INFRARED (NIR) SPECTROSCOPY

Measurements in the near-Ilt \-'l1R) spectral region
(0.7-25 urn, equal to iOG-ZSGO nm) are more widely
used for quantitative analysis of foods than are mid-Ik
measurements. Several commercial instruments are
available for compositional analysis of foods using
NIR spectroscopy. A major advantage of NIR spec
troscopy is its ability to measure directly the composi
tion of solid food products by use of diffuse reflectance
techniques.

27.4.1 Principles

27.4.1.1 Principles of Diffuse
Reflectance Measurements

Wh(!I\ radiation strikes a solid or granular material,
part of the radiation is reflected from the sample sur
face. This mirrorlike reflectance is called specular
reflectance, and gives little useful information about
the sample. Most of the specularly reflected radiation is
directed back toward the energy source. Another por
tion of the radiation will penetrate through the surface
of the sample and be reflected off several sample parti
cles before it exits the sample. This is referred to as dif
fuse reflectance, and this diffusely reflected radiation
emerges from the surface at random angles through
180°. Each time the radiation interacts with a sample
particle, the chemical constituents in the sample can
absorb a portion of the radiation. Therefore, the dif
fusely reflected radiation contains information about
the chemical composition of the sample, as indicated
by the amount of energy absorbed at specific wave
lengths.

The amount of radiation penetrating and leaving
the sample surface is affected by the size and shape of
the sample particles. Therefore, if solid or granular
materials are to be ground prior to analysis by NIR
reflectance spectroscopy, it is desirable to use a sample
preparation mill that yields a fine particle size with a
unifonn size distribution. Mills such as the Udy
Cyclotec (Boulder, CO), equipped with a 1 mm screen,
are useful for preparing granular materials, such as
cereal grains, for analysis by Z\.lR reflectance tech
niques.

27.4.1.2 Absorption Bands in the NlR Region

The absorption bands observed in the NlR region are
primarily overtones. Therefore, the absorptions tend to
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be weak in intensity. However, this is actually an
advantage, since absorption bands that have suff{cient
intensity to be observed in the NlR region arise pri
marily from functional groups that have a hydrogen
atom attached to a carbon, nitrogen, or oxygen, which
are common groups in the major constituents of food
such as water, proteins. lipids, and carbohydrates.
Table 27-2 lists the absorption bands associated with a
number of important food constituents.

The absorption bands in the NIR region tend to be
broad and frequently overlap, yielding spectra that are
quite complex. However, these broad bands are espe
dally useful for quantitative analysis. Typical NIR
spectra of wheat, dried egg whlte, and cheese are
shown in Fig. 27-4. Note that strong absorption bands
associated with the -GH groups of water are centered
at ca. 1450and 1940nm. These bands are the dominant
features in the spectrum of cheese, which contains
30-40% moisture, and they are still prominent even in
the lower moisture wheat and egg white samples.
Bands arising from the -NH groups in protein can be
observed at 2060 run and 2180 nm in the egg white
spectrum but are partially obscured by a starch absorp
tion band, centered at 2100 nrn, in the wheat sample.
Relatively sharp absorption bands arising from~
groups in lipid can be observed at 2310 and 2350 nID,

and another band from these groups is seen around
1730 run. The 1730 nm band overlaps a weak protein
absorption. The lipid bands are distinctly observable in
the cheese spectrum.

27.4.2 Instrumentation

A commercial NIR spectrometer is shown in Fig. 27-3.
The radiation source in most NIR instruments is a
tungsten-halogen lamp with a quartz envelope, simi
lar to a projector lamp. These lamps emit Significant
amounts of radiation in both the visible and NIRspec
tral regions. Semiconductor detectors are most com
monly used in NIR instruments; with silicon detectors
used in the 700-1100 run range, and lead sulfide used
in the 1100-2500 run region. Most commercial NIR
instruments use monochromators, rather than interfer
ometers, although some recently manufactured com
mercial instruments are now using Fourier transform
technology. Some monochromator-based instrwnents
use diffraction gratings that allow measurements to be
taken at each wavelength over the entire NIR spectral
region. Other instruments are dedicated to specific
applications and use optical interference filters to select
6-20 discrete wavelengths that can be impinged on the
sample. The filters are selected to obtain wavelengths
that are knov...."TI to be absorbed by the sample con
stituents. The instrument inserts filters one at a time
into the light beam to direct individual wavelengths of
radiation onto the sample.
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Neor·IR AbsorpUon Bands ofVarious Food Constituents

Constituent

Water

Protein-peptides

Upid

Carbohydrate

Absorbsr

-oH stretch/deformation combination
-oH stretch
-NH deformation

Methylene -CH stretch
-CH2 and -CH3 stretch
C-o. o-H stretching combination

WBVIl'lsngth (nm)

1~1950
1400-1450
2080-2220 and
15ro-1670
2300-2350
1680-1760
2060-2150

2~--------------------------.,

WHEAT

1500
Ncnomete~

2000 2500

~1R spectra of cheese. wheat. and dried egg w·hite plotted as 10g(1 / R) versus wavelength in run.

1=the in~ensHy of radiation reflected from the sample
at a given wavelength

10 = the intensity of radiation reflected from the refer
cnre Jt the same wavelength

tightly into a cell agaLnst a quartz window, thereby ?ro
viding a smooth. uniform surface from which reflec
tion can occur. Quartz does not absorb in the ~1R

region. At each wavelength, the intensity of light
reflecting from the sample is compared to the intensity
reflected from a nonabsorbing refeT/nee, such as a
ceramic or fluorocarbon material or the interior of the
integrating sphere. Reflectance (R) is calculated bv the
following rormula: .

Either reflectance or transmittance measurements
mily be made in NIR spectroscopy. depending on the
type of sample. In the reflectance mode. used primarily
for solid or granular samples, it is desirable to measure
only the diffuse reflectance that contains information
about the sample. In some instruments, this is accom
plished by positioning the detectors at a 45° angle with
respect to the incoming infrared beam, so that the spec
ularly reflected radiation is not measured (Fig. 27-641).
Other instruments use an integrating sphere, which is
a gold-coated metallic sphere with the detectors
mounted inside (Fig. 1i·6b). The sphere collects the dif·
fusely reflected radia rion coming at various angles
from the sample and focuses it onto t;,e detectors. The
specular component escapes (rom the sphere through
the same port by which the incident beam enters and

"strikes tnt: sample.
Most samples are prepared by packing the food

where:

R = 1/10 [·n



Cl1apter 27 • Infrared sceercscccv 421

A mod em commercial 1'ILR spectrometer. (Courtes y of Foss / i\l1RSystems Inc.. Silve r Springs. ~fD. )

(a) (b) (log R, - log R,) [51

Typical ins trument geo metries for measuring
diffuse reflectance from sol id food samp les.
Radiation from the monochromator (1) is
directed by a mirror onto the samp le (S). Dif
fuselv reflected radiation is measured directlv
by detectors (D) placed at a -ISo angle to th~
incident beam (a) or is collected by an integrat
ing sphere and focus ed onto the detectors (b).
In both cases, the speculer ty reflected radiation
is not measured .

[6J(2 log R, - log R, - log R»)

or

These derivative values are meas ures of the changes in
slope of the spectrum.

Transmission measurements also can be made in
the ~lR region. an d this is usua lly the method of choice
for liquid samp les. A liquid is p laced in a quartz
cuvette and the absorbance measured at the wav e
leng ths of interest. Transmiss ion measurements also
can be taken from solid samp les. but generally only in
the 7CO-ll00 nul range . In this wavelength regi on. the
absorption band s are higher overtones that are 'i ery
','leak, allow ing the radiation to penetrate through sev
eral millimeters of a solid samp le. The use of transmis
sion measurements can minimize the degree of sam ple
prepa ra tion needed. Since the IR bea m pa sses through
the entire sample, the need for a smooth, hom ogeneous
sample surface is reduced.

ss

I _+-,'I-.

Reflectance data are expressed most commonly as log
(1/ R), an expression analogous to absorbance in trans
missio n spectroscopy. Reflectance measuremen ts also
are expressed sometimes as differences, or deriv atives,
o f the reflectance values obtained from adjacent wave
lengths:

27.4 .3 Quanti tative Methods Using
NIR Spectroscopy

N IR i.nstruments can be calibrated to measu re vari ous
consti tuents in fcod and agricultural commodities.
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Because of the overlapping nature of the NlR absorp
tion bands, it is usually necessary to take measure
ments at two or more wavelengths to quantitate a food
component reliably. The instrument uses an equation
of the foUowing fonn to predict the amount of a con
stituent present in the food from the spectral measure
ments:

% constituent = z + Q log(1/R1)

+ blog(l/R~

+ c!og(l / R3) + . . .. . . [7]

where each term represents the spectral measurement
at a different wavelength multiplied by a correspond
ing coefficient Each coefficient and the intercept (z)
are determined by multivariate regression analysis. Ab
sorbance or derivatized reflectance data also can be
used in lieu of the 10g(1/ R) forma t Use of derivatized
reflectance data has been found to provide improved
results in some instances, particularly with samples
that may not have uniform particle sizes.

27.4.3.1 Calibration Methods Using MUltiple
Linear Regression

The first step in calibrating an ~1R instrument is to
select a set of calibration, or training, samples. The
samples should be representative of the products that
will be analyzed. contain the constituent of interest at
levels covering the range that is expected to be encoun
tered, and have a relativelv uniform distribution of
concentrations across that range, The calibration sam
ples are analyzed by the classical analytical method
normally used for that constituent, and spectral data
also are obtained on each sample with the i\i1R instru
ment at all available wavelengths. All data are stored
into computer memory. Multiple linear regression is
then most commonly used to select the optimum
wavelengths for measurement and the associated coef
ficients for each wavelength. Wavelengths are selected
based on statistical significance by using a step for
ward or reverse stepwise regression procedure or by
using a computer algorithm that tests regressions
using all possible combinations of two, three, or four
wavelengths to determine the combination that pro
vides the best results. Most calibrations will use
between two and six wavelengths, and one should
always check to make certain that the wavelengths
chosen on the basis of statistical significance also make
sense from a spectroscopic standpoint. Calibration
results are evaluated by comparing the multiple corre
lation coeificients, Fs of regression, and standard errors
for the various equations developed. ~t is desirable to
maximize the correlation coefficient (gene~;; 11y R
should be >0.9) and minimize the standard error, A cal
ibration <lI\\'JYs should be tested by using the insrru-
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ment to predict the composition of a set of test samples
that are completely independent of the calibration set
and comparing the results obtained to the classical
method.

27.4.3.2 Calibration Development UslngFufl
Spectrum Methods

Recently, calibration techniques such as partial least
squares (PLS) regression and principal components
regression (PeR) have been developed that use infor
mation from all wavelengths in the entire NIR spec
trum, rather than a few selected wavelengths, to p~
dict sample composition. PIS and PCR use data
reduction techniques to extract from a largenumber of
variables (i.e., reflectance or absorbance measurements
at many wavelengths) a much smaller number of new
variables that account for most of the Variability in the
samples. These new variables then can be used to
develop a regression equation to predict the amount of
a constituent in samples of a food. In PLS and PCR
methods.no spectral information is eliminated, as it is
when measurements at only a limited number of wave
lengths are used. PIS and peR methods are reported to
yield improved results for some samples (4).

27.4.4 aualitative Analysis By
NIR Spectroscopy

l'<lRspectroscopy also can be used to classify a sample
into one of two or more groups, rather than to provide
quantitative measurements. Discriminant analysis
techniques can be used to compare the NIR spectrum
of an unknov....n sample to the spectra of samples rror:'o
different groups. The unknown sample then is classi
fied into the group to which its spectrum is most simi
lar. While this technique has been more widelv used in
the chemical and pharmaceutical industries· for ravv
material identification, it is beginning to be used for
food applications, including the classification of skim
milk powders based on level of heat treatment (5), the
classification of wheat as hard red spring Or hard red
winter (6), and the identification of orange juice sam
ples from different sources (7).

27.4.5 Appllcatlons of NIR Spectroscopy to
Food Analysis

Theory and :J??lications of NIR spectroscopy to food
an:l!:.sis have been cjsc:..;~sed in several publications
($-10). The technique has founa its widest use in the
s~ain, ~ereill pr~ducts. and oilseed processing indus
mes, NIR techniques using reflectance measurements
from ground or powdered samples have been adopted
J~ :lp!,r~nd .methods of analysis by the American
r\s;oCI~li(m Of Cereal Chel":"lists (II) for measuring pro-
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:ein in barely, oats, rye, triticale, and wheat (Method
39-10), protein in wheat flour (Method 39-11), and pro
tein and oil in soybeans (Method 39-20). Techniques
using measurements from whole kernel gr.Jins have
.11so been approved for protein, oil, and moisture in
joybeans (Method 39-21), and protein in wheat
(Method 39-25). NIR reflectance measurements also
have been approved for estimating wheat hardness
(Method 39-70A). These approved methods describe
the instruments available. for use in making these mea
surernents, and the proper techniques for preparing
samples and calibrating instruments. NIR instruments
now are used by the official grain inspection agencies
in both the United States and Canada for measuring
protein, moisture, and oil in cereals and oilseeds.

NlR spectroscopy also can be used for numerous
other commodities and food products. The technique
has been used successfully to measure moisture, pro
tein, and fat in red meats and processed meat products
(12-1-1), poultry, and fish (15). NIR spectroscopy is use
ful also for analyzing a number of dairy products,
including measuring moisture and fat in butter; mois
ture, fat, and protein in cheese (16, 17); and lactose, pro
tein, and moisture in milk and whey powders (18). In
addition, moisture, fat, and protein have been deter
mined in dehydrated eggs using NIR reflectance mea
surements (19). N1R techniques also have shown
promise for measuring total sugars and soluble solids
in fruits and vegetables (20, 21), and are being used
commercially for monitoring the sugar content in com
sweeteners (22).

NIR spectroscopy also is showing potential for
measuring specific chemical constituents in a food that
affect its end-use quality, for directly predicting pre
cessing characteristics of a commodity that are related
to its chemical composition, and for monitoring
changes that occur during processing. Examples
include determining the amylose content in rice starch,
an important determinant of rice quality, by both
reflectance and transmission measurements (23, 24);
predicting com processing quality (25, 26); monitoring
the degree of cook obtained during extrusion process
ing of wheat products (27); and monitoring the coagu
lation of milk during cheese making (28).

These are some examples of current applications,
but if a substance absorbs in the NIR region, and is
present at a level of a few tenths of a percent or greater,
it has potential for being measured by this technique.
The primary advantage of NlR spectroscopy is that
once the instrument has been calibrated, several con
stituents in a sample can be measured rapidly (from 30
sec to 2 min) and simultaneously: To measure multiple
constituents, a calibration equation for each con
stituent is stored into the memory of the instrument.
Measurements are taken at all wavelengths needed by
the calibrations, and each equation then is solved to
predict the constituents of interest. :-;0 sarr.?~e weigh-
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ing is required, and the NIR technique can be used by
employees without extensive training. It also is applic
able for on-line measurement systems. Disadvantages
include the high initial cost of the instrumentation,
which may require a large sample load to justify the
expenditure, and the fact that specific calibrations must
be developed for each product to be measured. Also,
the results produced by the instrument can be no bet
ter than the data used to calibrate it, which makes care
ful analysis of the calibration samples of highest im
portance.

27.5 SUMMARY

IR spectroscopy measures the absorption of radiation
in the near- ().. =0.8-2.51W') or mid- (A=2.5-15 J.UI1) IR
regions by molecules in food or other substances. LR
radiation is absorbed as molecules change their vibra
tional energy levels. Mid-Ilc spectroscopy is especially
useful for qualitative analysis, such as identifying spe
cific functional groups present in a substance. Different
functional groups absorb different frequencies of radi
ation, allowing the groups to be identified from the
spectrum of a sample. Quantitative analysis also can be
achieved by mid-IR spectroscopy, with milk analysis
being a major application. NIR spectroscopy is used
most extensively for quantitative applications, using
either transmission or diffuse reflectance measure
ments, that can be taken directly from solid foods. By
using multivariate statistical techniques, NIR instru
ments can be calibrated to measure the amounts of var
ious constituents in a food sample based on the
amount of IR radiation absorbed at specific wave
lengths. NIR spectroscopy requires much less. time to
perform quantitative analysis than do many conven
tional wet chemical or chromatographic techniques.

27.6 STUDY QUESTIONS

1. Describe the factors that affect the frequency of vibration
of a molecular functional group and thus the frequencies
of radiation that it absorbs. Also, explain how the funda
mental absorption and overtone absorptions of a molecule
are related.

2. Describe the essential components of a Fourier rransfortn
(FT) mid-IR spectrometer and their function, and compare
the operation of the Ff instrument to a dispersive instru
ment. \Vhat advantages do Fourier transform instruments
have over dispersive IT{spectrophotorneters?

3. Of the three antioxidants BHT (butylated hydroxy
toluene), BHA (butylated hydro)(yanisole), and propyl
gallate. which would you expect to have a strong IR
absorption band in the 1700-1750 em-I spectral region?
Look up these compounds in a reference book if you are
uncertain of their structure.

04. Describe the two ways in which radiation is reflected from
a solid or granular material. Which type of reflected radi
ation is useful for making quantitative measurements on
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SQlid samples by near-i.nlrued (:'\11K) spectroSCOPy? How
are i\:1Rreflectance instnunmb'designed to select lor the
desired component of rellec1ed radiatiQn1

5. Describe the steps invoJvfl1 in calibnti&lg I NIR re
flectance instrument to measure the protein content of
wheat rlour. Why is it wually nec:esaary to make mea
surements at more than one wa ....~length?
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28.1 INTRODUCTION

[I}

AAS: atomic absorption spectroscopy
AES: atomic emission spectroscopy
rep: inductively coupled plasma

Atomic absorption spectroscopy quantifies the
absorption of electromagnetic radiation by well-sepa
rated atoms in the gaseous state, while atomic emis
sion spectroscopy measures emission of radiation
from atoms excited by heat or other means. Atomic
spectroscopy is particularly well suited for analytical
measurements because atomic spectra consist of dis
crete lines, and every element has a unique spectrum.
Therefore, individual elements can be identified and
quantified with accuracy and precision even in the
presence of atoms of other elements.

elements and toxic heavy metals is incomplete and
should be expanded.

This chapter deals with the basic principles that
underlie analytical atomic spectroscopy and provides
an Q·ver...iew of the instrumentation available for mea
suring atomic absorption and emission. In addition,
some practical problems associated with the use of the
technology are addressed. Readers interested in a more
thorough treatment of the topic are referred to two
excellent monographs available from the Perkin-Elmer
Corporation. One is by Beaty and Kerber (2); the other
is by Boss and Fredeen (3).

The following abbreviations will be used throuzh-
out the chapter: 0

28.2 GENERAL PRINCIPLES

28.2.1 EnergyTransitions in Atoms

Atomic absorption spectra are produced when ground
state atoms (or ions) absorb energy from a radiation
source. Atomic emission spectra are produced when
excited atoms emit energy on returning to the ground
state. Absorption of a photon of radiation causes an
outer shell electron to jump to a higher energy level,
moving the atom into an excited state. The excited
atom may fall back to a lower energy state, releasing a
photon in the process. Atoms absorb or emit radiation
of discrete wavelengths because the allowed energy
levels of electrons in atoms are fixed (not random). The
energy change associated with a transition between
two energy levels is directly related to the frequency of
the absorbed radiation:

where:

Calcium
Iron
Magnesium
Phosphorus
Potassiurn
SOdium
Zinc
Copper
Manganese

USDA Nutrient
Database

lead
Mercury
Cadmium
Nickel
Arsenic

Toxicity
ConcernEssential Nutrient

Atomic spectroscopy has played a major role in the
development of our current database for mineral nutri
ents and toxicants in foods. When atomic absorption
spectrometers became widely available in the sixties
and seventies, the development of atomic absorption
methods for accurately measuring trace amounts of
mineral elements in biological samples paved the WilY

for unprecedented advances in fields as diverse as food
analysis, nutrition, biochemistry, and toxicology. The
application of plasmas as excitation sources for atomic
emission spectroscopy led to the commercial availabil
ity of the inductively coupled plasma emission spec
trometer beginning in the late seventies. This instru
ment has further enhanced our ability to measure the
mineral composition of foods and other materials
rapidly, accurately, and precisely. These two instru
mental methods have largely replaced traditional wet
chemistry methods for mineral analysis of foods,
although traditional methods for iron and phosphorus
remain in wide use today (see Chapter 10).

In theory, virtually all of the elements in the peri
odic chart may be determined by atomic absorption or
atomic emission spectroscopy. In practice, atomic spec
troscopy is used primarily for the determination of
mineral elements. Table 28-1 lists mineral elements of
concern in foods. The database for Ca, Fe, Na, and K in
foods is reasonably good. The database for the trace

Minerol Elements in Foods Classified
According to Nutritional E$$8n"clity,
Potential Toxic Risk, end Inclusion In USDA
Nutrient Datobose tor Standerd Reference

Calcium
Phosphorus
SOdium
Potassium
Chlorine
Magnesium
Iron
Iodine
linc
Copper
Selenium
Chromium
Manganese
Arsenic
Boron
Molybdenum
Nickel
Silicon

From(1). E; =energy in excited state
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where:

28.2.2 Atomization

or. since" =c/j..

present as compoundsor complexes and therefore must
be atomized before atomic absorption or emission mea
surements CCUl be made. Atomization involves separat
ing particles into individual molecules (vaporization)
and breaking molecules into atoms. It is usually accom
plished by exposing the anaIyte to high temperatures in
a flame or plasma although othermethods may be used.
A solution containing the analyte is introduced in to the
flame or plasma as a fine mist. The solvent quickly
evaporates, leaving solid particles of the analyte that
vaporize and decompose to atoms that may absorb
radiation (atomic absorption) or become excited and
subsequently emit radiation (atomic emission). This
process is shown schematically in Fig. 28-3.

Three methods for atomizing samples are summa
rized in Table 28-2.

28.3 ATOMIC ABSORPTION
SPECTROSCOPY (AAS)

Atomic absorption spectroscopy is an analytical
method based on the absorption of ultraviolet or visi
ble radiation by free atoms in the gaseous state. It is a
relatively simple method and may be accomplished
with instruments ranging in price from 515,000 to
S50,000. It is the most Widely used form of atomic spec
troscopy in food analysis. Two types of atomization are
commonly used in atomic absorption spectroscopy:
£lame atomization and electrothermal (graphite fur
nace) atomization.

28.3.1 Principles of Flame Atomic
Absorption Spectroscopy

Figure 28-4 shows a simplified diagram of a rl:.:ne
atomic absorption spectrometer. .

In flame atomic absorption spectroscopy; .:: ncr u
lizer-burner system is used to convert a sol u hC:1 0: :..' ,(

sample into an atomic vapor. It is important :0 :-,;;:~

that the sample must be in solution (usually 2.:~ a~'..le

ous solution) before it can be analyzed by f12.!Th~ atomic

[2]

[3]

E
J
=energy in ground state

11 =Planck's constant
'V =frequency of the radiation

Rearranging. we have:

c =speed of light
A=wavelength of the absorbed or emitted light

The above relationships clearly show that for a given
electronic transition, radiation of a discrete wavelength
is either absorbed or emitted. Each element has a
unique set of allowed transitions and therefore a
unique spectrum. The absorption and emission spectra
for sodium are shown in Fig. 28-1. For absorption,
transitions involve primarily the excitation of electrons
in the ground state, so the number of transitions is rel
atively small. Emission, on the other hand. occurs
when electrons in various excited states fall to lower
energy levels including, but not limited to, the ground
state. Therefore, the emission spectrum has more IL""Ies
than the absorption spectrum. An energy level dia
gram for an electron in the 3s orbital of sodium is
shown in Fig. 28-2. When a transition is hom 0: to the
ground state, it is termed a resonance transition. and
the resulting spectral LL"e is called a resonance line. Se-e
Chapter 23 for a more detailed discussion 0: atcmic
and molecular energy transitions.

Atomic spectroscopy requires that atoms of the element
of interest be in the atomic state (not combined with
other clements in a compound) and that they be well
separated in spacc. In foods, virtually all elements are

•
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An energy level diagram for sodium. showing transitions between allowed energy levels. The width of the lines is
proportional to the intensity of the absorbed or emitted radiation. Solid lines represent transitions allowed in either
absorption or emission. Broken lines represent transitions that occur only during emission. [From (4). Reprinted
with permission of VCH Publishers (1985).]

Methods for Atomization 01 Anolytes

absorption spectroscopy. The sample solution is nebu
lized (dispersed into tiny droplets), mixed with fuel
and an oxidant, and burned in a flame produced by
oxidation of the fuel by the oxidant. Atoms and ions are
formed within the hottest portion of the flame as ana
lyte compounds are decomposed by the high tempera
tures. The flame itself serves as the sample compart
ment. The temperature of the flame is important

MS. AES
MS (graphite fur
nace)
rCp·AES

Analytical
Method

1700-3150
1200-3000

6000-8000

Approximate
Atomization

Temperature, ·C
Source 01 Energy
for Atomization

Inductively coupled
argon ;::Iasma

Flame
EIectrctnerrnal

Adapted ~C'"..m (5)

A schematic representation of the atomization
of an element in a flame or plasma. The large
circle at the bottom represents a tiny droplet of
a solution containing the el.'m\ent{M} as part of
a compound. [From (3). used with permission.
Courtesy of the Perkln-Elmer Corporation,
Norwalk, CT.]
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A simplified diagram of a single-beam atomic absorption spectrometer. The sample enters the flame following dis
persal in a nebulizer (not shown). [From (2), used with permission. Courtesy of the Perkin-Elmer Corporation.1':or
walk,cr.]

Clearly, absorbance is directly related to the concentra
tion of atoms in the flame.

, Raci.ltion source, USUJlly a hollow cathode
!;:mr

25.3.3 Instrumentauon for Atomic
Absorption Spectroscopy

Alomic absorption spectrometers consist of the iai·
lowing components;

25.3.2 Principles of Electrothermal Atomic
Absorption Spectroscopy (Graphite
Furnace AAS)

Electrothermal atomic absorption spectroscopy is iden
tical to flame atomic absorption spectroscopy except
for the atomization process. Electrothermal atomiza
tion involves heating the sample to a temperature
(200G-3000·C) that produces volatilization and atcrn
ization, This is accomplished in a tube or cup pcsi
tioned in the light path of the instrument so :~,zt

absorbance is determined in the space directly above
the surface where :~,e sample is heated. The advan
tages of electrothermal atomization are that it .:.:n
accommodate smaller samples than are requirec i~'r

flame atomic absorption and that detection limits ere
lower. Disadvantages are the added expense of ::-:.:
electrothermal furnace. lower sample throughput.
more difficult operation. and lower precision.

[4]A = log(TolJ) =abc

A =absorbance
10 = intensity of radiation incident on the flame
I =intensity of radiation exiting the flame
a =molar absorptivity
b =path length through the flame
c =concentration of atoms in the flame

where:

because it will affect the efficiency of converting com
pounds to atoms and ions and because it influences the
distribution between atoms and ions in the flame.
Atoms and ions of the same element produce different .
spectra, and it is desirable to choose a flame tempera
ture that will maximize atomization and minimize ion
ization. Both atomization efficiency and ionization
increase with increasing flame temperature, so choice
of the optimal flame is not a simple matter. Flame char
acteristics may be manipulated by choice of oxidant
and fuel and by adjustment of the oxidant/fuel ratio.
The most common oxidant-fuel combinations are
air-acetylene and nitrous oxide-acetylene. The instru
ment instruction manual or the literature should be
consulted for recommended flame characteristics.

Once the sample is atomized in the flame, its ql:a.'1
tity is measured by determining the attenuation of a
beam of radiation passing through the flame. For the
measurement to be specific for a given element, tr.e
radiation source is chosen so that the emitted radiation
contains an emission line that corresponds to one of the
most intense lines in the atomic spectrum of the ele
ment being measured, This is accomplished by fabri
cating lamps in which the element to be determined
serves as the cathode. Thus, the radiation emitted from
the lamp is the emission spectrum of the element. The
emission line of interest is isolated by passing the beam
through a monochromator so that only radiation of a
vcry narrow band width reaches the detector. Usually,
one of the strongest spectral lines is chosen; for exam
ple, for sodium the monochromator is set to pass radi
ation with a wavelength of 589.0run (see Fig. 28-2). The
principle of this process is illustrated in Fig. 28-5. Note
that the intensity of the radiation leaving the flame is
less than the intensity of radiation coming from the
source. This is because sample atoms In the flame
absorb some of the radiation. Notice also that the line
width of the radiation from the source is narrower than
the corresponding line width in the absorption spec
trum. This is because the higher temperature of the
flame causes a broadening of the line width.

The amount of radiation absorbed by the sample is
given by Beer's law:
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Fig. 234 for a diagram of a single-beam instrument. In
double-beam instruments, the beam from the light
source (hoUow cathode lamp) is split by a rotating mir
rored chopper into a reference beam and a sample
beam. The reference beam is diverted around the sam
ple compartment (flame or furnace) and recombined
before passing into the monochromator. The electron
ics are designed to produce a ratio of the reference and
sample beams. This way, fluctuations in the radiation
source and the detector are canceled out, yielding J

more stable signal.

28.3.3.1 Radiation Source

The radiation source in atomic absorption spectrome
ters is called a hollow cathode lamp. Hollow cathode
lamps consist of a hollow tube filled with argon or
neon, an anode made of tungsten, and a cathode made
of the metallic form of the element being measured
(Fig. 28-7). When voltage is applied across the elec
trodes, the lamp emits radiation characteristic of the
metal in the cathode; if the cathode is made of iron, an
iron spectrum is emitted. When this radiation passes
through a flame containing the sample, iron atoms in
the flame will ·absorb some of it because it contains
radiation of exactly the right energy for exciting iron
atoms. This makes sense when we remember that for a
given electronic transition, either up or down in
energy, the energy of an emitted photon is exactly the
same as the energy of an absorbed photon. Of course,
this means that it is necessary to use a different lamp
for each element analyzed (there are a limited number
of multielement lamps available that contain cathodes
made of more than one element). Hollow cathode
lamps for about 40 metallic elements may be pur
chased from commercial sources, which means atomic
absorption may be used for the analysis of up to 40
elements.

Radiation. reaching the monochromator comes
from two sources, the attenuated beam from the hol
low cathode lamp and excited atoms in the flame.
Instruments are designed to discriminate between
these two sources either by modulating the lamp so
that the output fluctuates at a constant frequency or by
positioning a chopper perpendicular to the light path
between the source and the flame (Fig. 28-6). A chop
per is a disk with segments removed. The disk is
rotated at a constant speed-so that the light beam reach
ing the flame is either on or off at regular intervals. The
radiation from the flame is continuous. Therefore, the
radiation reaching the detector consists of the sum of
an alternating and a direct signal. Instrument electron
ics subtract the direct signal and send only the alter
nating signal to the readout. nus effectively eliminates
the contribution of emissions from elements in the
flame to the final signal.
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Schematic representation of the absorption of
radiation by a sample during an atomic absorp
tion measurement. The spectrum of the radia
tion source is shown in (a). As the radiation
passes through the sample (b), it is partially
absorbed by the element of interest. Absorb
ance is proportional to the concentration of the
element in the flame. The radiant power of the
radiation leaving the sample is reduced
because of absorption by the sample (c). (From
(5), used with pennission. Illustration from
Principlesoflnstrummtal Analysis, 3rd ed., Solu
tions Manual by Douglas A Skoog. copyright
to 1985 by Saunders CoUege Publishing, repro
duced by permission of the publisher.]
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2. Atomizer, usually a nebulizer-bumer system or
an electrothermal furnace

3. Monochromator, usually an ultraviolet-visible
(UV-VIS) grating monochromator

4. Detector, usually a photomultiplier tube
S. Readout device, analog or digital

The configuration of a double-beam atomic ab
sorption spectrometer is illustrated in Fig. 28-6. (See
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Schematic representation of a double-beam atomic absorption spectrophotometer. [From (2), used with permis
sion. Courtesy of the Perkin-Elmer Corporation, Norwalk, CT.]

Schematic representation of a hollow cathode
lamp. [From (2). used with permission. Cow
tesv of the Perkin-Elmer Corporation, Nor-
walk. CT.) •
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elements. There are three types of flames: (1) Stoichio
metric. nus flame is produced from stoichiorr.erric
amounts of oxidant and fuel so the fuel is cOlT.pktel;·
burned and the oxidant is completely consumed. It is
characterized by yellow fringes. (2) Oxidiz.ing, This
flame is produced from a fuel-lean mixture. It is the
hottest flame and has a clear blue appearance. ;::.)
Reducing. This flame is produced from a fuel-rich rru.... 
ture. It is a relati ...·elv cool flame and has a vellow 'dOL
Analysts should foilo\\' guidelines for the' proper :~?~.
of flame for each element.

Flame atomizers have the advantage of beinf, sra
ble and easy to use. However. sensitivity is relativelv
10\'0' because much of the sample never reaches the
r.;j~e and the residence time of the sample in the flame
is short,

E!.ectroiher.n.11 atomizers are typically cylindrical
gr:!phlle tubes connected to an electrical power supply.

28.3.3.2 Atomizers

Several types of atomizers are used in atomic absorp
tion spectroscopy. These include flame. electrother
mal, cold ...·apor technique for mercury, and hydride
generation. .

The flame atomizer consists of a nebulizer and a
burner (Fig. :!8-S). The nebulizer is designed to convert
the sample solution into a fine mist or aerosol. This is
accomplished by aspirating the sample through a cap
illary into a chamber through which oxidant and fuel
are flowing. The chamber contains baffles which
remove larger droplets. leaving a very fine mist that is
carried into the flame bv the oxidant-fuel mixture. The
larger droplets fall to the bottom of the mixing cham
ber and are collected as waste. The burner head con
tains a long. narrow slot that produces a flame that
may be 5-10 cm in length. This gives a long pathlength
that increases the sensitivity of the measurement.

Flame characteristics may be manipulated by
adjusting oxidant/fuel ratios and by choice of oxidar.t
and fuel. Air-acetylene and nitrous oxide-acetylene
are the most commonly used oxidant-fuel mixlures
although other oxidants and fuels may be used for some

Hn
~

Schematic representation of a nebulizer-burner
assembly for an atomic absorption spectropho
tometer, [From (2), used with pen:tission.
Courtesy of the Perkin-Elmer Corpcraticn,
Norv....alk, CT.]
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They are co~only referred to as gt3phite furnaces.
The sample IS mtroduced into the tube throuO'ha small
hole using a microliter syringe (sample vol~mes nor
mally r~ge from 0.5 to 10 vJ). During oper3tion, the
system IS flushed with an inert gas to prevent the tube
from burning and to exclude air from the sample com
partment. The tube is heated electrically. Through a
step,":,ise increase in temperature, first the sample sol
vent 15 evaporated, then the sample is ashed, and finally
the temperature is rapidly increased to 2000-3000°C to
rapidly vaporize and atomize the sample.

The cold vapor technique works only for mercury,
because mercury is the only element that can exist as
free atoms in the gaseous state at room temperature. In
this technique, mercury compounds in a sample are
reduced to elemental mercury by the action of a strong
reducing agent. The elemental mercury is then carried
in a stream of air or argon into an absorption cell and
atomic absorption is measured the same way as it is in
flame ionization and electrothermal instruments. This
method has the advantage of very high sensitivity
because all of the mercury in the sample can be trans
ferred to the absorption cell and measured. See refer
ence (2) for a more detailed description of this tech
nique.

In the hydride generation technique, volatile
hydrides of elements are formed by reacting samples
with sodium borohydride. The hydrides then are car
ried into an absorption cell and heated to decompose
them into free atoms. Then atomic absorption mea
surements are carried out in the same manner as with
other atomization techniques. As with the cold mer
cury vapor technique, sensitivity is high because there
is very little sample 1055. However, this technique is
limited to a relatively few elements that are capable of
fonning volatile hydrides. These include As, Pb, Sn, Bl,
Sb, Te, Ge, andSe. See reference (2) for a more detailed
explanation of this techniques.

28.3.3.3 Monochromator

The monochromator is positioned in the optical path
between the flame or furnace and the detector (Fig.28
6). Its purpose is to isolate the resonance line of interest
from the rest of the radiation coming from the flame or
furnace and the lamp so that only radiation of the
desired wavelength reaches the detector. Typically,
monochromators of the grating type are used. (See
Chapter 25.)

28.3.3.4 DetectorlReadout

The detector is a photomultiplier tube (PMT) that con
verts the radiant energy reaching it i..'lto an electrical
signal. This signal is processed to produce either an
analog or a digital readout. Modem instruments may
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be interfaced with computers for data collection,
manipulation, and storage. (See Chapter 25.)

28.4 ATOMIC EMISSION
SPECTROSCOPY (AES)

In contrast to atomic absorption spectroscopy, the
source of radiation in atomic emission spectrometers is
the excited atoms or ions in the sample rather than an
external source. Figure 28-9 shows a Simplified dia
gram of an atomic emission spectrometer. As with
atomic absorption spectroscopy, the sample must be
atomized to produce usable spectra for quantitative
analysis. The difference is that in emission spec
troscopy, sufficient heat is applied to the sample to
excite atoms to higher energy levels. Aside from the
e.xternal radiation .source required for atomic absorp
non spectroscopy, mstrumentation for atomic emission
spectroscop~ is ~imilar. In fact, many instruments may
be operated U\ either the absorption or emission mode.

Emissions are produced when electrons in excited
atoms fall back to lower energy states. Emissions have
wavelengths characteristic of individual elements
because, as discussed previously, the allowed energy
levels for electrons are unique for each element. Energy
for excitation may be produced by several methods,
including heat (usually from a flame), light (from a
laser), electricity (arcs or sparks), or radio waves
(inductively coupled plasma) (6). Emissions are passed
through monochromators or filters prior to detection
by photomultiplier tubes or charge injection devices.

The two "most common forms of atomic emission
spectroscopy used in food analysis are flame emission
spectroscopy and inductively coupled plasma (ICP)
atomic emission spectroscopy.

..
28.4.1 Principles of Flame
Emission Spectroscopy

Flame emission spectroscopy employs a nebulizer
burner system to atomize and excite the sample. The
instrument may be either a spectrophotometer (which
uses a monochromator to isolate desired emission line)
or a photometer (which uses a filter to isolate emission

A simpli6ed diagram of an atomic emission
spectromete~. (From (3). used with permission.
Courtesy or the Perkin-Elmer Corporation,
Norwallc, cr.)
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lines). Flame emission is most useful for elements with
relatively low excitation energies. These include so
dium, potassium. and calcium.

28.4.2 Principles of Inductively Coupled
Plasma-Atomic Emission Spectroscopy
(ICP-AES)

Inductively coupled plasma emission spectroscopy has
become widely available only in the last decade or so.
In ICP-AES, a plasma is used as the atomization-exci
tation source. A plasma is defined as gaseous mixture
containing significant concentrations of cations and
electrons. Temperatures in plasmas are very high (in
the neighborhood of 8~10,OOO K) resulting in very
effective atomization. Even so, excessive ionization of
sample atoms is not a problem, probably because of the
high concentration of electrons contributed by the ion
ization of the argon.

28.4.3 Instrumentation for Flame
Emission Spectroscopy

Flame emission spectrometers consist of the following
components:

1. Atomization-excitation source, usually a nebu
lizer-laminar flow burner

2. Monochromator or filter. Instruments with
monochromators are more versatile because
any wavelength in the UV-Vis spectrum can be
selected. Instruments designed for routine
analvsis of alkali and alkaline earth metals may
employ interference filters to isolate the desired
emission line.

3. Detector
-1. Readout device

ACOT;iFUison of t~e components of atomic absorp
tion and flame emission spectrometers quickly reveals
their similarities. In emission spectrometers, the flame
is the radiation source, so the hollow cathode lamp and
the chopper are not required. Many modem atomic
absorption instruments also can be operated as flame
emission spectrometers, Specialized instruments spe
cifically designed for the analysis of sodium, potas
sium, lithium, and calcium in biological samples are
made by some manufacturers. These instruments arc
called flame photometers, They employ i;1teriere:-,~('

filters to isolate the spectral region of interest. Low
flame temperatures are used so that only e:lsi!~' exci:ed
elements such as the alkali and alkaline earth metals
produce emissions. This results in a simpler sr,,"c:r u r:'1.
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and reduces interference from other elements that rna v
be present. .

28.4.4 Instrumentation for ICP~AES

There are three basic types of ICP-AES instruments
available today: the simultaneous PMT spectrometer,
the sequential PMT spectrometer, and the charge
injection device (Clm spectrometer. All three instru
ments are capable of detennining multiple elements in
the same sample. The PMI' spectrometers use photo
multiplier tubes as detectors. The cm spectrometer
uses a charge injection device as the detector. The simul
taneous PMT spectrometer determines a limited num
ber of elements simultaneously, while the sequential
PMT spectrometer determines multiple elements
sequentially in rapid succession. The cm spectrometer
also measures multiple elements simultaneously but it
can detect a much larger number of elements than
instruments with a PMT detector.

Inductively coupled plasma atomic emission
spectrometers consist of the following components
(see Fig. 28-10):

1. Argon plasma torch
2. Monochromator or polychromator
3. Detectorfs): one photomultiplier tube for se

quential spectrometers, multiple photcmulti
plier tubes for simultaneous PMT spectrome
ters, a CID detector for em spectrometers

4. Computer for data collection and treatment

28.4.4.1 Argon Plasma Torch

The development of the inductively coupled argon
plasma torch was a major advance in the field of quan
titative atomic emission spectroscopy. The ICP torch is
shown schematically in Fig, 28-11. It consists of three
concentric quartz tubes. The open (top) end of the out
ermost tube is encased in the induction coil. whicb is
connected to a radiofrequency generator. Arsc'r. f:.s
flows through the three tubes during operation. The
torch is started by ionizing the argon g:.lS \·.·i:h :l spark
from a Tesla discharge. The oscillating magnetic field
gener:ltcd by the radiofrequency induction coil cou
ples with the arson ions and electrons inside the torch.
causing them to accelerate in an annular path. The ions
and electrons collide with argon atoms, causing heat
generation and further Ionization of the argon. The
resulting r!asma reaches temperatures of 6000-10,000
K. To prevcnr the quartz tube from melting, a stream of
ar£,c,n (or. nitrogen) is directed tangentially upward
along the inside of the outer quartz tube. This cools the
tu~·t! and isolates the plasma in the center of the tube.
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Schematic of an inductively coupled plasma-atomic emission simultaneous spectrometer. p~rr:: photomultiplier
tube. [From (6), used with permission.J

The innermost tube serves as a sample injection port.
The sample is aspirated and nebulized in a fashion
similar to that in a flame instrument and is injected into
the base of the plasma by the innermost tube.

The extremely high temperatures and the inert
atmosphere of argon plasmas are ideal for atomizing
and exciting analytes. The absence of oxygen prevents
the formation of oxides, which is sometimes a problem
with flame methods. The relatively uniform tempera
ture in the plasma (compared to nonuniform tempera
tures in flames) and the relatively long residence time
in the plasma give good linear responses over a several
orders of magnitude concentration range.

semicircle inside the instrument (Fig. 28-12). These
instruments have the advantage of being able to ana
lyze several elements very rapidly and with excellent
precision. However, they are expensive to buy, and the
wavelengths are preset at the factory.

em instruments are equipped with an eschelle
grating. ntis is a combined prism and diffraction grat
ing in which the emission from the plasma is first
directed through a prism and then through a diffrac
tion grating to produce a two-dimensional spectrum
that is focused on the CID detector. as further
described below.

28.4.4.2 Monochromators, Polychromators,
and Eche/le Gratings

Sequential PMT instruments are equipped with
monochromators that are capable of scanning over a
wavelength range, so that readings at several prese
lected wavelengths can be made rapidly but not simul
taneously. In this way, several elements in a single sam
ple can be determined during a single aspiration.

Simultaneous PMT instruments are capable of
monitoring several wavelengths simultaneously. These
instruments are equipped with polychromators that
are preset to separate and focus several spectral lines on
a series of photomultiplier tubes arranged around a

28.4.4.3 Detectors

As discussed previously, most ICP-AES instruments
are equipped with photomultiplier tube detectors.
These are excellent detectors but they are capable of
measuring the intensity of only one specific wave
length at a time. Another type of detector called a
charge injection device (CIO) was introduced in 1973
by the General Electric Corporation. It is a solid-state
device that contains an array of approximately 95,000
detector elements on a single chip (8). In cm instru
ments, the emiss~on bec:m is separated first by a prism
and then by a diffraction grating to produce a two
dimensional spectrum tha t is focused on the em
detector. Thus a quantitative determination of the
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intensity of every spectral line in the emission can l,¥
obtained. This is a major advance because multiple tltl
merits can be determined simultaneously on a singl al

sample.

28.5 APPLICATIONS OF ATOMIC
ABSORPTION AND EMISSION
SPECTROSCOPY -28.5.1. Uses

COn"lvt
Gralint:

Atomic absorption and eIIUSS10n spectroscopy i:a

widely used for the quantitative measurement of tr.u,
era! elements in foods. In principle, any food. may ~
analyzed with any of the atomic spectroscopy methu:h.
discussed. In most cases, it is necessary to ash the fCXJ<i
to destroy organic matter and to dissolve the ash in 1

suitable solvent (usually water or dilute Hel) prior to
analysis (see Chapter 9 for details on ashing methodol
ogy). Proper ashing is critical to accuracy. Some ele
ments may be volatile at temperatures used in dry ash
ing procedures. Volatilization is less of a problem in
wet ashing, but ashing reagents may be contaminated
with the analyte, It is therefore wise to carry blanks
through the ashing procedure.

Some liquid products may be analyzed ....ithout
ashing, provided appropriate precautions are taken to
avoid interferences. For example, vegetable oils may be
analyzed by dissolving the oil in an organic solvent
such as acetone or ethanol and aspirating the solution
directly into a flame atomic absorption spectrometer.
Milk samples may be treated with trichloroacetic a:ic
to precipitate the protein; the resulting supernatant i~

analyzed directly. A disadvantage of this appro..ch b
that the sample is diluted in the process. This may be ~

problem when analytes are present in low concenrra
tions, An altemative approach is to use a graphite fur'
nace for atomization. For example, an aliquot of an oil
may be introduced directly into a graphite furnace iN
atomization. The choice of method will depend on !-C\'

era! factors. including instrument availabil.tv, ceq,
precision/ sensitivity, and operator skill.

28.5.2 Practical Considerations

28.5.2.1 Reagents

Since concentrations of many mineral elements in
foods are at the trace level. it is essential to use h.iShl~·
pure chemical reagents and water for preparation 01
samples and standard solutions. Only reagent g~ade

chemicals should be used. Water may be purified by
distillation. deionization, or a combination of the two.
Reagent blanks should alwavs be carried through the
analysis. .

Direct
~~... inj~ion

nebuli%cr

=:::::::!Io-AcrosOI
carrier

Jast
Sample
solution

Schematic of an ICP torch. [From (6), used with
permission.]

~ematic of a polychromator Ior <1 simull.1~(,'

(IUS JCP·AES instrument. [From (3). used With
permisslon. Courtesy of the Perkin-Elmer Cor'
poration, Norwalk, CT.1
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28.5.2.2 Standards

~uantit<1tiveatomic spectroscopy deFends on com~ar

ison of the sample measurement with appropriate
standards. rdeally, standards should contain the ana
Iyte metal in known concentrations in a solution that
closely approximates the sample solution in composi
tion and physical properties. A series of standards of
varying concentrations should be run to generate a cal
ibration curve. Because many factors can affect the
measurement, such as flame temperature. aspiration
rate, and the like, it is essential -o run standards fre
quently, preferably right before and/or right after run
ning the sample. Standard solutions may be purchased
from commercial sources, or they may be prepared by
the analyst. Obviously, standards must be prepared
with extreme care the accuracy of the analyte determi
nation depends on the accuracy of the standard. Per
haps the best way to check the accuracy of a given
assay procedure is .to analyze a reference material of
known composition and similar matrix. Standard ref
erence materials may be purchased from the United
States National Institute of Standards and Technology
(formerly the National Bureau of Standards).

28.5.2.3 Labware

Vessels used for sample preparation and storage must
be clean and freeof the elements of interest. Plastic con
tainers are preferable because glass has a greater ten
dency to adsorb metal ions. Ali labware should be thor
oughly washed with a detergent, carefully rinsed with
distilled or deionized water, soaked in an acid solution
(1N Her is sufficient for most applications), and rinsed
again with distilled or deionized water.

28.5.3 General Procedure for Atomic
Absorption Analysis

While the basic design of all atomic absorption spec
trometers is similar, operation procedures do vary
from one instrument to another. Therefore, it is always
good practice to carefully review operating procedures
provided by the manufacturer before using the instru
ment. Most manuals have detailed procedures for the
operation of the instrument as well as tables listing
standard conditions (wavelength and slit width
requirements, interferences and steps for avoiding
them, flame characteristics, linear range, and sugges
tions for preparing standards) for each element. Be cer
tain to pay close attention to safety precautions recom
mended by the manufacturer. ACETYLENE IS AN
EXPLOSIVE GAS, and great care must be taken to
avoid dangerous and damaging explosions.
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28.5.3.1 Operation of a Flame Atomic
Absorption Instrument

The following is a generalized procedure that will be sim
ilarbut not identical to procedures found in instrument
operating manuals:

1. Tum the lamp current control knob to the off
position.

2. Install the required hollow cathode lamp in the
lamp compartment.

3. Tum on main power and power to lamp. Set
lamp current to current shown on the lamp
label.

-1. Select required slit width and wavelength and
align light beam with optical system.

S. Ignite flame and adjust oxidant and fuel flow
rates.

6. Aspirate distilled water, Aspirate blank and
zero instrument.

7. Aspirate standards and sample.
8. Aspirate distilled water.
9. Shut down instrument.

28.5.3.2 Calibration

According to Beer's law, absorbance is directly related
to concentration. However, a plot of absorbance versus
concentration will deviate from linearity when concen
tration exceeds a certain level (Fig. 28-13). Therefore, it
is always necessary to calibrate the instrument using
appropriate standards. This may be done by running a
series of standards and plotting absorbance versus
concentration Of, in the case of most modem instru
ments, programming the instrument to read in units of
concerttra tion.

..
8
~..
o..
D
0(

C once nl r:l tlon

A plot of absorbance versus concentration
shOWing nonlinearity above a certain concert
tration. [From (2), used with permission. Cour
tesy of the Perkin-Elmer Corporation, Nor-
walk,CT.)
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28.5.3.2.1 Selection of Standards The first step in
calibration is to select the number and concentrations
of standards to use. When. operating in the linear
range, only one standard is needed. The linear range
may be determined by running a series of standards of
increasing concentration and plotting absorbance ver
sus concentration. Operating manuals should contain
values for linear ranges. The concentration of the stan
dard should be higher than that of the most concen
trated sample. If the range of concentration exceeds the
linear range, multiple standards must be used. Again,
the concentration of the most concentrated standard
should exceed the concentration of the most concen
trated sample.

28.5.3.2.2 Sensitivity Check Because many factors
can influence the operating efficiency of an instrument, .
it is a good idea to check instrument output using a
standard of known concentration. Operating manuals
should have values for characteristic concentrations
for each element. For example, manuals for Perkin
Elmer atomic absorption spectrophotometers state that
a 5.0 mg/liter aqueous solution of iron "will give a
reading of approximately 0.2 absorbance units." If the
measured absorbance reading deviates significantly
from this value, appropriate adjustments (e.g., flame
characteristics, lamp alignment, etc.) should be made.

28.5.4 General Procedure for ICP-AES

As is the case with atomic absorption spectrometers,
operating procedures for atomic emission specrrome
ters v·ary somewhat from instrument to instrument.
Boss and Fredeen (3) have designed a flow chart that
leads the operator through a series of steps to produce
a final readout (Fig. 2~H). ICP atomic emission spec,
trometers are controlled by computers. The software
contains methods that specify instrument operating
conditions. The computer ma~' be programmed by tree
operator, Or. in some cases, default conditions rnav be
used. Once the method is established, operation is
highly:lUlcmated.

28.6 INTERFERENCES

With any ar.alytical technique, it is important to be on
the lookou: for possible interferences. Atomic spec
troscopy techniques are powerful partly because mea
surements of individual elements can usuallv be made
without laborious separations. There are two" main rea
sons for this. First, as mentioned previously, a single
narrow emission line is used for the measurement. Sec
ond, these are relative techniques; that is, quantitative
results for an unknown sample are possible only
through comparison with a standard of known con-

Partlll • Spectro$COpy

centration.If there are matrix-effect problems, they can
often be overcome by using the same matrix for the
standard or by employing the method of additions
approach.

28.6.1 Interferences in Atomic
Absorption Spectroscopy

The following is a brief discussion of common interfer
ence problems in atomic absorption spectroscopy. See
references (,I) and (6) or your instrument manual for a
thorough discussion of interference problems in
atomic absorption spectroscopy and reference (5) for a
list of interferences for each element. Two types of
interferences are encountered in atomic absorption
spectroscopy: spectral and nonspectral interference.

28.6.1.1 Spectral Interference

28.6.1.1.1 Absorption of Source Radiation An ele
ment in the sample other than the element of interest
may absorb at the wavelength of the spectral band
being used. Such interference is rare because emission.
lines from hollow cathode lamps are so narrow that
only the element of interest is capable of absorbing the
radiation. One example where this problem does occur
is with the interference of iron in zinc determinations,
Zinc has an emission line at 213.856, which overlaps
the iron line at 213.859. The problem may be solved bv
choosing an alternative emission line for measurinc
zinc or by narrowing the monochrometer slit wic~.
See reference (4) for a listing of interferences caused bv
overlapping spectral lines. .

28.6.1.1.2 Background Absorption of Source Rad.;:;,
lion Particulates present as a result of incomck ~f:

atomization may scatter source radiation, th~~e~";
attenuating the radiation reaching the detector. Tn;'s
problem may be overcome by going to a higher flame
tempera ture to ensure complete atomization 0; the
sample. Some instruments are equipped with a!';o
marie background correction devices. See refercn« (2)
for a description of these devices.

28.6.1.2 Nonspectrallnterlerences

2.6.1.2.1 Transport Interferences These result when
something in the sample solution affects the rate c/
aspiration, nebulization, or transport into the flame.
Transport interferences are rarely a problem wi:!1
graphite furnace instruments but may cause substan
tial errors in flame atomic absorption spectroscopy,
Such factors as viscosity, surface tension. vapor p:es
sure. and density of the sample solution can influence
the ral~ of transport of sJmple into the flame. Acid con
ccntration. organic solvents. or dissolved solids rnav
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No No Select 81emenl
wavelengths

Select PMT galn,
i'It.~lIm",

and standard
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Steps for operation of an Icp·AES instrument. Once the computer is programmed for a given set of elements. oper
ation is highly automated. [From (3), used with permission. Courtesy of the Perkin-Elmer Corporation, Norwalk,
CT.]

affect the absorbance of the analyte. Transport interfer
ences often can be overcome by matching as closely as
possible the physical properties of the sample and the
standards. For example, use the same solvent for the
sample and the reference, or add the interferant in
the sample (e.g., sugar) to the standard. The method of
additions also may be used to overcome transport
interferences.

28.6.1.2.2 Solute Volatilization Interferences These
occur when an interferant.combines with the element
of interest to fonn a compound of low volatility. This
yields a falsely low result because some of the element
remains unatomized in the flame. A common example
of this is the decrease in calcium absorbance caused by
the presence of phosphate in the sample. One approach
for overcoming this type of interference is to add

another element, such as lanthanum (as lanthanum
oxide), to the sample and reference that will compete
with the analyte for compound formation, thereby
reducing or eliminating the problem. Another strategy
is to use a higher temperature flame; for example, use
nitrous oxide-acetylene instead of air-acetylene. A
third approach is to add a ligand such as EDTA,which
will complex the analyte and prevent it from reacting
with the interferant.

28.6.1.2.3 Ionization interference Ionization of ana
lyte atoms in the flame may cause a significant inter
ference.{Remember tha t absorption and emission lines
of atoms and ions of the same element are different and
that atomic absorption spectrometers are tuned to
measure atomicabsorption, not ionicabsorption. There
fore, any factor that reduces the concentration of atoms
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in the flame will lower the absorbance reading}. The
ionization of atoms results in an equilibrium situation:

[5J

Ionization increases with increasing flame temper
arure and normally is not a problem in air-acetylene
flames because the temperature is not high enough. It
c~ be a problem in nitrous oxide-acetylene flames
With elements that have ionization potentials of 7.5 eV
?r l.ess:Ionization is suppressed by the presence of eas
ilY.10ruzed elements, such as potassium, through mass
action. VVhen potassium ionizes, it increases the con
centration of electrons in the flame and shifts the above
equilibrium to the left. Reagents added to reduce ion
ization are called. ionization suppressors.

28.6.2 Interferences ln ICP-AES

Generally, interferences in ICP-AES analyses are less of
a problem than with AAS, but thev do exist and must
be taken into account. Spectral i~terferences are the
most common. Samples containing high concentra
tions of certain ions may cause an increase (shift) in
background emissions at some wavelengths. This will
cause a positive error in the measurement, referred to
as background shift interference (see Fig. 28-15). Cor
rection is relatively simple. An emission measurement
is made at a wavelength above or below the emission
line of the analyte. nus emission is then subtracted
from the emission of the analyte. Alternativelv, another
emission line ior tungsten in a region where there is no
background shift could be chosen.

28.7 COMPARISON OF AAS AND ICP-AES

AASand ICP-AES have many advantages in common.
Both are capable of measuring trace metal concentra-

1207.911 nm

An example of background shift caused b:· al u
n~inum is a sample containing tungsten (I").
Xote that aluminum increases the baseline over
a fairly wide wavelength range. [From (3). used
h'ith permission. Courtesy of the rerkin-Elm~'r

Corporation. Xorwalk, cT.)
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tions in complex matrices with excellent precision and
accuracy. Sample preparation is relatively simple. For
most applications, sample preparation for both tech
:uques involves destruction of organic matter by ash
mg, followed by dissolution of the ash in an aqueous
solvent, usually a dilute add. In comparison with tra
ditional wet chemistry methods, measurements with .
AASand ICP-AES are extremely rapid,

/\AS has the advantage of being a more mature
technique,There are literally thousands of papers in the
literature describing methods for measuring trace ele
ment concentrations in hundreds of different matrices.
'This can be of great value to an anaJyst because time
consuming methods development can be avoided.
Moreover, interferences are well established and rela
tively easily overcome. Another advantage of A.A5 is
the wide availability of instruments.

ICP-A~ instrume~ts are capable of determining
. c~ncent:ations o~m:utiple ~ements in a single sample
WIth a single aspiration. nusoffers a significant speed
advantage over AAS when the objective is to quantify
several elements in a given sample. ICP-AES may~
offer an advantage over AA5 when analyzing for el~ .
ments in refractory compounds. Refractory eom
pounds are compounds that are usually stable at high
temperatures and may not be fully atomized in the
flame of an AAS. Most refractory compounds are read
ily atomized in the much higher temperatures of a
plasma torch.

One way of comparing analytical methods is to
compare detection limits, Detection limit has been
defined qualitatively as the lowest concentration of the
element that can be distinguished from the blank at a
given level of confidence. Skoog (reference 5) defines
detection limit as follows:

Detection limit = Sm - Sbl
m

where:

Sbl = the blank signal
Sm = the minimum distinguishable analytical sig

nal; according to Skoog (5)
Sm;::: Sbl of" ksbl, where 5~1 is the standard deviation

of the blank and k is a constaru
m =the slope of the calibration curve at the con-

centration of interest

Note that the detection limit is a function of ::iC stan
card deviation of the blank signal and the slor-e of tht'
calibration curve. The smaller the standard deviation
of the blank signal and the steeper the calibration
curve, the lower the detection limit. Therefore. detec
LO~. lin:1t tells us something about the sensitivity
(which IS a function of m) and the precision of the
method,

Table 25,3 lists detection limits for the various
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~ Detection Umits eng/mil for
Selected Elements

Ffame Electrottter-
Atomic mal Atomic Flame tee

Element Absorption Absorption Emission Emission

Al 30 0.005 5 2
Ca 1 0.02 0.1 0.02
Cd 1 0.001 800 2
Cu 2 0.002 10 0.01
Fe 5 0.005 30 0.3
Hg SOO 0.01 0.0004 1
Mg 0.01 0.OCC02 5 0.05
Mn 2 0.OC02 5 0.06
Na 2 0.0002 0.1 0.2
Pb 10 0.002 100 2
Zn 2 a.oecos o.coos 2

Adapted from (5), used with permission of :he publishers.
Data Irom Principlesof Instrum6(ltal Analysis. 3rd ed., by Douglas
A. Skoog, copyrightl£:)198S by Saunders College Publishing. repro-
duced by p.ermission of the publisher.

methods for elements that may be of interest to food
analysts. It should be noted that these are approximate
values, and detection limits will vary depending on the
sample matrix, the stability of the instrument, and
other factors. A two- or threefold difference in detec
tion limit is probably not meaningful, but an order of
magnitude difference probably is. Nevertheless, detec
tion limits are. useful for choosing among various
methods. For example, if you had an atomic spectrom
eter that could be operated in either the flame atomic
absorption mode or the flame emission mode and you
wanted to analyze for iron and calcium in spinach, you

. would probably choose atomic absorption for the iron
and atomic emission for the calcium.

28.8 SUMMARY

Atomic absorption spectroscopy quantifies the absorp
tion of electromagnetic radiation by well-separated
atoms in the gaseous state, while atomic emission spec
troscopy measures emission of radiation from atoms
excited by heat or other means. An atomic absorption
spectrophotometer uses a hollow cathode lamp as the
radiation source and a flame or graphite furnace to
atomize the sample. In emission spectroscopy, a flame
or plasma (ICP) serves as both the atomizer and excita
tion source. Development of ICP-AES has revived the
use of emission spectroscopy because of its advanlages
with regard to sensitivity, interferences. and multiele
ment analvsis,

Atomic spectroscopy is a powerful tool for the
quantitative measurement of elements in foods. The
development of this technology over the past 35-10
years has had a major impact on several fields, includ-
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ing food science and technology, food safety and toxi
cology, nutrition, biochemistry, and biology. Today,
accurate and precise measurements of a large number
of mineral nutrients and non-nutrients in foods can be
made rapidly and with minimal sample preparation
using commercially available instrumentation.

28.9 STUDY QUESTIONS

1. Explain the significance of energy transitions in atoms
and of atomization for the techniques of atomic absorp
tion and atomic emission spectroscopy.

2. Describe the simlJarities and diHerences between AAS
and AES for mineral analysis.

3. A new employee in your laboratory is somewhat familiar
with the application, principles involved, instrumental
components, and quantitation procedure for UV-V'iS
spectroscopy The employee must now learn to do analy
ses using AAS. Explain to the new employee the (a)
applications, (b) principles, (c) instrumental components
and their arrangement (use diagrams and explain differ
ences), and (d) quantification procedure for AAS by com
paring and contrasting these same Hems for UV-VIS spec
troscopy. (Assume you are talking about double-beam
systems.)

4. 'v'Ihat would be the advantages of having an atomic
absorption unit that had a graphite furnace?

5. The analytical laboratory in your company plans to pur
chase an inductively coupled plasma-atomic emission
spectrometer.
a. Explain the instrumentation and principle of its oper

ation to analyze foods for specific minerals.
b. Explain how AASdiffers in instrumentation and prin

ciple of operation from what you described previ
ously for ICP-AES.

c. What are the advantages of ICP-AES over AAS?
d. The analytical lab in your company handles a large

number of samples and analyzes them for multiple
elements. W·ould you request purchase of a simulta
neous photomultiplier tube (PMT) spectrometer. a
sequential PMT spectrometer, or a charge injection
de..ice (CID) spectrometer? Explain your answer.

e. For most types of food samples other than dear liq
uids, what type of sample preparation and treatment
is generally required before using fa-MS, AES. or
AAS for analysis?

6. In your preparation of an ashed milk sample for calcium
determination by atomic absorption, you forgot to add
either EDTA or La0J• Would you likely over- or under
estimate the true Ca content? \Vhy would it likely be nee
essary to add one of these to obtain accurate results?
Briefly explain how each of these works.

7. In the quanlitation oi ~a by atomic absorption, KCl or
LiCi was not added to the sample. Would you Iike!:.
over- or underestimate the true NA content? Explain
why either KO or liCI is necessary to obtain accurate
results.

8. Give fivepotential sources of error in sample preparation
prior to atomic absorption analysis.

9. The detection limit for calcium is lower for ICP emission
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than it is for ilAme stomic absorptiOn. How is the detec
tion limit determined. Andwhat does it mean?

10. As the manager of the quality assuranc:e laboratory for
your compan~~ you ask one of yOW' technicians to find
the AOAC methods [or sodium determination in a spe
ci6c food ptodue:t. Your technician finds the following
methods listl'd: Volhard titration, ion selective electrode,
and ICP-AES. Your technician asks you about the differ
ences between these methods. To answer the question,
differentiate the principles invol ....ed, and explain why
your lab might choose to use one method over the other.
(See alsoChapter 10.)

11. Calibration curves (Le., standard curves) are used in (a)
ultraviolet-..isible spectroscopy, (b) ion-seJective elec
trodes, and (c) atomic emission spectroscopy. For each
method, state what factors are plotted against each other,
and state what type of curve is expected (i.e., linear or
nonlinear. positive or negative slope). (See also Chapters
10 and 26.)

28.10 PRACTICE PROBLEMS

1. The following data were recorded during a procedure for
determining the iron content of enriched flour. Calculate
the iron concentration in the flour. Express your answer
as mg FeiTh flour. The protocol was as follows:

Weigh out 10.00 g of the flour. Transfer to a 8~ml Kjel
dahl flask. Add 20 ml of H20. 5 ml of H~", and 25 m1 of
HND). Heat to 503 fumes. Cool, add 25 ml of H20. filter
quantitatively into a lQO-ml vol. flask. Dilute to volume.
Prepare iron standares with concentrations of O. 2. :; r=tg
Fe/liter. Read absorbances of standards and sample on
an atomic absorption spectrophotometer.

Fe
Concentration Correc:ecJ

Sample (mglliter) Abso.?ance Absorbance

SId 1 a.DC C.Ol D.Ce
Std2 2.0 0.21 0.2']
SId 3 5.0 0.5; O.~O

Flour F,; ? 0.38 0.37

2. Describe a procedure for determining calcium, potas
sium. and sodium in infant formula using an ICP-AES.
NVIl': Concentrations of Ca, K, and Na in infant formula
are around 700. i30. and 300 mg, respectively,

Answers

1. 18.16 ms Feilb flour
2. Consult AOAC International. 1995. Official lvktho,fs 0/
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Analysis. 16th ed., AOAC Method 9~.27, Locator :-':0.
50.1.15. The folJo\\'U\g approach may be used:
a. Shake can vigorously.
b. Transfer 15.0 mJ of formula to a lOO-mIKjeldahl flask.

(Carry two reagent blanks through with sample.)
c. Add 30rnl of HN~-HaOol (2:1).
d. leave samples overnight.
e. Heat until ashing is complete (follow AOAC proce

dure carefully-mixture is potentially explostve.)
f. Transfer quantitatively to a 5O-rnl vol. flask. Dilute to

volume.
g. Callbrate instrument. Choose wavelengths of 317.9

nm, 766.5 nm, and 589.0 run for Ca, K, and Na, respec
tively. Prepare calibration standards containing 200.
200. and 100 ng/mJ for Ca, K, and Na, respectively.

h. The ICJ>-A£$ computer will calculate concentrations
in the samples as analyzed. To convert to concentra
tions in the formula, use the following equation:

Concentration in formula =
Concentration measured by ICP x ~~
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29.1 INTRODUCTION

Mass spectrometry is unique among the various spec
troscopy techniques in both theory and instrumenta
tio~. As you may recall, spectroscopy involves the inter
action of electromagnetic radiation or some form of
energy with molecules. The molecules absorb the radi
ation and produce a spectrum either during the absorp
tion process or as the excited molecules return to the
ground state. Mass spectrometry works by placing a
charge on a molecule, thereby converting it to an ion in
a process called ionization. The generated ions are then
resolved according to their mass-te-cbarge ratio (m/z)
by subjecting them to electrostatic fields (mass ana
lyzer), and finally detected. An additional stage of ion
fragmentation may be included before detection to
elicit structural information in a technique known as
tandem rvrs. The result of ion generation, separation,
fragmentation, and detection is manifested.as a mass
spectrumthat can be interpreted to yield molecular
weight or structural infonnation. The uniqueness of
this process allows the method to be used for both
detection and identification of an unknown compound.

Because of recent advances in instrument design,
electronics, and computers, mass spectrometry has
become routine in many analytical labs. Probably the
most common application is the interfacing of a mass
spectrometer with gas chromatography (GC) (see
Chapter 33), in which the mass spectrometer is used to
confirm the identity of compounds as they elute off the
GC column. The use of high performance liquid chro
matography (HPLC) (see Chapter 32) with the mass
spectrometer also has recently become more routine
due to advances made in the interconnecting inter
faces.

29.2 INSTRUMENTATION-THE
MASS SPECTROMETER

29.2.1 Overview

The mass spectrometer (MS) performs three basic func
tions. There must be a way to ionize the molecules,
which occurs in the ion source by electron ionization,
fast atom/ion bombardment, matrix.-assisted-laser·
desorption, or electrospray. The charged molecular ion
and its fragments must be separated according to their
mtz, and this occurs in the mass analyzer section (e.g.,
quadrupoles, ion traps, time-of-fllght). Finally the sep
arated, charged fragments must be monitored by a
detector. The block diagram in Fig. 29·1 represents the
various components of a mass spectrometer.

Sample introduction can be static, direct insertion
probes, or dynamic, which involves interfacing duo
matographic equipment such as gas or liquid chro-
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rnatcgraphy, Interface methods include heated capil
1.1Iy transfer lines (GC-MS), and LC-MS techniques
such as thermospray, electrospray, and atmospheric
pressure lonization interfaces. Common mass spec
trometer interfaces will be discussed in more detail in
the sections on GC-MS and LC-MS.

Figure 29-2depicts the interior of a typical quadru
pole m.1SS spectrometer. The region between ion gen
eration and detection is maintained by different vac
uum pumps. Each successive region from the source is
kept at lower vacuum than the preceding region, with
the mass analyzer/ detector being in the region of
strongest vacuum (-lo-~ Torr). A vacuum is necessarv
to avoid ion-molecule reactions between the charged
ions and other gaseous molecules before they reach the
detector, thereby increasing both sensitivity and reso
lution.

29.2.2 Sample Introduction

The initial step in operating the MSis to get the sample
into the ion source chamber. With pure compounds.
that are a gas or a volatile liquid, it is injected directly
into the source region. This requires no special equip
ment or apparatus and is much the same as injecting a
sample into a Gc. Thus, this static method of intro
ducing the sample to the source is called direct injec
tion. With solids that are at least somewhat volatile, the
direct insertion probe method is used, in which the
sample is placed in a small cup at the end of a stainless
steel rod or probe. The probe is inserted into the ion
source through one of the sample inlets, and the source
is heated until the solid vaporizes..The mass spectrum
is then obtained on the vaporized solid material as
with the direct injection method.

Both direct injection and direct insertion probe
methods work well with pure samples, but their use is
very limited when analyzing complex mixtures of sev
eral compounds. For mixtures, sample introduction is
a dynamic method in which the sample must be sepa
rated into the individual compounds and then ana
lyzed by the mass spectrometer. This is done typically
by GC or HPLC connected to a mass spectrometer by
an interface (see sections 29.4 and 29.5). The interface
removes excess GC carrier gas or HPLC solvent that
would otherwise overwhelm the vacuum pumps of the
MS.

29.2.3 Ionization

In GC~MS analysis, once in the ion source, the com
pound is exposed to a beam of electrons emitted from
a filament composed of rhenium or tungsten metal.
When a direct current is applied to the filament (usu
ally 70 electron volts), it heats and emits electrons that
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D,a£~.:.m of i1 mag:'letic sector mc1SS analyzer.

Fourier-transfonn-ion cyclotrons (Fr~ICR).Combine
tions of these basic mass analyzer types greatly enhance
the information derived from routine mass spectrome
try. Over the years, quadnzpole-MS has become increas
ingly popular; however, recent improvements in ion
trap-MS (both in cost and ease-ol-use) have brought the
advantages of multiple stages of mass spectrometry
(MS") to the routine user.

Magnetic sector analyzers have been used in mass
spectro~etetsfor years and continue to be very popu~

Iar, especially in high-resolution instruments. Because
of the large size of the magnet sector, analyzers are not
commonly used in bench-top spectrometers and
largely have been replaced by the quadrupole mass fiJ·
ter.

As the name implies, the magnetic sector analyzer
uses a magnetic field to separate the ions based on their
m/z: As shown in Fig. 29-3 ions produced in the ion
source region of the instrument are accelerated down a
curved tube that runs through a magnet. Through a
combination of magnetic field strength and ion veloc
ity, the ions take on a curved path to the detector. Tons
having a curved path that keeps them in the center of
the analyzer tube will reach the detector opening. Ions
that hit the sides of the tube are pumped away and do
not reach the detector.

To detect multiple ions, to produce the rvoicel
mass spectra, the magnet field strength is changed so
thai all possible m/: ratios are seen. If the field. strength
is changed very quickly, then all of the ions are
detected almost instantaneous.

lon
detector

DEJECIPBos lApBIJP!1l e

Schematic of a typical mass spectrometer. The
sample inlets (interfaces) at the top and bottom
can be used for direct itIjection'Or interfacing to
aGe.

IONSOURCF

move across the ion chamber toward a positive elec
trode on the other side. As the electrons pass through
the source region, they come in close proximity to the
sample molecule and extract an electron, lorming an
ionized molecule. Once ionized, the molecules contain
~uch high internal energies they can further fragment
into smaller molecular fragments. This entire process is
called electron impact (El) ionization, altr.cugh ~~e

emitted electrons rarely hit a molecule. '-'
The eventual outcome of the ionization erocess is

both negatively and positively charged molecl1es r:
various sizes unique to each compound. \'v11';,:-. the
repeller plate at the back of the source is posirivcly
charged, it repels the positive fragments tov...·uc t:ie
quadrupole mass analyzer. Thus, we look onlv at tr.·:!
positive fragments, although negative fragments arc
sorneti r; ,e::. analyzed. As the positively charged frilS'
ments leave the ion source, they pass through holes in
the accelerating and focusing plates. These plates serve
to increase the energy of the charged molecules and to
focus the beam of ions, so that a maximum amount
reaches the mass analyzer.

29.2.4 Mass Analyzers

The heart of a mass spectrometer is the mass analyzer.
It performs the Fundamental task of separating the
charged fragments based on their 11//:. and dictatt..'s
the mass range, accuracy. and sensitivity. There are
five common types of mass analyzers: quadru polcs.
ion traps, time-oi-flight (TOF), magnetic sectors, and
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29.3 INTERPRETJ\TION OF MASS SPECTRA

Helium is continuously infused into the ion trap
cavity, and primarily serves as a dampening gas. Being
lighter than any ions entering the trap (low mass cutoff
is normally m/z 50), it nonelastically collides with the
ions entering the trap. This results in the helium mole
cules (not ions) absorbing kinetic energy from the ions
entering the trap, effectively dampening and focusing
the ions to the center of the trap, where they can be
trapped more efficiently. This process also improves
sensitivity and resolution in the trap.

As previously indicated, a mass spectrum is a plot (or
table) of the intensity of various mass fragments (m/z)
produced when a molecule is subjected to one of the
many types of ionization techniques. With classical
GC-MS the electron beam generated by a heated fila
ment is used to ionize the molecules. It is usually kept
at a constant potential of 70 electron volts because this
produces sufficient ions without too much fragmenta
tion, which would result in a loss of the higher molec
ular weight ions. Another advantage of using 70 elec
tron volts for ionization is that the resulting mass
spectra are usually very similar regardless of the make
and model of the instrument. This allows for com
puter-assisted mass spectral matching to data base
libraries that help in unknown compound identifica
tion. In fact, most mass spectrometers now come with
a IvIS spectral data base and the required matching soft
ware.

Typical mass spectra include only positive frag
ments that usually have a charge of +1.Thus, the mass
to-charge ratio is the molecular mass of the fragment

. a;.ag
~

Diagram of an ion trap massa:'alyzer.

Ions in
~E;:nd.cap electrode

Oscillating r::.
Ions trapped ~g electrode

t

~E;:nd.cap electrode

detector

)

Quadrupole mass analyzers are based on the ion
focusing work of the Greek electrical engineer Chris
tophilos. The word "quadrupole" is derived from the
Latin word for four (qu.1druplus), and "pole," to
describe the array of four rods that are used. The four
rods are used to generate two equal but out-of-phase
electric potentials; one is alternating current (AC) fre
quency of applied voltage that falls in radiofrequency
(RF) range, and one is direct current (DC). The poten
tial difference can be varied to create an oscillating
electrical field between two of the opposite rods, result
ing in their having equal but opposite charges.

When, for example, a positive-cilarged ion enters
the quadrupole field it will be instantly attracted
toward a rod maintained at a negative potentia], and if
the potential of that rod changes before the ion
impacts, it will be deflected, i.e., change direction.
Thus, e\'ery stable ion entering the quadrupolar region
traces a sine-wave-type pattern on its way to the detei:
tor. By adjusting the potentials on the rods, selected
ions, a mass range, or only a single ion can be made sta
ble and detected. The unstable ions impact one of the
four rods, releasing them from the influence of the
oscillating field, and are pumped away by the vacuum
pumps.

Ion traps are essentially three-dimensional
quadrupole mass analyzers that store ions (trap) and
then eject these trapped ions according to their m/z
ratios. Once the ions are trapped, multiple stages of
mass spectrometry (MS") can be achieved, mass reso
lution can be increased, and sensitivity can be im
proved. The major difference between anion trap and
a quadrupole mass analyzer is that in an ion trap the
unstable ions are ejected and detected while the stable
ions are trapped, whereas in a quadrupole, the stable
ions reach the detector, and the unstable ions hit the
rods and are pumped away.

Figure 29-4 shows the cross-sectional view of the
ion trap mass analyzer. It consists of a ring electrode
sandwiched between a perforated-entrance, end-cap
electrode and a perforated-exit, end-cap electrode. An
AC (Rf) voltage and variable amplitude is applied
to the ring electrode, producing a three-dimensional
quadrupole field within the mass analyzer cavity.

Ions formed in the Source are electronically in
jected into the ion trap, where they come under the
influence of a time-varying RF field. The ions are
trapped within the mass analyzer cavity, and the
applied RF voltage drives ion motion in a figure of
eight toward the end-caps. Thus, for an ion to be
trapped it must have a stable trajectory in both the axial
and radial directions. To detect the ions, the frequency
applied to the ring electrode is changed and the ion tra
jectories are made unstable. This results in the ions
being ejected through the perforated end-caps, thus
enabling them to impinge on the detector.
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divided by +1. which equals the mass of the fragment.
As yet. the mass-to-charge ratio wlithas noname and
is cunently abbreviated by the symbol mIz (older
books use mit). In some publications" the unit of mass
to-charge ratio is caIled the Thomson after the late I.J.
Thomson. who constructed one of the first instruments
for the determination of the mlzof ions.

A mass spectrum for butane is illustrated in Fig.
29-5. The relative abundance is plotted on the y-axis
and the mi: is plotted on the x-axis. Each line on the bar
graph represents an m/z fragment with the abundance
unique to a specific compound. The spectrum always
contains what is called the base peak or base ion. This
is the fragment (mIz) that has the highest abundance or
intensity. When the signal detector is processed by the
computer. the m/z with the highest intensity is taken to
be 100%. and the abundance of all the other m/z ions is
adjusted relative to the base peak. The base peak
always will be presented as 100% relative abundance.
Butane has the base peak at an mI= of 43.

Another important fragment is the molecular ion
or parent ion. designated by the symbol M+·.This peak
has the highest mass number and represents the posi
tively charged intact molecule with an m/z equal to the
molecular mass. The harsher ionizing techniques such
as the electron impact (El) shown here produces an ion
(radical cation) by stripping an electron. Because the
mass of a single electron can be considered insignifi
cant, the molecular ion produced by E1 type ionization
is indicative of the molecular weight of that com
pound. All other molecular fr...grnents originate from
this charged species, so it is ea!:y to see why it is called
the molecular or parent ion. It is no: always present
because sometimes the parent ion decomposes before
it has a chance to traverse the mass analvzer, How ever,
a mass spectrum is still obtained. and tl-..is becomes"
problem only when detennining the molecular mass of
an unknown. The remainder of the mass spectrum is a
consequence of the stepwise cleavage of large frag
ments to vield smaller ones termed product ions or

~1.lSS spectrum of butane obtained by electron
impact lonlzatien.

M+e
(from electron beam) ....

M+' (molecular ion)
+

2e (one electron from
the electron beam
and one from the
molecular ion, M) [1]

The M symbolizes the un-Ionized molecule as it reacts .
with the electron beam and forms a radical cation. The
cation will have an mlz equal to the molecular weight.
The parent ion then sequentially fragments in an uni
molecular fashion. (Note that the product ion is often
written as M+. for which the free electron, symbolized
by the dot, is assumed. Regardless, the molecule has
lost one electron and still retains all the protons; thus,
the net charge must be positive.) The reactions of
butane as it forms several of the predominant product
ion (daughter) fragments are shown below.

CH3-CH:-CH~--cH;-'=:> CH3--cH2- '

(m/::- =29) .;. .CH3-CH3 !S)

CH)--cH2-cH;!---Gi3 .;- e - CH2--cH2---oiZ-Gi3- '

(mk = 58) + 2e [2]

CH3-CH~-CH2-CH3-. 0=> CHr-cH2~H~-CH~·

(mlz =57) ... 'H [3]

CH,-CH2-CH2-cH3-. =- CH3-CH2~H2-
(mlz =43) + ·CH 3 l4]

daughter ions. The process is relatively srraightfor
ward for alkanes, such as butane, making identification
of many of the fragments possible.

As indicated preViously; the initial step in electron
impact ionization is the abstraction of an electron from
the molecule as electrons from the beam pass in close
proximity The equation below illustrates the first reac
tion that produces the positively charged product ion.

CH3-CH: = CH 3• • (ml:: =15)'" .CH': [t.;J

Many of the fragments for butane result from
direct cleavage of the methylene groups. With "lkar,t::,
you will always see fragments in the mass SP('C:7U:l;

that are produced by the sequential loss of CH2 or CH;
groups.

Close examination of the butane mass spectrum in
Fig. 29-5 reveals a peak that is 1 miz unit larger than lh.'
molecular ion at mtz =58. This peak is designated t:::
the symbol M ~ 1 and is due to the naturally occurring
isotopes. The most abundant isotope of carbon has .:!

mass of 12; however, a small amount of IJC is also pres
enl 0.11%). Anv ions that contained a lJC or a deu
terium isotope would be 1 /PI/: unit larger. although the
retative abundance would be low.

Another exa mple of \ IS fragmentation patterns is
shown for methanol in Fig. .29·6. Again. the fragrnenta-

.rI II.
30

MA!.SICHAACiE

10

C'"'J. eM,. CH~. CH,
Mel VVl - ~6

'" 10
~
:<
0s 80

~

~ 40...
:5
w
t::: 20

o .
0



Chapter 29 • Mass SPedromelry 449

29.4 GAS CHROMATOGRAPHY-MASS
SPECTROMETRY Vacuum Pump

fled using a computer-assisted search of a library con
taining known ~IS spectra, Another critical function of
GC-MS is to ascertain the purity of each peak as it
elutes from the colUJTU1. Does the material eluting in a
peak contain one compound, or is it a mixture of sev
eral that just happen to coelute with the same retention
time?

Connecting a GC to a mass spectrometer is straight
~orward and requires one additional component, the
interface. Since a GC operates with a carrier gas, there
must be some way to remove or minimize the larze
amounts of gas going into the lv1S so that the vacuumDis
not compromised.

Figure 29-7 shows a diagram of a jet-separator
type of interface. As the carrier gas and compounds
pass through the interface, the small gas molecules are
pumped away. while the compounds of interest move
in a straight path toward the ion source.

Since the advent of capillary GC columns the
u:t~rfaceshave become much simpler, with many'con
sishng of only a heated region where both the gas and
compounds to be analyzed go directly into the r-.rs
source (i.e., heated capillary transfer lines), The direct
inter~ce is possible because capillary columns require
c~nslderablyless gas flow. A cutaway view of the inte
nor of a GC-l\IfS is shown in Fig. 29--8. As you can see,
the sample flows through the GC column into the inter
face and then on to be processed by the MS. A com
puter is used to store and process the data from the MS.

One other modification required for GC-MS is a
detect~r for the ions as they leave the source region. A
small ion collector plate is placed at the end of the
source and monitors the total ions or total ion current
as they go into the quadrupoles. This allows a total-ion
GC chromatogram to be recorded in addition to the
mass spectra.

An example of the power of GC-~rs is shown
below in the separation of the methyl esters of several
long-chain fatty adds (Fig. 29-9). Long-chain fattv
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tion pattern is straightforward. The molecular ion
(CH3--oH+') is at an m/z of 32, which is the molecular
weight. Other fragments include the base peak at an
mlz of 31 due to CH2--oH

t , the CHO+ fragment at an
m/z of 29, and the CHi fragment at an m/z of 15.

So far, only EI types of ionization have been dis
cussed. Another common fragmentation method is
chemical ionization (Cl). In this technique, a gas is ion
~ed, such as methane (CH~), which then directly ion
izes the molecule. This method. is classified as a soft
ionization because only a few fragments are produced.
The most important use of CI is in the determination of
the molecu.ladon since there is usually a fragment that
is 1 m/z unit larger than that obtained with EI. Thus, a
mass spectrum of butane taken by the CI method
would have a quasimolecular (parent) ion at mi: ::: 59

. (M + H). As can be seen, the reactions of the cleavage
process can be quite involved, Many of the reactions
are covered in detail in the books by McLafferty and
Turecek and by Davis and Frearson listed in the
resource rna terials section.

Although samples can be introduced directly into the
ma.ss spectrometer ion source, many applications re
qUlI'e separation before analysis, The rapid develop
ment of gas chromatography-mass spectrometry
(C5-MS) has allowed for the coupling of the two meth
ods for routine separation problems. As discussed in
Chapter 33, gas chromatography is a powerful separa
tion method applicable to many different types of food
compounds. However, one of the problems with GC
analysis is identifying the many compounds that elute
off the column. In some cases, there may be GC peaks
present that are unknown. A mass spectrometer cou
pled to GC allows the peaks to be identified or con
firmed, and, if an unknown is present, it can be identi-

Vacuum Pump

Jet separator interface for the GC-MS. The
s~all dots represent Carner gas. and the open
circles are the compounds eluting off the
columns.
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Diagram of II gas chromatograph' connected to a small tabletop mass selective detector. (Courtesy of Hewlett
Packard Co., Avondale, PA.)

The data from the rest of the chromatogram incicate
that the peaks at both 20 min and 27 min contair, only
one component. The computer match identifies t:-,t.·
peak at 20 min as stearic acid, methyl ester, and tr.e
peak at 27 min as arachidic acid, methyl ester. Hrw
ever, the peak located at 19.5 min is shown :'=.' ht: vv ~~. 
eral different mass spectra, indicating imr:..:rit:: cr
coeluting compounds.

In Fig. 29·11, the region around 19 min has been
enlarged. The arrows indicate where different mass
spectra were obtained. The computer identified the
material in t~e peak at 19.5 min as linoleic acid, rnethvl
ester; the material at 19.7 min as oleic acid. mel:-:.·!
ester; and the material at 19.8 min as linolenic acid.
methyl ester. Thus, as we originally suspected, several
of the methyl esters were coeluting off the GC column.
This example illustrates the tremendous power oi
GC-MS used in both a quantitative and a qualitative
manner,

Total ion current (TIC) GC chromarocram of
the separation of the methyl esters 0: S:"'C f~~'
acids. Detection is by electron impact (En ion
ization using a direct capillary interface.

sc15 20 25

TIME (MIN)

10

~
~

acids must have the carboxylic acid group converted or
blocked with a methyl group to make them volatile.
Methyl esters of palmitic (16:0), oleic (18:1), linolelc
(18:2), linolenic (18:3), stearic (18:0), and arachidic
(20:0) acids were injected onto a column that was sup
posed to be able to separate all the naturally occurring
latty acids. However, the GC tracing showed only four
peaks, when it was known that six different methvl
esters were in the sample. The logical ex?Ian2.nc:-. 'is
that several of the peaks contain a rnixture of :i\e~hyl

esters resulting from poor resolution or. the GC :01
umn.

The purity of the peaks is determined by:u."'l."":i."ig
~he GC-(>"lS and taking mass spectra at very sr.orr
Increments of time (1 sec or less). If a Fe;:.;; is pt::-e, ~:'en

the mass spectra taken throughout the peak should be
the same. In addition, the mass specrrurr- can be com
t'.1red with the library of spectra stored in the com
~',lter,

The total ion current (TIC) ch rom atogrcrn c:: tr~('

:'l,'p.:J.ration at" the Iattv acid rnethvl esters is shown in
~. "
, l~. 29-9. There are four peaks eluting off the column
~"""tween15.3 min and 28 min. The first peak at 15.5 min
bs the same mass spectrum throughout, indicating
:~.'\t only One compound is eluting. A computer search
,': the MS librarv gives an identification of the peak to
::)L' methvl ester of palmitic acid. The mass spectra
:<':',~\\"n in Fisure 29-10 compare the rnaterial eluting
~:",'m the column to the library mass spectrum.

Most Or the fragments match, although the GC-i\IS
~.1n does have many small fragments not ?~esent on
:~e library mass spectrum. This is CO;')1":100 back
~':'l'lund noise and usually does not present L: problem.
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Mass spectra of (a) the peak at 15.5 min in the TIC chromatogram shown in Fig. 29-9 and (b) the methyl ester of
palmitic acid from a computerized ~!S library.
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29,5 LIQUID CHROMATOGRAPHY-MASS
SPECTROMETRY

Enlargement of the region 19.2-20.2 min from
the TIC chromatogram shown in Fig. 29-9.
Arrows indicate where mass spectra were
obtained.

HPLC are either nonvolatile or thermally labile, mak
ing the task of liquid-to-gas phase transition even more
challenging. especially while maintaining compound
integrity.

How doesLC-MS work? Remember that evapora
tion is a cooling process, especially when performed
under conditions of reduced pressure (adiabatic expan
sion) and increased volume. A basic LC-MS interface
facilitates desolvation by application of heat, followed
by a rapid expansion of this vapor in an area of reduced
pressure. Thus the heat energy applied to evaporate the
solvent is completely used in the desolvation process,
and does not contribute to degradation of any ther
mally labile species present in the LC eluant. There are
many different types of interfaces though several have
come to the forefront of use in recent years. Three of the
most commonly used interfaces are the thermospray
(TSP), electrospray (ESI), and atmospheric pressure
chemical ioni%ation (APO).

29.5.1 Thermospray Interface

The thermospray interface, as its name suggests,
removes heated solvent as it is sprayed into the ion
source. A simple diagram of the thennospray interface
is shown in Fig. 29-12.As the effluent leaves the HPLC
instrument, it is pumped through a small piece of tub
ing into the thermospray probe. The effluent moves
along the he.ated probe and exits at the tip as a spray.
The solvent 15 removed from the spray by several vac
uum pumps as s~ll particles of sample plus solvent
travel through the Ion source to be ionized. The ioniza
tion process is-considerably different from what occurs
with GC-NlS in that \'ery little fragmentation occurs.
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Years ago the only way to obtain a decent mass spec
trum of material from high performance liquid chro
matography (HPLO separations was to collect frac
tions, evaporate off the solvent, and introduce the
sample into a conventional MS by direct injection or
direct probe, Although this method was sometimes
adequate, the direct on-line coupling of the two instru
ments was a tremendous advantage in terms of time
and ease of operation.

For a high performance liquid chromatogra
phy-mass spectrometry (LC-MS) interface, the same
overall requirements must be met as for GC-MS. There
must be a way to remove the excess solvent, while con
verting a fraction of the liquid effluent into the gas
phase, making it amenable for mass spectrometry
analysis. Furthermore most compounds analyzed by



Schematic of an electrospray LC-MS interface.
(Courtesy of Finnigan Corporation, San Jose,
eA.)

452

Lens

Part III • Spectroscopy

I
Second
vacuum
region

~
Schematic of a thennospray LC-MS interface.
(Courtesv of Hewlett-Packard Co., Avondale,. Ii"",. PA.) •.

An important aspect of thermospray-MS (TS-MS)
is that some type of volatile buffer must usually be
present when the HPLC effluent exits the tip. The ion
ization is a reaction between the volatile buffer and the
compounds as the solvent evaporates from the
droplets in the source region. Ammonium acetate is
commonly used; it produces ammonium ions that react
in several ways. The ammonium ions can provide
either H+ or ='-"H; to the molecule. which yields an M ~

H+ molecular ion or an M + }\.1i/- molecular ion. In
any case. the compounds do not fragment much, pro
ducing a \'ery simple mass spectrum. The electron
beam filament shown in Fig. 29·12 may be used to
enhance the ionization and increase the production of
ions, although it is not necessary for many compounds.

29.5.2 EJectrospray Interface (ESI)

Electrospray, the most popular LC-MS technique in
use today, was developed by Fenn and co-workers in
19S-l. It is a \"(~ry sensitive technique with a limit of sen
sitivity normally in the ferntograrn range. Normally,
polar compounds are amenable to ESI analysis with
the type or ion produced depending on the initial
charge. That is, positively charged compounds yield
positive ions. while negatively charged compounds
such as those containing free carboxylic acid functional
groups will produce negative ions.

The E51 source as depicted in Figure 29-13 consists
of a nozzle that contains a fused-silica capillary sample
tube (serves tL"1 transfer the LC effluent) coaxially posi
tioned within J. metal capillary tube to which il variable
potential can be applied. Nitrogen is normally coaxi
ally infused to aid in the nebulization of the LC effluent

as it exits the tip of the metal capillary tube, thus pro
ducing a fine mist of highly charged droplets. At this
point, two of the four fundamental parameters of ESI
ion production have occurred. The first step involves
production of the high electric field at the very narrow
tip (IOO J.l.m) of the charged metal needle. followed by
the transfer of this electric field to the electrolytic LC
effluent that is in the process of being nebulized.

As the charged mist leaves the tip of the ESI needle,
and makes its way into the heated, low-pressure region
in the source, the positive charge applied by the metal
needle creates an accumulation of the excess positive
charge on the surface of the droplets that fonn the mist.
The positive charge is drawn out, but cannot escape the
surface of the liquid. and forms what is kno....-:l as a
Taylor cone. Since the simultaneous application d heat
is continuously reducing the diameter of the droplets
in the mist. the Taylor cone is stretched to a critical
point. at which the charge escapes the liquid surface.
and is emitted as an ion in a process known as a
coulombic explosion. These two steps, i.e., the Iorma
tion of the Taylor cone, followed by the coulombic
explosion. complete the final two parameters of the
four-step ESI ionization process.

One of the many advantages of the ESI process is
its ability to generate multiple charged ions and toler
ate conventional HPLC flow rates. Proteins nne; other
large polymers (e.g., between 2000 and 70.000 caltons)
can be easily analyzed on LC-MS systems h.:l\·ir:g :.
mass limit of m/z 2000, due to this multiple ch.<!:-giM"
phenomenon. For example, Interleukin-B (rat) h;:~, ~,

mass of 78-15.3 dallons, but develops up to +8 charges.
with the most abundant ion appearing at the +4 charge
state (i.e., i1H9.2 --4 charges = 1962.3111/:), and thus
can be analyzed on a LC-MS system having a mass
limit of mt; 2,000. Powerful software can process in
excess of +50 charge states. to yield the molecular ion
information for larger proteins.
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method is now becoming routine, although it is still
difficult to compare results when using different types
of interfaces. As technological advances are made, we
can expect the use of LC-tvlS to grow, since the IvIS is a
universal detector for both qualitative and quantitative
infonnation.

29.6 APPLICATIONS

The use of mass spectrometry in the field of food sci
ence is well established, but many areas of improve
ment are still in their infancy. While GC-MS has been
used for years, only recently have low-priced reliable
units been available as standard lab instrumentation.
Routine use of GC-}v1S can be expected to grow as
more public and private labs have access to the instru
ments. LC-r...rs, on the other hand, is still in the devel
opmental stages, as researchers look for better ways to
interface the two instruments and improve the ioniza
tion process. Nonetheless, a mass spectrum still can be
obtained for most compounds eluting off an HPLC col
WIUl, making the technique very useful.

There are many different applications of mass
spectrometry in food science. One of the most thor
ough treatments on this subject is the book by John
Gilbert listed in the resource materials section of this
chapter. Readers should consult this book concerning
specifies on a particular food. component or a certain
type of food. The coverage is excellent, although some
what outdated since many developments have oc
curred since 1986.

In considering the application of GC-iMS or
.LC-MS in food systems, note that if a compound can be
separated by a GC or LC method, then chances are
good that a mass spectrometer can be used. For years,
the mass spectrometer was used only in a qualitative
manner, to check the purity of eluting peaks Orfor com
pound identification. With smaller units, the use of MS
as a universal detector has gained wide acceptance.
The advantage of utilizing the MS as a detector is that
only certain ions need to be monitored, which makes it
a selective detector. This technique currently is used
extensively for pesticide analysis.

The use of selected ion monitoring (Sll'vl) is espe
dally helpful in LC-MS, for which analysis is often
limited by the lack of a suitable detector. Use of the S~I
mode of detection is often the only way to detect some
compounds eluting off the column. For example, fatty
adds can be measured directly by HPLC, but unless
the concentrations are high, an ultraviolet or refractive
index detector will not pick them up. LC-MS will
allow for the assay of trace amounts present in effluent.
LC-MS has become especially helpful in the analysis of
nonvolatile pesticides, amino acids, lipids, and sugars.

Corona needle

Schematic of an atmospheric pressure chemical
ionization lC-~tS interface. (Courtesy of Finni
gan Corporation, San Jose. CA.)

29.5.3 Atmospheric Pressure Chemical
Ionization (APel)

The atmospheric: pressure chemical ionization inter
face is normally used for compounds of low ~olarity

and some volatility. It is harsher than ESI and 15 a gas
phase ionization technique. Therefore gas phase
chemistries of the analyte and solvent vapor play an
important part in the APCI process.

Figure 29-14 shows the schematic diagram of a
APCI interface. The LC effluenH:arryirtg fused-silica
capillary tube protrudes about haliway inside a sili
con-carbide vaporizer tube. The vaporizer tube is
maintained at approximately 4QO-SOO°C, and serves to
vaporize the LC effluent. High voltage is applied to a
corona needle positioned near the exit of the vaporizer
tube. The high voltage creates a corona discharge that
forms reagent ions from the mobile phase and nitrogen
nebulizing gas. These ions react with the sample mole
cules (M) and convect them to ions. A common cascade
of reactions occurring in the presence of water, nitrogen
gas, and the high voltage corona discharge is as follows:

e- + N2 - N2+. + 2e- [71

N2"" + HzO - N2 + Hp"" [8]

H 20"" + H20 - H30 '" + OH' [9]

M + Hp'" - (M + H)" + H20 [10]

~
~

Sample cone

Skimmer lens

The APeI interface is a robust interface and can
handle high flow rates of up to 2 ml/rnin, It is unaf
fected by minor changes in buffer strength orcomposi
tion, and is typically used to analyze molecules less
than 2000 daltons. It does not facilitate multiple

. Charges, and hence cannot be used to analyze large bio
molecules/polymers.

Improvements in LC-MS interfaces are continu
ously being. made, although no universal interface for
the various types of compounds is available yet. The
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29.7 SUMMARY

Mass spedrOmetIy is fairly slmple: when examined
closely. The basic requirements are to (1) somehow get
the sample into a ionizing chamber where ions-are pro
duced, (2) separate the ions formed by magnets or
quadrupoles, (3) detect the m/z and amount, and (4)
output the data to some type of computer.

Since the qualitative and quantitative aspects of
mass spectrometers are so powerful, they are routinely
coupled to GCs and HPLCs. The interface for GCs is
very versatile and easy to use. However, interfacing an
MS to an HPLC still presents problems because there is
no universal interface. We will continue to see devel
opments in the HPLC interface, although the technol
ogy now exists to analyze many different types of com
pounds. Future developments will expand the use of
mass spectrometry to just about any type of chromato-
graphic separation method. -

29.8 STUDY QUESTIONS

1. What are the basic components of a mass spectrometer?
2. What are the unique aspects of data that a mass spectrom

eter provides? How is this useful in the analysis of foods?
3. What is D ionization? What is a ionization?
4. What is a thermospray interface? What interface would

you use for an HPLC run of a' nonvolatile compound
using a reversed-phase column. water, and methanol
mobile phase?

5. What is the base peak on a mass specl1'\l.m? What is the
molecular ion peak?

6. What are the major ions (fragments) expected in thE' El
mass spectrwn of ethanol (CH3~Hz-oH)?

7. What are the major differences in how ionization occurs in
the electrospray versus the APe interface?

8. What are the major differences between the magnetic sec
tor. quadrupole, and ion trap mass analyzer? What are the
advantages of using each analyzer?
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29.9 RESOURCE MATERIALS

Davis, R., and Frearson. l'wl 1987. MI2ss Spectrometry. John
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LC-MS. Both instrumentation and applications are cfis..
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McLafferty, F.W., and Turecek, E 1993. Intnprtfamm of Mass
Spectra, 4th ed. University Science Books, Sausalito, CA
(available from Aldrich Chemical Company, Milwaukee,
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molecules fragment in the jon source. Contains many
examples of different types of molecules.

Niessen, W.~LA., and van der Greet, J. 1992. Liquid Chro-
Tr/D.togrrrp~MJzss Spectrometry, Marcel Dekker, New York.
A thorough, though somewhat dated, review of all the
LC-MS methods and interfaces.

Silverstein, R..\.1., Bassler, G.c., and Morrill, T.e. 1991. SptC
tromeiric ldmtijicatirm of Organic Compounds, 5th ed, John
WLlev &t Sons, New York. An introduetcrv text for ShJdents
in o;gank chemistry. Chapter 2 presenta mass spectrome
try in an easily readable manner. Contains many examples
of the mass spectra of organic compounds.
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30.2 PRINCIPLES OF MAGNETIC
RESONANCE ANALYSIS

Analytical results depend very much on the chosen
pulse sequence, instrument parameters, and sample
condition. To optimize these, some basic theory is
needed.

In this chapter you will learn how to answer these
questions by learning vocabulary and principles, and
the five important classes of analytical magnetic res0

nance measurements. An introductory bibliography is
given at the end of the chapter.

30.2.1 Immersion In a Magnetic Field
(Fig.30-1)

The sample is first inserted into a probe which is itself
immersed in a strong magnetic field 80 created by a
permanent magnet (shown), electromagnet, or super4

conducting solenoid magnet.

[1]M = :r~i

tent (Chapter S), oil content (Chapter 13), solld-to-Iiq
uid ratio (Chapter 14), or solid content. Even though a
stunning array of magnetic resonance analyses has
been reported for food materials, few have appeared in
compendia of standard methods (see for example ISO
International Standards, 1st ed., ISO 10565:1993(E), pp.
1-;"). Progress in standardization is still somewhat.
::;10\'1.

The food analyst using magnetic resonance should
ask the following questions:

1. What information do I want out of this sample?
2. vVhilt magnetic resonance techniques are appro

priate?
3. vVhat instrumental capabilities do I need to

apply the techniques?
4. How do I interpret the results?
5. 'vVhat other measurements do I need to compte

ment the magnetic resonance data?

30.2.2 Porarization(Fig. 30-2}

Nuclei (or electrons) spin like a top, and they also have
charge. A spinning charge produces a magnetic mo
ment !J..likea tiny bar magnet with a north and south
pole. The magnetic moments of the spinning nuclei (or
electrons) align in the strong magnetic field. Some align
parallel to the static field Bo and some align antiparal
lel. The slight excess of parallel creates the sample mag
netization M, which is the vector sum over individual
moments:

30.1 INTRODUCTION

Nuclear magnetic resonance (~:'1R) is a branch of
spectroscopy that is useful for analysis because of the
exquisite sensitivity of magnetic atomic nuclei (nuclear
spins) to their environment. Electron spin resonance
(ESR) is similar, but involves unpaired electrons (elec
tron spins). NMR and ESR ~t?asure the magnetic
properties of spins. This magnetic behavior is deter
mined by molecular and ionic structure, motion, and
interactions. These in turn are determined by chemical
composition, distributions of mass among different
phases (solid, viscous, liquid), molecular mobility
(rotational and translational diffusion), and chemical
and physical change in food materials. Thus N1vlR and
ESR are the most versatile of all analytical tools.

ESRis used to detect free radicals that occur natu
rally in food, radicals produced in food by processing
or irradiation, and 'naturally occurring paramagnetic
ions. ESR also is used for measuring the physical state
of molecules and molecular motion in foods, and can be
used to measure oxygen concentration. Another name
for ESR is EPR, electron paramagnetic resonance.

Food structure is of prime importance in all aspects
of functionality. The spatially resolved versions of
NMR (magnetic resonance imaging or MRI, and vol
ume-localized spectroscopy or "in vivo NMR"), and
ESR (electron spin resonance imaging) are powerful
additions to the array of analytical food imaging tech
niques of photomicrography, and light, electron, and
scanning probe microscopies.

Nuclei and electrons that are magnetic occur natu
rally in all matter, and thus can be observed easily in
foods. They are observed via their resonance with elec
tromagnetic radiation, just as electrons are observed by
their resonance in ultraviolet (IN), visible (VLS), or
infrared {IR} spectroscopy, except that the sample must
first be immersed in a magnetic field. Because lower
frequencies (radiofrequencies in NNlR and microwave
frequencies in ESR) penetrate food materials fairly
well, the sample need not be optically transparent, in
contrast to UV, Vis, and IR analysis (Chapters 26, 27).
Because magnetic resonance "sees" the interior of the
sample. it usually is not necessary to disrupt the sam
ple beyond shaping it to fit in the magnet. This is a very
powerful advantage.

The tradeoffs for magnetic resonance are that:(l)
sometimes it does not have the sensitivity of other
spectroscopic methods, (2) sometimes it does not have
the selectivity of chromatographic methods, (3) the the
ory is a bit difficult, and (4) food applications require
real strategy. These issues are yielding amazingly
quickly to new theory, instrumentation, methods, and
lively communication among users.

The standard methods of analysis of food materi
als include a few NlItlR methods such as moisture con-
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[3)

But we know from Equation [2] that yBo =ll>J., the Lar
mor frequency; thus

where h is Planck's constant. That is, a spin transition
between "up".and "down" can be induced by absorp
tion of a photon whose energy equals the difference in
energy 6£ between the two spin sta tes.

The energy is supplied by an oscillating magnetic
field B1 cos (wt) whose frequency has to be equal to the
precession frequency <1.\1 i.e., "on resonance," for
absorption to OCe:tJI. This is the origin of the term "mag
netic resonance."

t:.E =h0J'r/2.. =ltv [4]

30.2.3 Precession of Magnetic Moments
(Fig. 30-3)

The torque exerted by the static magnetic field on the
spinning charges causes wobbling (precession) of the
magnetic moment, much like the gravitational field
causes .:I splnning top to wobble. Precession occurs at
radiofrcqucncies (megahertz, MHz) for nuclei, and
microwave frequencies (gigahertz, GHz) {or electrons.
The precession frequency is proportional to the field
strength s,

[2J

where the proporrionalitv constant "f, the gyromilg
netic ratio, is specific for the obser-..ed nucleus. wL is
known as the Larmer frequency.

z

... ... ...... ...
""""',

~E

30.2.4 Magnetic Resonance (Fig. 30-4)

Magnetic moments parallel to the magnetic field have
slightly lower r!nergy than those that are anripnrallel.
The difference is

30.2.5 Excitation and Detection

b N~IR the resonance field is produced by running a
rr.diofrequency current through a wire coil (an indue
t:,r ' :h.1tsurrounds the sample. Both e:<cit<Jtion and
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detection occur through the same coil, which is part of
the probe. In ESR the resonance field is supplied by
microwave radiation transmitted through a wave
guide into a resonator cavity that contains the sample.

30.2.6 Phase Coherence (Fig. 30·5)

Before the oscillating field is applied, magnetic
moments are out of phase with each other and the com
ponent of M in the x-y plane, i.e., the transverse com
ponent, is zero. When the oscillating field is turned on,
magnetic moments get in phase with each other, and
the transverse component of M is now large.
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30.2.7 Continuous Wave NMR and ESR
. (Fig. 30-6)

In continuous wave (CW) NMR and ESR, the excita
tion field 8 1 (t) is weak. At resonance, nuclei (or elec
trons) align with B1 and the sample absorbs measur
ably. The absorption spectrum is produced as the
frequency of the oscillating field is swept. Alternately,
the strength of the static field can be swept, while hold
ing the oscillating field frequency constant. Field
sweep is the common method for ESR.

30.2.8 Pulse NMR and ESR (Fig. 30-7)

In pulse NMR and pulse ESR the excitation field is
strong, and is applied in a short pulse-a few microsec
onds. The magnetization M then precesses about B1 as
long as it is kept on. The time it is on is called the pulse
width t . The angle of precession eduring~ time is
called the tip angle, which is calculated from the rela
tion

e ::0 'f81tp [51

A rotation of e =90" puts the magnetization M right
onto the transverse plane (x, y). This is called a 90"

Xl

~
pulse. A 180" pulse would invert M so that it now
points along the minus z-axis. 900 and 1800 pulses are
used frequently in magnetic resonance.

30.2.9 The Induction Signal (Fig. 30-8)

After the 90" pulse (HInow turned off), M continues to
precess about Ho in the transverse plane. This produces
an electromotive force (emf) or voltage in the measur
ing coil. For ESR, the perturbation of the electromag
netic energy in the resonator cavity surrounding the
sample is measured. The principle of detection in pulse
N1-1R is thus electromagnetic induction. The signal
oscillates at the nuclear or electron precession fre
quency.

30.2.10 Relaxation and the Free
Induction Decay

Foll~winga pulse, M."relaxes," as shown by the spiral
in FIg. :;0..8. At any Ulstant, the magnetization has a
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time~
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M(t) ::: expH/Tz) =exp(2-rn/T2) Ill]

Thus T2 can be taken as minus the reciprocal of the
slope of the straight line on a logarithmic plot. or '
obtained by fitting the echo decay data to the exponen
tial function.

longitudinal component Mz, parallel to Bo< along the z
axis, and transverse component M1{ in the plane per·
pendicular to Bo- The relaxing signal My(t) is called the
free induction decay or FID. The FID can be analyzed
(see below), or it can be transformed from the time
domain to the frequency domain to give the i'o~1R or
ESR spectrum (see section 30.2.15).

30.2.11 Transverse or Spin-Spin Relaxation T2

(Fig. 30-9)

which can be integrated to give
t

lnM:::--
- T2

or

[10]

where y6£ is the spread in frequencies caused b~' field
inhomogeneity 6B. H this inhomogeneity is relatively
small, then T:. is related to the width of the resonance at
half-heigh: -hl:~ by the relation

If 6\'l1\homo is relatively large, T2 must be measured with
a spin-echo pulse sequence, such as CPMG (for. Carr
Purcell Meiboom Gill) (Fig. 30-9). The spin-echo curve
is 'analyzed as follows. Transverse relaxation is
assumed to be a first-order process, i.e..

The decay of the transverse component Mv(t} is called
transverse relaxation or spin-spin relaxation, The rate
constant is T:.", which contains two contributions: the
true nuclear (or electron) T2• and the effect of inhorno
geneity in the magnetic field, as giver. by the Telation
ship

30.2.12 Solid, Viscous, and Liquid Transverse
Relaxation (Fig. 30-10)

The decay of the signal from a solid domain is fast,
since T2 is short (about S usee to 100 usee), and SO the
line width (see Equation [3]) is very broad (about 60
k..1-{z to 3 kHz). In this range, shorter T2 means less
mobilityt. Signals from viscous domains have T2 from
about 0.1 msec to 100msec, and line width from 3 kP.z
to 3 Hz. In this range, shorter T2 also means less mobil
ity. The decay of the signal from a liquid domain is
slow. since T2 is long (about 0.1 sec to 1 sec), and st: the
resonance is narrow (about 30 Hz to 3 Hz). l;~ this
range, shorter T2 can mean less mobility of liquid mol
ecules. However, if liquid molecules are in contact h'i::~

macromolecules such as proteins and polysaccharices
or with cell walls, membranes, or solid particles then
the T2 may become shorter. A shorter T~ also may sig
nal the presence of paramagnetic ions such as man
ganese, iron, or copper. Finally, a shorter T2 may mean
that chemical exchange is occurring, such as tht:
exchange of proteins between water and sugar hydrox
yl groups.

[7]

[6]

[8J

1/T: ::: lIT:! + :t"!.iB

d(M. \.)/.1t =-M. ,.IT.
~ '. ~

where t is t:,~ decay time, which for this pulse sequence
is 2·w. where t is t:ll? delay between the 900 and first
ISO" pulse. and 11 is an integer, FIrst we separate the
variables to ~et

dl\l~.v J 1
-_. =I.lnM :::--dt
~1"y '.V T,

19]

30.2.13 LongitUdinal or Spin-Lattice
Relaxation T1 (Figs. 30·11, 30·12)

A::~:- J pulse, the longitudinal component Mz also
rl'll: rns to equilibrium :-'10- This is called spin-la tticc
relJ)';ltion or longitudinal relaxation, and the time
CCl~S:.1111 is TI • The longitudin.:l! or :-component cannot
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be measured directly because the receiver is in the xy
plane. Instead, the inversion recovery pulse sequence
is used (Fig. 30-11).

Longitudinal relaxation is assumed to be a first
order process, i.e.,

B r chemical shift 0:: 8.0 ppm

area e f J{o)do

- - widlh at half-height = dOl/Z (ppm)

chemical shift I ppm

which can be integrated to give

M:t ("t) =Mo [1 - 2 exp(-"t/Tt) ]

(12]

[13J

10 8 6 4 2 o

Thus T1 can be obtained by fitting the recovery data to
the exponential expression, or by taking minus the
slope of the plot of In [(Mo- l\o1z ("t»{Mol versus r,

Tt is a measure of both molecular mobility and
molecular interactions. The dependence on mobility
shows a minimum (Fig. 3D-13). However, on the liquid
side of the m.in.imum,a shorter T1 also can mean more
interaction between liquid molecules and macromole
cules or solid surfaces if these are present.

30.2.14 Observable Nuclei

For a nudeusto be observable by N1viR, it must be a
magnetic isotope, and the instrument must be able to
detect it. A nucleus is magnetic if the nuclear spin
quantum number I is nonzero.

Highe: detection sensitivity depends on the
nucleus (highergyromagnetic ratio and the natural iso-
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where a is dimensionless. The value of 0 is of the order
of 10-5(10 ppm) for lH, and 2 x 1~ (200 ppm) for Uc.
The new resonance frequency is now

30.2.16, Chemical Shift· and
Spin-Spirf CoupHng

The high resolution spectrum may have many different
resonances. Because nuclei in molecules are shielded
from the magnetic field Boby electrons, thay experi
ence an effective field

which tells us that resonance frequency is proportional
to the shielding factor (1 - 0). Thus, nuclei that are
chemically nonequivalent, i.e., belong to different
chemical functional groups, also are magnetically
nonequivalent, and give separate resonances in the
spectrum. nus is the basis for NMR chemical analysis.

In NMR, frequency is converted into chemical
shih in parts per million (ppm) using the formula

[(VSigrW - vre{erence)/vrek~e] x 106 = ~(ppm) [16]

so that spectra can be compared from instrumentshav
ing different magnetic field strengths Bo. The chemical
shift range for protons is about 10 ppm, and for I::C
about 200 ppm.

Resonances may be split into multiplets by mag
netic coupling with nearby nuclei (spin-spin coupling
or ]-coupling). Splitting also occurs in ESR due to cou-

topic abundance) and on thecinstrument (higher mag
netic field). The most sensitive food nuelei are hydro
gen-t eH, or "pretcn"), and phosphorus-31 etp).
These have large gyromagnetic ratios and high natural
isotopic abundances. The NMR parameters for iso
topes most commonly found (or substituted) in food
are listed. in Table3Q-1.

Nearly all molecules in food contain hydrogen and
carbon atoms. Most bench-top NMR analyzers have
weak magnets, and detect only lH. Most high resolu
tion instruments have strong magnets and are
equipped to detect other nuclei. Carbon-13 (13C) is rel
atively insensitive due to a low isotopic abundance
(1.3%)and small gyromagnetic ratio. But the 13C spec
trum is more spread out (over 200 ppm) than the IH
spectrum (10flm), so resolution is better even if sen
sitivity is not. C analysis is routine on high field mag
nets and is applied commonly to food liquids. How
ever, NNIR analysts are just learning how to measure.
lH, 31p,and 13C signals from physically heterogeneous
food materials and very complex food liquids.

30.2.15 The High Resolution Spectrum
(Fig. 30-13)

The time-domain signal (FID) in pulse NMR (Fig. 3D
13a) or ESR can be Fourier-transformed to extract
chemical information. U the magnetic field is very
homogeneous, the resulting spectrum is called a high
resolution spectrum (Fig. 3D-13b). The basic informa
tion for each resonance is its position or chemical shift,
its area, its width, and i~s multiplicity.

B~ff =Bo- 080 =(1 - 0)80

v = (,,/ /2.."'t)(1 - o)Bo

[1~]

[15]

Parameters for NMR-Acfive Nuclei in Food Materials

Isotope

H
2H
·"C
·'N
~;N

1'0
'9F
2::Na

::Mg
, p
~~CI

::;K

~"'CG
::Mn
~Cu

Spin

1/2
i

1/2
1

1/2
5/2
1/2
3/2
5/2
1/2
3/2
3/2
7/2
5/2
3/2

Natural
Abundance (%)

9SSl5
O.O~.::

99.63
0.37
0.037

100.00
100.00
10.13

100.00
7553
9310
0.145

ioc 8:::
6::.v;

Relative
Sensitivity'

1.00
965 x 10-3

i59 x 10-2

i .01 x 10·~

1.04 x 10-3

2.9 x 10-2

0.83
9.25)( 10-2

267 x 10-3

663)( 10-2

470,,10-3

508" 10'"
€ 60 .. 10'~

o 18
931 " :0.2

NMR Frequency (MHz) at
a Field of 2.3488 Tesla2

lC0.CCO

25.' ~4
7.224

iJ. i33
~3.557

g~ en
.2€.':51
~ '20

l.j ':='1

? :-38
.: eel
-: :-23

".: CC.:
<:: ;:5

Al ccr,s:anr held jOt eQual n... ~,::.~'s or r.,,:h!!' ...:~;;:'y Cy tr.e na:~:al aCurcancc ": :alCulale :r.e
acsorure sensilivlly
2U~'l"lg :!"e Larmor eauation I.' • 2",,· ~ 2:-r:3, tr.ese <ah.:es lor v C.l~. ~e usee :0 Co. :. !:e the gy'o.
magnel;c rauo.
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pling of an unpaired electron with nearby nuclei, and
this enables signals from different free radicals and
paramagnetic ions to be clistinguished from One
another, and sometimes to be identified.

30.2.17 Effect of Field Strength (Fig. 30-14)

2. Multiplicity and splittings, which contain infor
mation about bonding patterns.

3. line width, which contains information about
mobility, interactions, and field inhomogeneity

4. Area, which is proportional to the number of
spins.

ChemIcal shin I ppm

~
~

1
.6.0> .o.v1/2 ;;: IhTi :::: -T + y66 [17]

;t z
Sensitivity also increases with higher field. These ana
lytical advantages of higher fields do not necessarily
apply.to ESR.

30.2.19 Sample Requirements

The food sample can be Virtually anything. This
includes liquids (e.g., syrup, beverage, oil), semisolids
(salad dressing, cheese, gel, meat, emulsion, mar
garine, etc.), or solids (milk powder, sugar granules,
crackers, chocolate, etc.), Sample size is limited by the
the magnet-coil combination. In most bench-top ana
lyzers, the sample is between 1 and SO cm3; high res0

lution spectrometers, between 0.1 and 20 em); ESR
spectrometers, between 0.1 and 5 em); imaging spec
trometers, between 0.1 and 2.5 x 105cm).

There are five main classes of magnetic resonance
measurements used in food analysis, which are sum
marized in Table 30-2 and discussed in greater detail in
the remaining sections of this chapter.

30.3 RELAXOMETRY (MOBILITY
AND PHASES)

30.3.1 Description and Applications

The simplest class of magnetic resonance measure
ments, relaxometry, is also known as time-domain
NMR, pulsed NMR, wide-line NMR, and low resolu
tion NMR. In relaxometry the shape of a relaxation
curve is the basis for analysis. Relaxation curves are at
the four main types described below.

The combination is the basis for nondestructive chem
ical analysis.

30.3.1.1 Free Induction Decay (FID)

The time constant Ti for the free induction decay of
transverse magnetization Mxv recorded just after a
pulse (see sections 30.2.8, 30.2:9,30.2.10 and 30.2.12) is
a general indicator of molecular mobility: slow molec
ular motion (as in solids) produces a short T2, fast mol
ecular motion produces a long T2• Ifboth solid and liq
uid are present, their signals superimpose. The two
decays are easily distinguished because of the thou
sandfold difference in rates. This makes flO analysis
useful in measurements of solid, viscous, and liquid
mass in a sample. An important variation, the solid
echo puJse sequence, preserves the proper shape of the
solid decay, which is a Gaussian, not an exponential.
thus avoiding an underestimate of solid r z.

a

line width = 10 Hz

2

- - line width.= 10 Hz

-

- separalion =100 Hz:

area =10

345

So '" 0.47 Tesla

vl " 20 MHz ('H)

1 ppm .. 10 Hz

80'" 4.7 Tesla

vL.= 200 MHz: ('H)

1 ppm .. 100 Hz

The separation between resonances increases with
field strength. Greater separation means better selec
tivity. Then, more compounds can be quantified. Two
resonances are resolved when the line width at half
height .o.v112 is smaller than the chemical shift separa
tion, 01 - ~ =M. Using Equation [6J, we see that the
condition for resolution is, thus

30.2.18 Summary for Magnetic
Resonance Spectroscopy

Each peak in a spectrum has four characteristics used
in analysis:

1. Chemical shift (for nuclei) or field value (for
electrons), which contains general chemical
infomi.ation
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~ Classes of Mdgnetic: Resonance Measurements

Part III • Speetrcscopy

Class

NMR relaxometry (time- .
domain, pulse. or low res
olution NMR)

Pulsed field gracient NMA
(diffusion)

High resolution NMR spec
troscopy

Magnetic resonance imag
ing and volume-localized
speclros~opy

Continuous wave ESR
spectroscopy

Field Strength

0.2-2.0 Tssla (8.5--85 MHz)'

Same

O.~21Tesla (21-900 MHz)

0.1-14.1 Testa (4-600 MHz)

0.3-0.6 Testa (GHz)2

Field Homogeneity

Low (> 15 ppm)

Low (> 15 ppm) to high
«0.01 ppm)

High «0.01 ppm)

Medium «1 ppm) to high
«0.01 ppm)

Low

Formsof Data

Free induction decay (T2.);

decay of spin echoes (T2 );

magnetization recovery
curve (T,)

Attenuation curve (decay of
spin echoes in presence of
an applied magnetiC field
gradient)

As for relaxometry, plus: NMR
. spectra

One-, two-, or three-dimen
sional array of voxel intensi
ties: images

ESA spectrum

'Proton ('H) resonance frequency at the given field strength.
2Eleetron resonance frequency at the given field strength.

30.3.1.2 Spin-Echo Decay

The full liquid transverse decay is not seen in 2 FlD
because field inhomogeneity interferes (see section
30.2.11). This can be gotten around by using a repea ting
sequence of pulses such as in the CPMG method (see
section 30.2.11). The resulting spin-echo decay currv'e,
which is often mulriexponential, gives the complete
transverse relaxation, and the time constants are the
true T~s of any liquid components present. This makes
spin-echo decay measurements useful for distinguish
ing oil from water in a sample, for separating several
nonm.i:ting water populations, and in measurements of
molecular mobility in liquid and viscous phases.

30.3.1.3 Magnetization Recovery Curve

This is the familiar T I measurement. The return of Ion
gitudin;l! magnerization to equilibrium (along c) is
measured iII an inversion-recovery pulse sequence (set:
section 30.2.1~. Equations [S-lO». The resulting mag
netization recovery curve is often complex, but like
complex transverse decav, this must not be ascribed
automatically to separatet'pools" of molecules having
different mobilities. The mechanisms that give rise to
such complex curves (dipolar coupling. chemical ex
change) are beyond the scope of this chapter, but they
happen to be most effective in food semisolids, sus
pensions, and liquids with appreciable concer,::-alions
of dissolved macromolecules (such as casein j:-: milk).
In the absence of these mechanisms, as in seine Iooc
liquids, the time constant T1 is shortest when the rau-s
of molecu lar motions are close to the Larmer fre'l uencv
Illl = yBI), which is iast (megahertz) (see Fig. 30-1:). This

is why the T1 shows a minimum as temperature is var
ied. T1 measurements sometimes are correlated with
liquid chemical composition using statistical compar·
isons, but this method should be used only with great
caution on heterogeneous (semisolid) samples.

30.3.1.4 Attenuation Curve (Pulsed Field
Gradient NMR)

When magnetic field gradients are applied to the sam
ple before and after the 1800 pulse in any spin-echo
sequence, the echo decay now reflects diffusion rather
than just T~. That is, when a molecule moves by d:.i:-.,J
sion to a new position where the magnetic field is c:f·
ferent, its frequency changes, and it gets out of phase.
and the transverse signal decreases. The pulsed fielc
gradient method is fully described in section 3('.5.

The methods and applications of re laxometrv ~i

food analysis are summarized in Table 30-.3. 1:1 J:I

important variation of relaxornetry, any of he z.bove
relaxation curves may be transformed into a cr-nt inu
ous distribution of relaxation times instead c: fi:ting
to a sum of discrete exponentials. This data processing
procedure is preferred for structurally heterogeneous
materials and is found as a software option on modem
benchtop ;"':"lR analyzers.

30.3.2 Instrumentation for Relaxometry
(Fig. 30-15)

Rclaxometz:y is usually performed on bench- top instru
merits equipped with permanent magnets or small
e:~'c:romasnets. Continuous wave leW) spcctrorne-



Chapler30 • Magnetic Resonance 465

~ Methods and Analyticcl Applications 01NMRReloxometry

Relaxation Curve Pulse Sequence Form of Data Fitting Function Applications

Free induction decay Single pulse (90° It
Complex decay 01 M1 (t) = Moisture, oil, solid. or liQ.

(FlO) - acquire) transverse rnaqne- tA,exp(-rlT2,) uid content
nzauon (transverse Ar is amplitude or Solidity or solid phase,
magnetization vet- mass Iraction 01 ith viscosity 01 viscous cr
sus time} cecav component liquid phase

r Zl is rate constant 01 SolidlvlscouS/liquid rauc
ilh cecav cornpo- Solid rat con lent (SFC)
nent Crystallization/dissolu.

tion
Plasticization/glass lor-

marion
Hydration/drying
Freezing/thawing
Unfrozen water in lrozen

systems; monolayer
and multilayer water in
low moisture systems

Solid echo decay Solid echo (90° it - -c1 - Second hall 01 echo Gaussian-sine decay As lor FlO
90°y- -cz - echo) decay for solid; Gaussian-

exponential decay
lor solid + liquid

Spin-echo decay (CPMG) Carr PurceU Echo !rain. from A{ ~ = 1:A;exp(-dT2I) Mobility in liquid or vis-
Meiboom Gill 190~ - which decay of A; is amplitude 01 ith cous phase

(-.: - 180~- echo ampliludes is decay component Mobility distributions
-c (echo) - ]/11 extracted (echo TZt is transverse relax- Oillwaler ratio

Hahn spin-echo magnitude versus anon time of itM Unsaturation in oil
time) decay component Sugar concentration

Ethanol concentration

Magnetization recovery lnverston-recoverv, Magnetization recov- Mz(-c) = IMo.,[1 - High frequency motion
curve (180° - -c - 90~- ery curve (z-maq- 2exp(-TITIi)1 in liquid, viscous, selid

acquire) or pro- . netization versus Mo.; is amplitude 01 ilh phases
gressive saturation delay between recovery compo- Interactions of liquid with

1800 and 90° nent solid
pulses) T,; is longitudinal Correlation with cherni-

relaxation time 01 cal composition,
ith recovery com- solids content, etc.
penent

Echo attenuation curve Pulsed field gradient Plot of decay 01 echo In~~/S(O) = Diffusion coostant of
with Hahn amplitude versus 6z0 (~ - 613); mobile species
spln-echo or slimu- gradienl strength where 0 is diffusion Droplet size distribution
lated echo coefficient (see in emulsions
(Fig. 30-19) section 30.5. in the Pore size distribution in

text) semisolids

~ematic diagram of a low field, low resolu
tion pulse NMR instrument for relaxometry
measurements.

ters and pulse-type spectrometers are marketed com
mercially. The pulsed NMR instruments are far more
versatile; all the measurements.listed in Table 30-2 can
be done. Newer instruments are more automated, and
can be integrated with robotics and laboratory infor
mation management systems (lL\IS).

Magnets used for relaxometry need not be very
homogeneous as long as chemical information is not
required. To sort out which chemical species are con
tributing to the relaxation signal, it is necessary to do
Fourier transform NMR (see section 30.4).

computer
pulse programmer
transmitter
receiver/AOe
gradient driver
memory

~~g·l~
display~

printer
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30.3.3 Example: Solid Fat Content (Fig. 30-16)

00 0 0 55

rt
\:j~0 0 C)

°HIBr SL
c:>~ ~O t-O~ D(JCO 0 \-
~o o 10 70 IlS

Electronics for relaxometry includes frequency
synthesizer. pulse programmer, tT~mi~erincl~ding
radiofrequency amplifier, probe inclu~g radi~fre~
quency coil (or exdtation and detection, receiver
including .6.lters,and analog-to-digital converter.

The data system for relaxometry is a computer that
controls electronics, data acquisition, and data pr~

cessing. The data system also includes display (e.g.i liq
uid crystal or video monitor), data transfer mecha
nism, and data storage devices (magnetic or optical
disk, or magnetic tape),

30.4 HIGH RESOLUTION NMR
(CHEMICAL ANALYSIS)

30.4.1 DescriptIon

When chemical information is desired, it is necessary
to use high resolution CW NMR or pulse-Fourier
transform NM~ and arrange for line widths to be
smaller than the chemical shift differences between res
onances (see section 30.217, Equation [16]). TIUs means
stronger and more homogeneous magnets (see sections
30.2.14, 30.2.15, 30.2.16). In rapid scan correlation
NMR (a variant of ew NMR), signal averaging is
employed to increase the signal-to-noise ratio. In pulse
N1vIR, FIDs are summed for the same purpose. Rapid
scan correlation NMR has certain advantages over
pulse FT NMR for routine analysis of liquid phases in
food materials by lH and 13C NMR

NMR is well known for its use in total chemical
structure determination of isolated compounds of mol
ecular masses up to about 20,000 kilodaltons, and nu
merous applications to food components ranging from
sugars to lipids to flavor and color compounds and
even proteins have been reported. This application is "
not considered further here. but it is useful to remember
that the structural methods also can be applied to sort
out the hundreds of resonances in NMR spectra of very
complex food liquids.

Analytical high resolution NMR requites that the
time between scans (or pulses) is longer than five times
the longest analyte Ti- Otherwise, the magnetize lion ~ I I

does not recover completely, and the final signal is
smaller than its true or equilibrium value, This effect is
called saturation. Intensity and chemical sru;.; stan
dards also should be incorporated into sampies. by'
direct addition or by inserting a capillary contain':'''lS t..~e

standard, Identification of resonances is achieved by
comparison (often computer-automated) with stan
dard spectra of purified compounds, many of w hich are
found in published compilations, just as {or ir.frared
spectroscopy and mass spectrometry. Resonance's also
may be identified from the empirical rules for chemical
shifts and j-coupling. which are very well kIlO\\TI, and
appear in the basic texts on NMR spectroscopy,

The five main types of high resolution spectra ir;
food analysis are described below and in Table 30·~"

30.4.1.1 Single Pulse Spectra of
Liquid Phases

This signa) is obtained by taking the Fourier transforrn
of the free induction signal following a single pulse
whose tip angle is 90' or less. This measurement selects
liquid phase components including water, oil, and sub
stances dissolved in those phases. However, structural.
and hence m41gnetic, inhomogeneity in the sample can

[18)

Principles o[ solid [;Jt content 3n.,1~·si$ b~' :-:;-"IR
relaxornetry. See the text for derails.

A large difference in transverse relaxation rates in a
FID distinguishes solid from liquid in measurements of
solid fat content (SFC). The Fourier transform of the
FID, although not usually calculated, would be a
superposition of a very narrow resonance (liquid)
upon a very broad resonance (solid). nusspectrum is
what is acquired directly in the CW NMR determina
tion ofSFC.

Figure 3~16 shows the principle of the "direct"
SFC method, in which signal intensity after a 90GC

pulse is sampled after the coil and receiver have
calmed down (about 10 usee) and at a later time (70
llSec). At 10 usee, the signal contains solid plus liquid,
and at 70 usec.Iiquid only. Even at 10 usee the solid sig
nal already has decayed Significantly while waiting for
the probe to recover from the pulse, thus the method
requires calibration with a set of samples of known
solid content. SFC is calculated as

protons in sclid domain 100SFC=0 0 solid = . x
total number of protons

5.... [5,=1000
0 )( --"-:=

5s ... s, ISs ... 5l

where f is the calibration factor. ln the "indirect" SFC
method, only the liquid intensity S:. is measured. and
SFC is interpolated from a calibration curve obtained
on the standards.

~
~
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~labl. Methods and Analytical Applications of High Resolution NMR

Type Pulse Sequence Une Narrowing Form arDara Applications

Single pulse/liquidS Single pulse Magic angle spinning One-dImensional Analysis of aqueous or
(MAS) helpful if spectrum (intensity oil phase composition
sample is netero- versus cnerrucal in liquid or semisolid
geneous shltt) foods

Plus all relaxation times.
molecular properties,
and processes under
relaxometry, but with
chemical shift resolu-
tion

SNIF NMA (site-see- Multiple nuclei Usually not needed Multiple spectra; Detection of adulteration
cilic natural isotope observed (e.g., 'H, ratios of peaks are Authentication
fractionation 13C, 2H) generally compared to deter- Tracking biological. bio-

in single pulse mine isotopic ratio chemical, and geo-
experiments on at each atomic graphic origin
compounds iso- position in a mole" Forensics
laled from foods cute
and beverages

Prolon-decoupledl Single pulse in low power decou- One-dimensional As above. however. the
liquids observe channel piing spectrum (intensity spectra are simplified,

(e.g., 13C);CWor versus chemical better resolved. and
pulse train in shift) have higher SNR
decoupling chan-
nel (e.g., 'H),

Two-dimensionall COSY, HETCOA, Low power decou- Topographic (con- Analysis of complex liq.
liquids NOESYetc. piing: greater reso- tour) plot: axes in uids: fermented or dis-

lution by spreading HETCOR, for exam- tilled, milk, natural oils.
data in more pie. are 13C cherni- processed oils, fruit
dimensions cal shift and 1H iUices, vegetable

MAS if sample is hat- cnemical shift juices. extracts, etc.:
erogencus also, liqUid phases in

food semisolids

One- or two- dimen- Cross polarization of High power proton One-dimensional Analysis of composition
sional/solids abundant{e.g.,IH) decoupling to spectrum (intensity . of solid phases in

10rare (e.g .• remove dipolar versus chemical solid and semisolid
13C spins), then coupling; magic shift); or two- fOOdS: protein, poly-
single pulse; vari- angle spinning to dimensional, with saccharide, crystalline
ous sequences for remove chemical various axes tat, sugar
Chemical shift shift anisotropy Polymorphism in crys-
exchange. and lalline fats. sugars.
motion confections

Total NMA spectrum Solid echo Short dead time, fast One-dimensional Simultaneous solid/Vis-
ADC (MHz), long spectrum: vertical cous/liquid rano and
acquisition; MAS to expansion to show composition of liquid
remove susceptibil- solid resonance: phase
ity broadening hcrtzontalexpan- Phase transitions

sian to Showliquid Molecular mobility distri-
resonances bulions

broaden liquid resonances. The technique of low-speed
magic angle spinning (MAS) recovers the resolution.
The compositions of liquid phases in fruit, meat, emul
sions, and even baked goods have been determined
by this very powerful and rapid method of nonde
structive analysis. An example is given in section
30.4.3.1.

30.4.1.2 Proton·DecoupJed Spectra of
Liquid Phases

The resonance of an observed nucleus like 13C may be
split due to spin-spin coupling with protons connected
to it by chemical ~onds. The resulting multiplets can be
collapsed by contmuously exciting the protons (at their
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resonance frequency) during detection of the carbon
signal. This is called low-power decoupling, and it
results in simpler spectra, better resolution, and better
signal-to-noise ratio, making chemical analysis much
easier.

30.4.1.3 Two-Dimensional NMR Spectra of
Liquid Phases

Liquid spectra often are crowded due to chemical com
plexity. By spreading this information over two or more
dimensions, crowding is relieved. Many kinds of 2-D
(and n-D) mm pulse sequences accomplish this. Over
lapping peaks are resolved, selectivity is vastly im
proved, and many more compounds can be analyzed.
Nondestructive chemical analysis of food liquid phases
by multidimensional NMR will become routine and
perhaps an. automated measurement in the future.
These methods already are becoming important in food
regulatory analysis such as authentication and detec
tion of adulteration in fruit juices, oils, wines, etc. The
method of site-specific natural isotope fractionation,
or SNIF-NMR, accomplishes these goals by measuring
deuterium and proton spectra, and calculating isotopic
ratio at every molecular site. The pattern of ratios
depends entirely on sample history.

30.4.1.4 High Resolution Spectra of
Solid Phases

Broadening due to strong magnetic inreractions in
solid phases can be relieved by three line-narrowing
techniques: high po w er decoupling, magic angle
spinning, and multiple pulses. In addition, sensiriviry
can be enhanced by cress polarization. A description
of the strong interactions and the line-narrowing tech
niques is beyond the scope of this chapter. However,
these methods have become routine. and it is possible
to obtain high resolution ?\'1vlR spectra selectively from
solid phases in intact solid and semisolid food materi
als, and to approximate the chemical composition of
solid phases. An example is given in section 30A.3.2.

30.4.1.5 Total NMR Spectrum

The total l\;"IR spectrum. i.e., solid plus viscous plus
liquid. can be obtained if the free induction decay (or
solid echo decay) is accui red under special conditions:
short pulses, defection within -l usee of excitation to
capture the full solid decay, sampling rate faster than 1
MHz to properly digitize the solid decay shape, long
detection time to capture iull liquid decay, and magic
angle sp.nrung to eliminate inhomogeneity broaden
ing of liquid resonances. The resulting spectrum has
two major (eatures. First is a very broad reson;:;1ce.
devoid of chemical information. but representing soiid
(and viscous. if present) which differ in their T"s. ~'\d
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hence in their line wid.ths, by a factor of ten to one hun
dred. The second feature is a set of narrow resonances,
a liquid spectrum. superimposed on the broad res0

nance, just dew percent as wide. as the solid. The high
resolution feature gives the composition of liquid
phases. The ratio of the integral of the broad feature to
the integral over all the narrow resonances gives the
(solid + viscousj-to-liquid ratio.

30.4.2 Instrumentation for High
Resolution NMR

High resolution NMR is done on instruments equipped
with stable electromagnets or superconducting sole
noidal magnets. Shim coils make the magnetic field
extremely uniform so that at least one resolution crite
rion is met (section 302.17, Equation [16]). Continuous
wave spectrometerS and pulse-Fourier transform type
spectrometers are marketed commercially. The pulsed
NMR instruments are far more versatile, permitting
spectral editing, multidimensional NlvlR, as well as
relaxation analysis. Newer instruments are more auto
mated, and can be integrated with robotics and labora
tory information management systems (L)}"IS).

Electronics for high resolu.tion NMR include mul
tiple frequency synthesizers (for excitation of various
magnetic isotopes), pulse programmer, transmitter
with several channels, broadband radiofrequenry
amplifiers, field-frequency lock to keep the spectrom
eter on resonance. multichannel probes with electron
ics for tuning to multiple frequencies and radiorre
quency coils for excitation and detection, broadband
phase-referenced receiver including filters, and ane
log-to-digital converter, The probe quality factor (Q)
usually is much higher for a high resolution probe tl-.a.....
for a relaxometry probe.

The da ta system for high resolution N;'"fR is ~ C(lr,.

puter that controls electronics, data acquisition, .:;-:::
data processing. The data system includes data disp ::.~',
software for creating and modifying pulse sesuenc~:" a
means for coordinating N1\.IR with control of sample
conditions and with robots, and transfer and storage
devices. Off-line data processing using commercial
software is common, since spectrometer computers ..rc
usually busy.

The rapid scan correlation instrument replaces CW
NMR. the hardware having been modified for better
resolution, higher signal-to-noise ratio. and gre.;!~e;

speed of analysis.

30.4.3 Examples of High Resolution
NMR Analysis

30.4.3.1 Analysis of Strawberry (Fig. 30-17)

Liquid domains in strawbcrrv fruit include the aque
ous intraccliulnr and interstitial Sp.1Ce5, and oily
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chemical shift I ppm

I
2.0

I
1.0

High resolution magic angle spinning proton 200 MHz N'/vlR spectrum of liquid phase components -ofintact straw
berry tissue, using D~'ITEpulse sequence for water peak suppression, and magic angle spinning ~1AS} to recover
resolution. From thisspectrum, the composition of soluble components was estimated: sucrose, 1.5 g/l00 g of tis
sue; d-glucoss, 0.99; d-fructose, 3.28; I-ascorbate (Vitamin 0,0.027; I-malate, 0.011; citrate, 0.47.Amino acids and
fatty acyl lipid resonances were identified but could not be estimated with confidence.

domains include lipid droplets and mobile regions of
bilayer membranes. Molecules in liquid phases are
highly mobile, giving a nice high resolution NMR spec
trum, as shown in Fig. 3O~17 for intact strawberry tis
sue. To get this spectrum, a small cylinder of tissue was
cut from a fresh strawberry and placed into a rotor,
which was then oriented at 54°44' (the "magic angle")
relative to the magnetic field, then spun about its axis
at several hundred Hertz. Resonances due to protons
in different chemical functional groups of sugars,
organic adds, and fatty acyl lipids were identified by
comparison to spectra of pW"e compounds. The com
position of the liquid phases of the sample was calcu
lated from integrals. The NN£R analysis was done with
out sample preparation beyond cutting a plug. There
was no grinding, separations, or chromatographic pro
cedures, or use of hazardous chemicals.

This high resolution spectrum is the "signature" of
this particular piece of fruit, a direct result of species,
variety, growing conditions, and storage history. This
spectrum could be placed with others like it in a library
of strawberry spectra. When a new spectrum is ob
tained, it can be compared with spectra in the library to
identify its origin and history. Such methods are under
intense development for their value in food science,
nutrition. authentication, and processing.

30.4.3.2 Crystalline Sugars in Licorice
(Fig. 30-18)

Before the spectrum in Fig. 30-18 was obtained, there
were only hypotheses about which components in
licorice, a semisolid confection, were in a solidlike

state. Licorice is made from wheat flour, oligosaccha
rides and sugars, water, emulsifiers, colorings, and fla
vorings. As it ages, it becomes tougher (even without
moisture loss), and has less flavor impact. High resolu
tion carbon-13solids NMR revealed part of the reason:
a substantial fraction of the sugars has crystallized.
Assignments of sugars in crystalline state were made
by comparison with spectra of pure crystalline com
pounds.

30.5 PULSED FIELD GRADIENT
NMR (DIFFUSION)

30.5.1 Description

This method falls into the class of relaxometry (Table
30-3), but also is done on high resolution and imaging
spectrometers. It requires special treatment. Transla
tional motion of molecules, i.e., diffusion, is important
in many food functionalities including processability,
nutritional quality, sensory quality, stability, or food
safety. For example, chemical reactions important in
processing and shelf life often are diffusion limited.
Processes such as crystallization, drying.. and hydra
tion are obviously limited by diffusion. The restricted
diffusion in emulsion droplets, or in pores in low
moisture or frozen food materials, has a signature that
tells u~ so~e~g about the microscopic structure.
Even bioavailability of nutrients in a bolus of material
moving through the upper intestine depends on diffu
sion. Thus measurement of diffusion is becominz a
more common analytical measurement. 0
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Car!xJn·13 50 MHz NMR spectrum ~f intact licorice, taken with sensitivity enhancement by CIOSs·polariz.ation
(CP), and line-narrowingby magic angle spinning (MAS) at 1.5kHz. and high power proton decoupling ('HD). Res
onances of DC atoms in sugars present in a crystalline state are identified by their chemical shifts. (Sample cour
tesy of Hershey FoodsCorp.)
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The principle of NMR diffusion measurement is
that when a molecule moves to a place where the mag
netic field is different, its resonance frequency will
change. The field difference may be present already
due to magnet inhomogeneity, or due to structures in
the food. Thus a strong gradient is assured by applica
tion of a stronger magnetic field gradient. The change
in frequency results in more rapid loss of transverse
magnetization. which is easily measured in spin-echo
experiments like t.'10Sf:: used to measure T:z: A typical
method is called pulsed field gradient spin echo
(PFGSE). Translational motions slower by four orders
of magnitude than that of water (in water) can be mea
sured with this technique. making it useful for viscous
and semisolid foods, and for variable temperature
studies. TI-,e PFGSE sequence employing the Hahn
spin echo and an attenuation curve are shown in Fig.
30-19. An important variant, the stimulated echo pulse

~
~

The principle of pulsed field gradient ~IR
IFFG;\'~lR) measurement of diffusion coeffi
cient in liquids. The pulse sequence is on the
left. and a simulated attenuation curve on thl'
rich], The diffusion coefficient is obtained from
t1,-~ slope of the line.

sequence, is preferred for measurement of diffusion in
viscous phases, and for detennination of droplet size
distribution and pore size distribution.

The experiment is repeated with different gradient
strengths g. The data may be analyzed graphically
according to the following expression

In[S(2'r)/S{O)] = -lg202D(6. - 6/3) [19]

where:

'( .. gyromagnetic ratio
g .. strength of the field gradient (Gauss/em)
0 .. translational diffusion constant (cm2/sec)

0= duration (seconds) of the gradient pulse
(j, .. diffusion time

This expression predicts that a plot of the natural lop
rithm of the attenuation versus g2 will be a straight line
with the slope proportional to the diffusion constant O.
Alternatively, the data may be fit by computer to the
above expression. Curvature may mean restricted dif
fusion, as within droplets in an emulsion (see thr'
example in section 305.3). Use of PFGSE NtAR requires
calibration of the field gradient strength.

Some typical diffusion constants are: water 1....

water at 20°C. 0 .. 2.3 )( 10...9 m 2/ sec; water in cheese,
0.39 x 10-9; triacylglycerol molecule in liquid milk filt.
D = -0.01 x 10-°.The diffusion constant is slower w hen
temperature is lower. when viscosity is higl:ler, or when
the liquid phase is highly dispersed, as for example the
moisture in bread,
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30.5.2 Instrumentation for pulsed Field
Gradient NMR

All that is required for PFGSE N:\IR in addition to the
basic instrumentation described for a benchtop relax
ometer is a gradient coil that, like the rfcoil, surrounds
the sample, an amplifier to deliver the direct current to
the gradient coil, and computer control of the start and
end of gradient pulses. Commercial software for
automating setup, calibration, parameter input, and
data analysis has appeared recently. When high
strength gradients are used, they may be actively
shielded to reduce interference with the NMR mea
surement.

30.5.3 Example: Fat Droplet Size Distribution
in Swiss Cheese

Droplet size distribution often is measured because it
affects rheology, appearance, texture, flavor release,
digestibility, and other properties of food emulsions.
Coulter counting requires liquefaction and dilution,
and conventional microscopy requires partial sample
destruction. The N1vIR method, based on the PFGSE
method described previously, makes the measurement
on the intact sample. It is spreading rapidly as a
method of choice. Some of the data from the first appli
cation of the method to food (Callaghan et aI.,1983)are
shown in Fig. 3Q.-20.

Here we see that the low resolution t-.fMR spec
trum permits separate observation of fat and water sig
nals in Swiss cheese. Attenuation curves (In[S(2"t}/5(0)]
versus rl were obtained once appropriate values of
the gradient pulse strength g, duration a, and 't had
been found, The data for the water peak (not shown)

1.0-o-~
~
Uf 0.1

3.6 ppm

Pulsed field gradient ~1vIR measurement of fat
droplet size distribution in Swiss cheese, low
resolution proton NMR spectrum shown on
left; attenuation curve for fat signal on right.
(Adapted with permission from Academic
Press, Inc From Callaghan, P.T., Jolley, K.w.,
and Hwnphrey, R.S. 1983. Diffusion of fat and
water in cheese as studied by pulsed field gra
dient nuclear magnetic resonance. Journal of
Col/oid Interface Science 93:521-529.)
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formed a straight line and were fit to the above expres
sion (Equation (16J), and the resul~ was D(H20) =3.9.x
10-10 m: sec'". This is about one-SiXth that of water 11\

water at th~ same temperature (30
Q C), and suggests

that water diffuses through a tortuous network on
casein particle surfaces. The data for the fat signal
formed it curve, indicating restricted diffusion, and
were thus fit to the following expression

In(S(2"t)/S(O)]=-et
2Ro

2(1 + cra2t l

- (l/2)ln(1 + era!)

where:

11 =mean fat droplet radius
cr =variance for a Gaussian distribution of

droplet sizes (oM would be the standard
deviation SD)

a 2
'; ifo2/ 5

The result for Swiss cheese was Ro =2.65 j.1II\ and a =
1.60 um. Clearly there is a wide spread in fat· droplet
sizes.

The above method used Fourier transform ~~1R

. for detection of the liquid signals, which are separated
by chemical shift. Even if a low field, low resolution
magnet were used, it would be easy to observe the fat
signal separately. As it turns out for Swiss cheese,
water proton T2 is much shorter (12 msec) than the liq
uid fat methylene proton T2 (40 msec). Thus by setting
the value of t to be several times longer than the water
proton Tl , only the fat signal would remain in the echo.

30.6 MAGNETIC RESONANCE
IMAGING (STRUCTURE)

30.6.1 Description

There are two major kinds of spatially resolved NMR.
The first, magnetic resonance imaging, or MRI, ob
tains an anatomical picture with resolution ranging
from macroscopic to microscopic. The second, volume
localized spectroscopy ("in vivo" N}.IR), obtains a
spectrum from a specific volume within a sample, the
size of the sampled volume ranging from macroscopic
to microscopic.

30.5.1.1 Magnetic Resonance Imaging
(Fig. 30-21)

The following is a simplified desaiption. The first step
of imaging is to get every position in the sample to have
a different resonance frequency, which is achieved by
applying magnetic field gradients. This is called fre
q uency encoding.The second step is to detect the N1olR.
signal; this is achieved by doing NMR experiments
such as single pulse Or spin echo, and synchronized
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used- in food research than analysis. This situation is
changing with the introduction of relatively low-cost
bench-top in\eging spectrometers, Very good imaging
tiJnes.·ilRd good n:salwtion (05 mm) in.food materials
already have been demonstrated with prototypes, This
is an exciting development with important applica
tions for quality measurements.

The great advantages of MRI over other kinds of
imaging are that it is nondestructive, it can useeinside"
the sample, and the basis ofcontrast can be chosen by
the analyst. The different contrast mechanisms, anFl
the analytical quantities measured are presented in
Table3D-S.

gradient

y ...

OBJECT

... x

NMR SPECTRUM

..
0 frequency

30.6.1.2 Volume-Localized Spectroscopy
(In Vivo NMR)

When the analyst wants to know the chemical compo
sition in a particular volume of a food sample, volume
localized spectroscopy is the method of choice. nus
method uses field gradients and special pulse se
quences to force the N}..!R signal to originate from a
selected volume. The resulting high resolution spec·
trum gives chemical composition in that volume alone.
Usually lH spectra are obtained. However, advances in
~u1se sequences and detector sensitivity have made
3C and other nuclei accessible by this method.

30.6.2 Instrumentation for Magnetic
Resonance Imaging

Magnetic resonance imaging and volume-localized
spectroscopy both require tha t the spectrometer be
equipped with magnetic field gradient coils (r. y, a,l,d
z), gradient drivers, and computer control over gradi
ent strength. duration, and timing. The radiofrequency
coils for volume localized spectroscopy usually do not
completely surround the sample, but may be fla: or
curved, and placed on the surface of the sample \\'hile
it is still in the static magnetic field. These are called
surface coils. Advanced software makes it easv to set
up and perform routine MRl, and to reconstruct and
display images. Quantitative analysis is more chal
lenging. MRl also has been sued to follow flow, tem
perature, phase changes, and structure changes in food
during real processes.

30.6.3 Example: Oil. Water, and Sugar Images
of a Grape (Fig. 30...22)

In rope's classic MRl study of a grape. he produced
images of lipid only (the seeds show up), sugar only
(regions in the pulp with higher sugar content are
brighter). and water only (the skin and seeds have less
Willer than pulp). This' was accomplished by using
chcmic.ll shifl imaging. \-fany different kinds of foods
r.ave been im~s('d this W3:-·.

time·

L

90~-1]_radiofrequency
pulse

NMR signal

frequency
encoding
gradient along x

Principle of frequency encodlng in mag-:-.etic
resonance imaging. The i\."MR spectrum sr.own
is actually a one-dirnensional image or projec
tion of spin density onto the gradient direction.
.-\. "slice" of the sample can be selected by using
a specially shaped 900 pulse, and by applying
additional gradients. Such two-dimensional
images can be obtained "ery quickly for nearly
any kind of food material.

with the gradients. The third step is to convert the NMR
frequency back to position. This is called recons true
tion. The result is a mOlp, more or less faithful to the orig
inal structure.

Usually, the image is a two-dimensional slice of
finite thickness, the plane being oriented in any desired
direction. One-dimensional images are projections of
the structure along one direction. Three-dimensional
images also are useful. These have to be viewed as
series of slices or as solid surfaces.

\Nhen resolution in an imaged plane is 10:1 J,.::11 or
less, it is called NMR microscopy, or mlcrcirnaging.
The best routine microscopic resolution is a volume
element (voxell whose dimensions are 10 )( 10 x 50 urn.
near the size of plant and animal cells. NMR micro
scopy is not as economical or resolved as other ir:-.:S:;"lg
methods such as light microscopy; it is more \\·idL'I~·
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Methods end Analytical Appllccflcns of Mognel1c: Resonenc:e Imeg/ng

Basis fer Contrast

Spin density

Chemical shit! or fre
quency

Molecular transla
lional diffusion

Relaxation lime
weighting (T1• T2•

T1,)

Relaxaticn time map
ping (f:. T2• T,,)

Analytical Quantity
Imaged

Pure anatomy

Chemical composi
tion

Diffusion constant

Anatomy with con
trast enhanced by
relaxation

Actuaj value of local
relaxation time con
stant

Pulse Sequence
(exampfes)

2D-FT (spin-warp)

CHESS

STEAM

Variations on spin
warp that select for
species with relax
ation times longer
than some mini
mum

T,; inversion or satu
ration

T2; Hahn, Carr Pur
cell, stimulated
echo for liquids

T2: Constant time or
single point imag
ing (Spr)

Form of Data

10: graph of intensily
versus position

20: picture. where
inlensity is given a
grayscale or color
vall.:e

30: "solid" array, usu
ally projected onto
two dimensions at
a time

Difference. maps from
a time series show
change. e.g.• diffu
sivity of moisture or
salt

Separate images
given for different
selected reso
nances or com
pounds in liquid
slate

As forspin density,
except that"bright
ness" corresponds
to rate of diffusion

As for spin density

Sarles of imagescor
responding to vari
able delay in pulse
secuence: relax
ation curve ana
lyzed at each posi
tion; plot separate
amplitude and time
constant as pixel
intensities; do this
for each resolved
relaxation compo
nent

Applications

Anatomy, macrostruc
ture. microstructure of
intact foods

Processes;
hydration/dehydration:
btining of muscle
roods and cheeses:
phase changes. foam
collapse. hardening!
softening

Localization of sweet
regions in fruit

Localization of lipid in
processed meats

Find regions of high
water or lipid mobility
in anykind of food

Highlight regions of high
or low water mobility.
or much or little
water-macromolecule
interaction

Map 01 solidity in gels,
bread. semicrystalline
fat, confections. frozen
teeds etc.

30.7 ESR ANALYSIS (FOOD SAFETY)

30.7.1 Description

30.7.1.1 Rationale for Use of ESR

ESR detects organic free radicals, molecules in trip let
states, and paramagnetic metal ions. Use of ESR in
food analysis is important because:

1. High levels of free radicals and extensive oxida-

tion are nutritive and medical liabilities, and
foods must be examined for their safety.

2. High levels of free radicals also are signs of
improper use of ioniZing radiation (such as
gamma irradiation), abusive processing, or
chemical or biological deterioration. Their pres
ence indicates the need to change how the food
is handled.

3. Not all countries permit sale of irradiated food-



474 Part III • Spectroscopy

Anal ytica l ESR measurements on food arc- u~ u.: ! : :, ·

done on bench top analyze rs (schema tic. Fig. 3(1':23 \ b:.'
the Held s\\·ecp CW me thod using an eh:-ct:or:l,"l. !:-4,c!.
Electron precess ion frequencies ·:Bo/2:r. arc ~: C;-L:
(s igahcrtz) for ITlJgnc t field s trengths of ;;,:: ,) ~ :! 0.3
Tesla. Nine GHz corresponds to 3 cm wa -..c:: lcnS::l . TLi !.
is the Xcband of the microwave region 0: the clcc:ro
magneti c spectrum.

The resonan ce field for X-band ESR is the masn('::,:
pa rt of the electromag-netic rad iation from a m iG o \\ '''''' ·. t
sou -co. u sually a k ly stro n or a gun n g ene ro"lt or . T7' '.'
scrno le is contained in the resona tor cavirv berwcc r- .' .v
pole's of the magnet. Du:ing the field sweep, resonancc
pertu rbs the microwa ve po.....-er leve l in the cavitv. :\
phasc-scnsirivc de tecto r pic ks u p the sipal, which is
then d isp layed on a char: OJ v ideo mon itor. f or scnsi
tivitv r (' J SOfl.5. a method called field modulat ion often
ls ace -lied. The result is tha t the firs t d eriva tive of thL'
ESR s:, ec tru m. dS /dB, is d isplayed, where 5 is the E.S r~

the drier and more solid the m aterial. So metimes they
may be che mically trap ped (spin-trapp ing) lon g
en ough to be detected.

The origins of free ra dicals in foo ds are: (1) those
p roduced bv irradiation with y-rays (as used in food
s teriliza tion) or other ionizing radiati on, and (2) those
p roduced by chemical reacti ons occurring naturally
during ageing of food (e.g., lipid oxidati on); during
p rocessing (hea tin g. grinding. drying, freez ing, etc. );
during addi tion of antioxidants or p rooxidants; or dur
ing browning (apples), greening (potatoes), re ddenin g
(meats), and o ther colora tion reactions .

Pa ramagnetic ions occur n aturally in foo d, inc lud 
ing m anganese (Mn), iron (Fe), and copper (C u). These
ma y occur naturally in an ESR-d et ectable slate, bu t
sometimes they m ust be bro ugh t to an appropriate oxi 
dation state to be made ESR-detectab le.

It is po ssib le to syn th esize stable free ra dicals for
us e as m olecular mobility probes . They can be solubi
lized in oil or water, or attached covalently to sped..5c
food components such as proteins, po lysaccharides, or
lip ids. They then can be incorporated into a food ma te 
rial, and used to measure changes in molecular motion
that occur d uring gela tion, adsorption, partitioning
between oil and water, changes in membrane fluidity
(important in oxidative s tability of produce and mus
cle foods), protein denatura tion, and o u..er m olecular
processes. A probe in a Iiquidlike state p rod uces nar
rower, better-resolved splitting patterns. while one in a
solidlike state p roduces broader lines , u? to a E...-;;,:I,
pas t which further reduction in m otion p -odcccs :10

further change in line shape.

30.7.2 Methods and Instrumentation

30.7.2. 1 Bench-top ESR Spectrom eter

oil image

water image

sugar Image

~
sugar

! , • I , I , ! !

e 7 6 5 4 3 2 1 0
chem ical shift I ppm

30.7. 1.2 Orig ins of Fre e Radicals and
Paramagnetic Ions

Siruarions in which free rad icals a nd pa ramagne tic
ions a re im porta nt in foods are listed in Table 30-6
(mo lecules in a tr ip let st ate (Ire no t conside red here) .
Fre e radic als are m olecules con taini ng an unpai rec
electron, c. s.. ca rbon atom rad icals in Irrad iated sug
ars. The rad ical m ust exist long enough to be d J: t ec~('d .

Most free radicals a re uns table cue to the ir cn e:-:-, !cJ!
reactivi tv, So me are "sc avenged" by natu rally occu r
ring compounds in Ioods. such es Vitam in E (o-toco 
pherol ) and fl evenc ids. They gen era lly survive lons e:,.

Chemical shift images of wa ter, oil. and SlJSa.:
in an inta ct grape. Reproduced with permis
sion from VCH Publishers. New York, :-"-Y.
[From Pope. J.}"' L, 1992. Ap plications or chemi-
cal s hift microscopy to non-isnvasive histo
ch emistry of plant materials . 1-\ M:1gnt:ic n-so
nonce Micr~3copy. B. Blumich. and \\'. Kullu-:
(Eds .), VCH. :-:. ;" York.]

s tuffs . and imp orts mus: be tested i:.-: exp osl...:.,e
to ioniz in g radia non.

4. Evaluation of rad ia tion dose and cfficie:1cy of
irrad ia tio n is needed where Irradiarion is ocr
mitred.

5. An tioxid ant and p rooxid an t zcriv irv arc <1 ': ( 01':'\

panied by tr an s ient (an d sometim es permanen t)
p rod ucrion of free rad icals. an d c nd e-stea d inz
ihe~(' processes is critical in resea rch or, n.::tl~ ral
and ::'-:;'1theric an tioxidan ts used to s.cbi lize
faa":.

wat er
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Ein
~ ESR Anolytes In Food Materials

Source Materials in Which Analyte Is Found

Free radicals produced during
food irradiation

Free radicals produced in food
processes

Paramagnetic ions

Added free radical probes used to
report molecular mobility and
binding

Meats containing bcr:e
Fish bone
Spices
Nuts
SheUlish shells
Cereal grains
Frozen foods
Carbohydrates (sugars. gums)
Fats and oils
Fresh and dried fruits
Fresh and dried vegetables

Upid oxidation (meats, fish. vegetable oil, oilseeds,
orange juice essence. etc.)

Oxidation of natural polyphenolic compounds (teas.
apples, etc.)

Coffee aging. coffee extraction
During Vitamin E activity in oils
Beer staling
Unsaturated tat oxidation of protein
Browning reactions (many toods)
Greening reactions (potato)
Blueing reactions
Reddening reactions (meats)

Copper in soy sauce and various foods
Mn in various foods
Cu in various foods
Fe in various feeds

Starch
Gluten
Whey protein concentrates
Oil and water contents
Carbohydrate glass transition
Protein glass transition
Membrane fluidity

signal and 8 is the field strength (see the example in
section 30.73).

30.7.2.2 Samples

Samples for ESR analysis can be nearly anything. Vol
umes are generally small, typically 0.1 an3 (or 20mg of
a powder) but larger in bench-top ESR instruments.
High quality sample tubes (quartz) are usually needed.
Sample shape and position affect results. Since water
absorbs miaowaves efficiently, detection efficiency is
better the lower the H20 content of the sample.

30.7.2.3 Analysis of ESR Data

A free electron has a spin quantum number of 1/2
Thus there are two energy levels in a magnetic field,

computer
storage
printer

lock-In ~ j
amp ~~

Schematic diagram of an ESR spectrometer for
analysis of free radicals and paramagnetic ions
in food materials.

•
I
I

cavity with sample

source

magnet
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30.9 STUDY QUESTIONS

30.8 SUMMARY

1 mT

Effect of irradiation dose on ESR signal from
freeze-dried chicken bone powder obtained
from y-irradiated chicken. (Reproduced with
permission from Bruker Instruments, Inc., from
Gray, R. and Stevenson, MH. 1992. The use of
E$R spectroscopy for the identification of irra
diated. food. In Bruksr Report, 1991-1992,
Bruker Instruments, Billerica,l\.1A.)

~
~

Why is the sample immersed into a magnetic field?
"'l \Vh:1t is the~.f{C'Ct on nuclear precession or increasing the

Lrld s!~nglh?

349.5 mT

t

The principles of magnetic: resonance are the same for
NJv!R and ESR. A sample magnetization can be manip
ulated to produce a detectable signal. Due to the sensi
tivitv of nuclei and electrons to molecular structure
and motion, it is possible to extract chemical (cornpcsi
tional, reactions) and physical information (solidity,
liquidity, diffusion, flow) from food samples. Instru
mentation involves a magnet to polarize the spi.....,s; a
transmitter of an oscillating magnetic field; a probe to
hold the sample and permit excitation and detecticc: a
receiver: and a data system. It is often possible to con
trol sample environment to correspond to functional
conditio~. Robotics and connections to laborarorv
information management systems are implemented :n
commercial instruments. Magnetic resonance methods
are essentially nondestructive, except for preparing a
sample that fits the probe, Potential issues are sensit.v
ity and selectivity. Problems with magnetic resonance
analysis due to expense and complexity are ver; ..
quickly yielding to new technology and education C'i
users. Magnetic resonance devices serve in food re
search and analytical labs, in quality control labs. and
as sensors in food processing operations.

[211

J.lll =Bohr magneton
g =electron g-factor of the paramagnetic species.

The position of the resonance in the ESR spectrum is
usually given in units of the magnetic field instead of
frequency, e.g., 320 milliTesla (mn. From this, the g
factor for the species can be calculated using Equation
[20] and the fact that ll/J.lB =71.4448 mT/GHz.

A free electron has a g~factor ge 'value of 2.0023.
Radicals and ions in foods have values that are differ~

ent from this, and this sometimes helps identify the
ESR-acti\'e species. Another aid to assignment is the
fact that ESR resonances often are split (in ways that
depend on molecular structure) via spin-spin interac
tions with other electrons or nearby magnetic nuclei.
Mn2.., for example, often found in seafood, often gives
a six-line ESR resonance.

Intensity of the ESR signal is measured either as
peak height or peak area over a certain range 0: the
ESR spectrum. Results then can be expressed as ESR
signal intensity per unit weight 0: sample. This a.n ::' the
principles ior assignment (previous paragraph) form
the basis for quantitative analysis of food materials by
ESR.

If several ESR-active species are present. their sig
nals will superimpose. Irradiation of food with ':-ra)'s
often will produce free radicals. and thus an ESR
response appears where there was none before, or irra
diation may add a new kind of signal to a nr:r:.::ally
occurring one in the E5R spectrum.

one transition between them, and therefore [ust one
line in the ESR spectrum. As in mm. the electron spin
magnetic moment interacts with the local magnetic
field. However, instead of expressing this as the chem
ical shift, in ESR the resonance condition is expressed
as

where:

30.7.3 Example: ESR Analysis of Irradiated
Chicken (Fig. 30-24)

Fresh chicken was irradiated with y-rays from a cobalt
60 source. Freeze-dried chicken bone powder isolated
from irradiated chicken was examined in a Bruker ESP
300 ESR spectrometer with TEl 04 cavity, This is an elec
tromagnet, X-band ESR instrument. Gamma irradia
lion induces ionnation of CO!' radicals in crystalline
hydroxyapatite regions in bone. Intensities were nor
malized by the sample weight. It is clear that ESRsign~l

intensity per gram of bone powder is proportional to
irradiation dose. The irradiation dose for an unknown
thus could be determined by measuring the E5R sign:!!
and interpolating from the dose-response curve.



3. Phases in frozen fruit. The total proton free induction
signal from a sample of frozen fruit at home freezer tem
perature (_18°q was fit to a sum of three decays. The
type, amplitude, and decay time T2• are given in the fol
lowing table.

inspiration. i'l')"lR. comes to mind. To decide what NMR.
measurements to make, you will have to answer the Iol
lOWing questions: (a) What precisely are the 5ClSOry tex
tural qualities that are important to product acceptance
and liking? (b) What are the instrumental textural mea
surements you would normally make in quality control?
(c) Since structure and composition determine texture,
describe the structure at the visible and microscopic lev
els. (d) What are the solid, semisolid, and liquid phases
that exist in this food? What are their relative amounts (in
griU'llS per 100 grams of product)? (e) What NMR mea
surements would you make that should correlate well
with instrumental and sensory texture assessment? (f)
Other kinds of sensory qualities, like flavor, are harder to
assess by NMR. What are some complementary food
analytical methods for total quality assessment for this
particular food?

2. Water mobility in bread. Scores for perceived moistness
and tenderness are lower (compared to a standard
recipe) for bread made with flour from a new wheat vari
ety. Both breads have 38"'0 moisture by analysis. From the
clue about moistness, you think it has something to do
with the mobile water. You decide to estimate water
mobility in terms of the water proton transverse relax
ation time T2' Youdesign a CPMG measurement to detect
the most mobile water, by using a value of t =5 msecfor
the delay between the 90"and 180° pulses. You collect ten
successive echoes. The intensities are tabulated below. (a)
From these data, obtain a value for the water proton T!_
(b) Compare this value with that for pure water, T2 = 3.0
sec. (c) Propose an explanation of why they are so differ
ent.

n M(t) n M(t)

1 709 6 125
2 522 7 98.2
3 368 8 69.5
4 268 9 47.3
5 182 10· 36.5
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3. What is the effect on the magnetiz3tion M, ofapplying an
oscillating magnetic field B\cos(wt), that is on-resonance
(w =Larmor frequency wt}, and perpendicular to the sta
tic field, for a shorttime ';.?

4. In pulse NMR, why do we apply a 90° pulse?
5. What is the free induction d~ay?Whatmust you do to

get the NMR spectrum from the free induction decay?
6. What is transverse relaxation? Describe two kinds of T!

measurements. Why does transverse relaxation happen?
7. What is longitudinal relaxation? Describe a measure

ment of Tj, Why does longitudinal relaxation happen?
8. Why is it possible to distinguish all the different atoms in

a molecule in a high resolution NMR spectrum?
9. How are the N1vfR signals from rigid crystalline, viscous,

and fluid phases different? Why are they different? What
kind of relaxometry measurement can obtain all three
signals in a single measurement?

10. What are three characteristics of a resonance in an NMR
spectrum that are useful for chemical analysis?

11. List the four major types of analytical NMR. For each.
give two types of measurements. For each type of mea
surement, name one application to food analysis.

12. What are three reasons to measure free radical activity in
foods?

13. Why do you expect to find an ESR signal for just about
every food material? Why are they not always evident?

14. In NMR, a signal is primarily iden tified by its resonance
frequency or chemical shift. What is the corresponding
property in ESR?

15. Draw the chemical structure of glucose. (a) How many
chemically inequivalent carbons are there? (b) How
many magnetically inequivalent carbons? (c) Carbon res
onances are split by J-eoupling to bonded protons.
Assume that you use low power protondecoupling to
avoid this. How many resonances are there in the solu
tion spectrum? (d) What is the ratio of peak intensities?
(e) If an aliphatic carbon is more shielded by local elec
trons than an alcoholic carbon atom, then which will res
onate at a higher frequency; the C-6 carbon or the C-2 car
bon?

16. Drawa triacylglycerol molecule with three C-16 fatty
acyl chains. Give each chain a double bond at the (9.10)
positicn (the carbonyl carbon is position 1). (a) On this
picture, identify the following chemical functional
groups: methyl, methylene, methene, ester, glyceryl. (b)
Protons of each type resonate in different regions of the
N1vlR spectrum. What are the relative areas in the spec
trum of this pure compound in a liquid state? [Hint How
many hydrogens (and therefore \H nuclei) are in each
group?]. (c) Using NMR, how could you estimate the
unsaturated/saturated ratio for fatty acids in an
unknown fat?

Type of decay

rapid Gaussian
intermediate exponential
slow exponential

Amplitude

529
189
37.8

Ti/sec

8.0)( 1tr
9.0)( 10-5

1.6)( 10-3

30.10 PRACTICE PROBLEMS

1. Quality assessment. Pick a specific snack food from the
foUowing general groups: fresh fruit, nuts, cookies, chips
(any kind), c:ured meat. cheese. Youare in charge of qual
ity control for that product. You already assessed textural
quality by making instrumental measurements, but you
want to try non-destructive evaluation. in a flash of

(a) From the amplitudes. calculate the relative amount of
each decay component (b) From the decay times Ti, cal
culate the line widths (in kHz) that would be observed if
you transformed the AD to a spectrum. (c) Propose the
origin of each signal. [Hints: (1) The fruit sample is 90%
water, 6% sugars, and about 3"10 cell wall material. (2)
Upon freezing, ice crystallites form within vacuoles in
cells, leaving a freeZe-concentrated mixture of water and
solutes between them. Concentrated mixtures can get
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(a) Calculate the molar ratios of these solutes (sucrose
MW ... 342.3, glucose 180.16, fructose 180.16, citrate
191.1 ::). (c) How are the molar ratios related to perceived
sweetness? (c) The spectrum in Fig.30-17 is still crowded.
Specify 1\.... 0 ways to relieve the crowding and explain
briefly why each will work.

7. F~l droplet size distribution in cheese and cream.
Pulsed field gradient NMR was applied to samples of
Cheddar cheese. Swiss cheese, and cream. Curves like
those shown in Fig. 30-20 were obtained. The data were
fit to Equation 1201 to obtain the mean droplet radius r....,.
and the width of the distribution expressed as its st.~f'I

dard deviation. The results Me given in the follo"'in~;

table.

highly viscous as temperature goes down. (3) Some
water in foods is resistant to fmezing.. The unfreezable
amount is proportional to the macromolecular content
of the sample.] (d) Why do you· think that deteriora
tive reactions that affect aroma, color, and nutrient con
tent of frozen foods can occur at home' freezer tempera
ture?

~. Brining of cheese. You are-working with food engineers
to optimize the brining step in Cheddar cheese manufac
ture. The engineer.; need dats for their model for migra
tion of salt into the cheese slabs. You design II magnetic
resonance imaging measurement to get the data. (a)
Draw a aoss-section of a cheese slab. Indicate the posi
tion of the advancing salt boundary at different times of
brining. (b) What magnetic nuclei are candidates for
imaging this process? Which do you prefer and why? (c)
Would you use 1-0, 2-D,or 3-D imaging? Why? (d) What
do you think is the better basis for contrast (1)spin den
sity (proportional to concentration of the observed
species), or (2) spin relaxation (proportional to rotational
mobility and local interactions with other molecules)?
JUstify your choice.

5. Food irradiation. Using the data in Fig. 30-24: (a) Con
struct the dose-response curve for chicken bone powder
from irradiated chicken. [Hint Measure the major peak
height in DUn, then divide all heights by the largest
value.] (b) You make an ESR measurement on chicken
bone powder hom a sample of unknown radiation his
tory, obtaining a value of 0.55. What was the probable
radiation dose? (c) Is the sensitivity of the ESRmeasure
ment higher at lower or higher radiation doses? (d) Why
are measurements made on powder rather tha.., meat?

6. Composition of intact fruit tissue. By analyzi.-1g inte
grals of various peaks in the strawberry spectrum b Fib'
30-17, u...e following results were o=-t2~'f'd:

Content +1-50 (gl;OOg tissue)

1.50 +/-0.20
0.90 +1-0.12
2.99 +1-~.39

0.-'3

Answers

(a) Skrtch th~istributions.[Hint: Assume normal dis
tribution (bcl1.peci), and allow all curves to have the
same- hright in your sketch] (b) List the samples in
descending order of mean particle radius. (c) List the
samples in descending order of the width of the distribu
tion. (d) Why do you think the cheese droplet size distri
butions are so much wider than the aeam distribution?
(e)Sensory qualities of appearance, stability, tex~, and
flavor of cheese might be affected by the mean radius and
dishibution width. Why?

8, NMR of cinnamon rolL A cinnamon roll has the mois
ture content of white pan bread; shortening and sugar
were added to the dough; and the smear is made from
margarine, water, and brown sugar. Much to your sur
prise, the magic angle spinning proton NMR spectrum
taken at room temperature reveals resolvable pew in
the spectral regions expected. for triacylglycerol protons
(Study Question 16), a duster of peaks in the carbohy
drate region (something like those in Fig. ~17), and a
sizable water peak. (a) \lVhatcan you say about the iden
tity and motion of the molecules producing these res0

nances? (b) Both margarine and shortening are semisolid
fats. In the first approximation, how much of the total fat
do you expect to be represented in the high resolution
spectrum? (c) When you taste the roll, you notice sugar
crystals. If you know the total sugar, and can measure the
mobile sugar from the proton spectrum, how much of the
sugar is crystalline? (d) If you wanted to "see" the crys
talline fractions of fats and sugars, what high resolution
NMR method would you use?

9. MRl of cinnamon roll. Conventional MRJ often uses a
spin echo pulse sequence (900

- TE - 1800
- echo), and the

voltage at the top of the echo is recorded. The value of IT
can be selected by the operator. If TE is short (com;:-arec
to liquid transverse relaxation), then liquid compocerus
with T~ from short to long are detected. UTE is long.
then liquid components with long Tzs are favored. To
prepare to do some MRI measurements of cinnamon
rolls. yOU first estimate T2 bv the line width method (or
all peaks in the magic angle ~pinningproton NMR srec
truro for the cinnamon roll (see Problem 8), and gc :..'ie
following values: water, 10 msec; sugar, 50 rnsec: :::::-:.
acyl, 200 rnsec. Now you are ready to do ~1RI. (a) ::0\"
would you discriminate against the water signal? \·:;-',H

would you then be imaging? (b) How would you c:,·
criminate against the water and sugar 5lplals? '\':,.:.:
would you then be imaging?

Note; With the exception of Problem 9. the problems art ~cZlI

applications of :\-:-'fR o1nd !\.[RJ to food quality issues brought
10 the author by rood and food ingredient companies.

1. Qual ity assessment. It is up to the instructor and stu
dents to choose J snack food and answer questions 1,1 i

>,IISCry texrural qualities: (b) instrumental texrural ~f?.:l.

surernents (s-eeChapter 34 in this book); (c) description oi
structure Jnd composition at the visible and microscopic
levels: (d) t..~e solid, semisolid, and liquid phases lhal
exist in th:s i.:x>J,and their relative amounts. For (e). can'

1130
1100
550

SDlnm

2100
2650
1650

Rclnm

Solute

sucrose
glucose
fructose
citrate

Sample

Cheddar cheese
Swiss cheese
cream
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suit Tables 3~3, 30-1, and 30-5 far ~"},lR measurements
that should Correlate with texture assessment. (f) Com
plementary analytical methods for quality assessment
include quantitative sensory evaluation, gas chromatog
raphy and high pressure liquid chromatography to iden
tify flavors and aromas, differential scanning calorimetry
to measure crystallinity Orglass transincn, and so on.

2. Water mobility in bread. Students should refer to section
30.2.11 for the CPMG equations, and Fig. 30-9 for the
CPMG pulse sequence. (a) Create a table with four
columns: n (given), t =2m (calculate from n and 't =5
msec), M(t) (given), and lnM(t) (calculate). Draw the
graph y :: Jnl\.t(t) with values of the ordinate from 3.0 to .
7.0; x:: t:: 2'm/msec, with the range on the abscissa from
oto 100. Draw the best straight line through the points.
Select two widely separated points on the line, and cal
culate the slope [?vl(tl) - M(t2)II(tl - (2)J. From the fact
that the slope:: -1/T2 calculate T2• Answer. 30 msec, (b)
This is two order of magnitude shorter than T2 of pure
water. (c) Possible reasons are: (1) Water motion is some
what restricted because much of it is confined to hydra
tion layers on starch and protein. (2) Water molecules
that hydrogen-bond to strong donors and acceptors on
the macromolecular surfaces are less mobile than water
molecules hydrogen-bonded to each other. (3) Water pro
tons may exchange with labile macromolecular protons:
starch hydroxyl -OH; protein amine -NH3+ (lys), -NH
CNHt}NH2 (arg); protein carbonyl -COO- (glu, asp);
protein amide -eONH (peptide) and -CONH1 (gin, asn),
Exchange shortens the water proton T2'

3. Phases in frozen fIUiL Students should refer to section
30.2.12 and Fig. 30-10 for the free induction decay, and to
section 30.2.11 for the equation to calculate line width
from T2 (a) Complete the table: add a column for (A/U)
)(100~.., and one for line width 6.vl/2=1f;tT"2/Hz. (a)The
relative amounts are 70%, 25%, and 50/e. (b) The line
widths are 39.8 kHz, 3.54 kHz, and 0.199 kHz. (c) The
70% signal is due to water protons in ice. The 25% signal
is due to the freeze-concentrated phase and contains pro
tons from sugar and water. The 5% signal is the liquid
that hydrates cellular organelles, mainly cell walls" and
contains protons from water and maybe some sugars. (d)
Deteriorative reactions occur because reactants may dii
fuse through the hydration phase. Enzymes may aiso be
active in this phase. Functional groups in macromole
cules are more accessible for reaction when they are
hydrated.

Additional questions for students: How would this
kind of analysis be useful for understanding stability and
sensory properties of ice cream? For quality assurance in
frozen food processing plants?

,l. Brining of cheese. Students should refer to section 30.6
for general imaging. Table 30-1 for relative sensitivities of
nuclei, and Table 30-5 for types of:o.oo contrast. (a) The
cross section shows concentric rectangles, the innermost
being the brine front at the latest time of observation. (b)
Sodium-23 (DNa) is the best choice for nucleus detected
in MRI, because the species of interest is the sodium ion
Na", Chlorine-35 (JSCI) is an obvious alternative. How
ever, Table 3~5 shOWS that the sensitivity (relative to IH)
for detection of DNa is 9.25 lC 10-2

, whereas the sensitiv-
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it-I for JJCl is only 4.7 lC 117"'. IH would be a good choice
if some properey of the IH signal (line width, T2, TI diffu
sion const.lnt. ete.) were found to be proportional the
local salt concentration. This is possible, and would
require testing these different bases of contrast. Students
should be given c:red.it if they choose 'H and make the
point about proportionality to salt concentration. (c) 2-0
im.lging (image of a virtual slice) is the best because it
will produce a picture just like the drawing. (d) Spin den
sity is the preferred basis for contrast, because the pixel
intensity at each location will then be directly propor
tional to concentration.

Additional questions for students: Name some other
food processes that involve migration of a low molecular
weight component into a matrix. [Answer: layered foods
(e.g., pizza), candies with centers (e.g., peanut butter
filled chocolate cups), filled snacks, etc.] What would a
series of images taken at different times of brining look
LL'<e? [Answer: Assume pixel is brighter, the higher the
local 2JNa concentration. Then as time goes on, bright
ness moves toward center of slab cross section.] How
would one convert this series into a mass diffusivity
map? [Answer: For every pixel in the image, draw the
intensity vs, time curve, and extract the time constant bv
fitting to a siInple decay function. Then create a n~
image where pixel intensity at a point is equal to the time
constant at the point]

S. Food irradiation. Students should refer to section 30.7
for general f5R. section 30.7.23 for quantitalive ESR,and
Fig, 30-24 for the data. (a) Create a table with three
columns: dose/key (given), signal height/mm (mea
sured by student), nonnal.i.zed signal = signal height/
max signal height (dimensionless). Draw the graph y ::
normalized signal, ranging from 0 to 100:x ...dose/kGy.
ranging from 0 to 10.Draw the best smoolh curve through
the points, (b) approximately 6.7 kGy (the value will
depend on how the student draws the curve and their
skill in graphic interpolation.) (c) Sensitivity of the mea
surement is greater at higher radiation doses. (d) Free
radicals are more stable in dry than in wet materials.

6. Composition of intact fruit tissue. Students should refer
to section 3004 for general high resolution NMR. section
30.4.1.1 for single pulse~"M:R.section 30.43.1 for straw
berry, Fig. 30-17 for strawberry. and Table 30-4 for hints
on relieving spectral aowding. (a) Complete the table as
shown:

Content +1-5D Content! Ccntent!MW.;-
Solute (g/lCCg tissue) MW va{ue for glucose

sucrose 1.50 +/-0.20 0.00438 0.876
glucose 0.90 +/-0. 12 0.00500 1.000
fructose 2.99 +/-0.39 0.0166 3.32
citrate 0.43 0.00225 0.45

(b) Molar amounts determine sweetness, not weight per
cent, because taste receptors interact with Single mole
cules. Fructose. which is Sweeter than glucose or sucrose,
and has a large molar excess in this particular strawberry,
will dominate sweetness. (c) Select two: (1) Increase field
strength~ then tH resonance frequency increases from
200 MHz (Fig. 30-17) to 400, 300, 600 MHz. or higher. The
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separation between peaks will increase proportionately.
thus relieving crowding. Sensithity will also increase
(section 30.2.17 and Fig. 30-14). (2) Use 2-D NMR (e.g,
homonudear correlation spectroscopy (COSY), but stu
dents would not be expected to know that). Resonances
get spread out over two dimensions. (3) Switch to car
bon·13 detection. 13C has a20-fold greater range in chem
ical shift. so peaks are more spread out. Also, if low
power proton decouplingis used. there wiu be only one
resonance per carbon atom, compared to multiplets for
every hydrogen atom as in IH NMR

Additional questions for students: How could high
resolution NMR analysis beapplied to quality control for
sweetness perception? [Answer: It tells geneticist.
grower, and processor the target sugar mixrure.] How
could this kind of analysis be used in processing that
directJyaffects liquid-phase composition? (Answer: ther
ma! processing, enzyme processing. fermentation, etc.].
How could this kind of analysis be used for quality
assessment? [Answer: readiness for processing, storage,
transport, or consumption of fresh fruit and vegetables.]

7. Fat droplet size distribution in cheese and cream. Stu
dents should refer to section 30.5for general PFG NMR.
and especially section 3053, Fig. 30-20, and Equation
(20) for droplet size distribution analysis. (a) Draw three
curves, each bell-shaped. The range on the abscissa is
from 0 to 5000 nm. The maximum of each curve is right
above its value for Ro on the abscissa. The width of each
curve at half height is approximately equal to two times
the SO. The curve for cream is to the left of the others, and
is narrower. The curves for the cheeses are very broad.
and overlap considerably. (b) Swiss > Cheddar> cream.
(c) Cheddar> Swiss> cream. (e) Droplets probably
aggregate during cheesemaklrnsand ilgei.'\g.The emulsi
fied droplets may become less st2ble due to t..'1e acton of
proteases on proteir:.s L"lat stabilize :he emulsion surface.
(e) Appearance: more particles, especially those with
sizes near the wavelength of lig:-,!. means more opaque.
and lighter color. Texture: hare to predict, but smaller
particles could mean stronger protein network architec
ture. thus greater hardness, lessfracture. Stability: oiling
off occurs in natural cheeses because fat droplets are
larger. and have greater tendency to break down into fret:
fal and escape al a cut surface. Flavor: smaller droplets
could mean less tlavorand aroma impact. at least for the
oil-soluble stimulants, because not a~ many droplets are
broken down upon cutting or chewing. Comment: While
it might have confused the students to include the exper
imental uncertainties, the standard deviations (SD) for
measurement (as distinguished from the SD of the distri-

. . bution, a parameter of the curve fit) for reported values
of Ro and SD were actuallv verv small. Thus the PFG
NMR measurement of droplet size distribution has good
precision. and dinerences between these distributions
are quite real despite their broadness.

8. (a) The motion of the molecules producing these reso
nances must be verv fast; thus t~e molecules arc in a liq
uid-like slate, and' are probably located in physically
identifiable liquid domains. (b) The fraction of Iota1 fM
represented in the high resolution spectrum would be
equal 10 (1- SFC .....<j;."....) )( margilr:ne content, plus (1 -
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SFC>honm ) x shortening content, divided by the sum of
margarin~d shortening.SFC of COUISe is the solid fa t
content measwed by NMR on the ingredients. (c) Crys
talline sugar = total sugar (from the formulation) minus
the mobile sugar (fromNMR). (d) To "see" the crystalline
fractions of fats and sugars, you would use high resolu
tion solids carbon- 13 NMR (see Table 30-4).

9. MRI of cinnamon roll. (a) You discriminate against the
water signal by using aTE> 30 mea. You then would be
imaging mobile sugar and fat. (b) You disaiminate
against water and sugar by using aTE> 150 msec. You
then would be imaging mobile fat only. A TE series can
provide very interesting results when comparing sam
ples in which a principle component hasa different mol
ecular state in one sample compared to the other. Simi
larly, a series would reveal much about full-fat versus
fat-replaced rolls.
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CHROMATOGJ'!APtN

[11

31.2.1 BatCh Extraction

In batch extraction the solute is extracted from one sol
vent by shaking it with a second, immiscible solvent,
The solute partitions, or distributes, itself between the
two phases and, when equilibrium has been reached,
the partition coefficient, K, is a constant.

K =concentration of solute in Phase 1
concentration of solute in Phase 2

31.2.3 Countercurrent Extraction

Countercurrent distribution refers to a serial extrac
tion process. It separates two or more solutes with dif
ferent partition coefficients from each other by a series
of partitions between two immiscible liquid phases,
(Countercurrent distribution was once an important
separation technique used by lipid chemists.) Liquid
liquid partition chromatography is a direct extension
of countercurrent extraction; its modem version is
known as countercurrent chromatography.

The phases are allowed to separate, and the ·Ia\'er
containing the desired constituent is removed, 'ior
example, in a separatory funnel. In batch extraction. it
is often difficult to obtain a clean separation of phases,
owing to emulsion formation. Moreover, partition
implies that a single extraction is usually incomplete,

31.2.2 Continuous Extraction

Continuous liquid-liquid extraction requires special
apparatus, but is more efficient than batch separation.
One example is the use of a SoxhIet extractor ior
extracting materials from solids. Solvent is recvcled so
that the solid is repeatedly extracted with fresh'solvent.
Other pieces of equipment have been designed for the
continuous extraction of substances from liquids. Dif
ferent extractors are used, depending on whether the
nonaqueous solvent is heavier or lighter than water.

31.3 CHROMATOGRAPHY

31.3.1 Historical Perspective

Modem chromatography originated in the late nir.e
teenth and early twentieth centuries from independent
w~rk by Da~i~ T. Da~: a distinguished American geol
ogist and muong engineer, and Mikhail Tsvet a Res
sian botanist. Day de\'e!oped procedures for h-action
ating crude petroleum by passing it through Fullers
earth; Tsve~ used a ~olumn packed with chalk to sepa
rate leaf pIgments into colored bands. Because Ts\'et
recogniZed and correctly interpreted chrcrnatographic

,~

(1Jo,odI\.iqr.ll)

A scheme (or subdh-iding the field of chro
matography.

31.1 INTRODUCTION

31.2 EXTRACTION

The impact of cluomatogTaphy has been very great on
all areas of analysis and, therefore, on the progress of
science in general. Chromatography differs from other
me~od.s of separation (e.g., fractional distillation, in
which more or less the same operations and apparatus
are always employed) in that a wide variety of materi
als, equipment, and techniques can be used. We have
chosen to approach this extremely broad and complex
field by first describing the general principles of extrac
tion as a basis for understanding chromatography. nus
chapter will focus on Iiquid chromatography, subdi
vided as shown in Fig. 31-1. The related technique of
supercritical fluid chromatography is described briefly
in section 31.3.4.4. In view of their widespread use, gas
chromatography and high performance liquid chro
matography are the topics of separate chapters.

In its simplest form, extraction refers to the transfer of
a solute from one liquid phase to another. Extraction in
myriad forms is integral to food analysis-whether
used for preliminary sample cleanup, concentration
of the component of interest, or as the actual means of
analysis. Extractions may be carried out by means of
batch, continuous, or countercurrent processes, (Vari
ous extraction procedures are discussed in detail in
other chapters: traditional solvent extraction in Chap
ters 13, 10, and 33; accelerated solvent extraction in
Chapters 13 and 20; solid-phase extraction in Chapter

.20 and 33; and solid-phase microextraction and micro-
wave-assisted solvent extraction in Chapter 20_)
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processes and named the phenomenon ehrcmatogra
phy, he is generally credited with its discovery.

After languishing in oblivion for years, chro
matography began to evolve in the 1940s due to the
development of column partition chromatography by
Martin and Synge and the invention of paper chro-
matography. The first publication on gaschromatogra
phy (GC) appeared in 1952. By the late 196Os, Ge,
because of its importanc:e to the petroleum industry,
had developed into a sophisticated instrumental tech
nique. Since early applications in the mid-1960s, high
perfonnance liquid chromatography (HPLC), profiting
from the theoretical and instrumental advances of GC,
has extended the area of liquid chromatography into
an equallysophisticated and useful method. Supercri t
ical-fluid chromatography (SFC), first demonstrated in
1962, is finally gaining popularity. Modem chromato
graphic techniques, including automated systems, are
widely utilized in the characterization and quality con
trol of food raw materials and food products.

31.3.2 General Terminology

Chromatography is a general term applied to a wide
variety of Separation techniques based on the partition
ing or distribution of a sample (solute) between a mov
ing or mobile phase and a fixed or stationary phase.
(Chromatography may be viewed as a series of equili
brations between the mobile and stationary phases.)
The relative interaction of a solute with these two
phases is described by the partition (K) or distribution
CD) coefficient (ratio of concenzrarion of solute in sta
tionary phase to concentration 0: solute in ;:-;cbi1c
phase). The mobile phase may be either a gas (GC) 0:

liquid (LC) or a supercritical fluid. The stationary phase
may be a liquid or, more usually, a solid. The field of
chromatography can be subdivided or organized in
several different ways, according to the physicochemi
cal principles involved in the separation or according to
the various techniques applied. Table 31-1 summarizes
some of the chromatographic procedures or methods
that have been developed on the basis of different
mobile-srntionary phase combinations. Inasmuch as
the nature of interactions between solute molecules and
the mobile or stationary phases differ, these methods
have the abili ty to separa te differen t kinds of molecules.
(The reader is urged to review Table 31·1 again after
having read this chapter.)

As previously stated, this chapter is devoted pri
marily to the area of liquid chromatography (as per
formed at atmospheric pressure). Gas chromatogra
phy is covered in Chapter 33 and HPLC is the subject
of Chapter 32. Supercritical fluid chromatography
(SFC) refers to chromatography performed at pres
sures and temperatures above the critical values of the
mobile phase; a supercritical fluid (or compressed ~<ls)
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is neither a-liquid nor a typical gas. Consequently, SFC
complements both GC and HPLC and can overcome
some of the problems associated with each. An
overview of this technique is provided in section
31.3.4.4.

31.3.3 Physicochemical Principles
of Separation

To provide the reader with a broad understanding and
better perspective of the .field, we have chosen to
desoibe first the physicochemical principles (illus
trated in Fig. 31-2) that underlie liquid chromato
graphic separations, regardless of the specific tech
niques applied. Although it is more convenient to
describe each of these phenomena separately, it must
be emphasized that more than one mechanism may be
involved in a given fractionation. For example, many
cases of partition chromatography also involve
adsorption.

31.3.3.1 Adsorption (LiqUid-Solid)
Chromatography

Adsorption Chromatography is the oldest form of chr0
matography, having been used by Tsvet in 1903 in L'1e
experiments that spawned modem chromatography.
In this chromatographic mode, the stationary phase is
a finely divided solid (to maximize the surface area),
and the mobile phase may be either a gas or a licu.d.
(Gas-solid adsorption chromatography is discussed ~I

Chapter 33.) The stationary phase (adsorbent) is cho
sen to permit differential interaction with the cornpo
nents of the sample to be resolved. The intermolecuiar
forces thought to be primarily responsible for chro
matographic adsorption include:

1. Van der Waals forces
2. Electrostatic forces
3. Hydrogen bonds
4. Hydrophobic interactions

Sites available for interaction with any given subs: z. nee
are heterogeneous. Binding sites with greater affinities,
the most active sites, tend to be populated first, so tha:
additional solutes are less firmly bound. The net re
sult is that adsorption is a ccncentration-depcndent
process, and the adsorption coefficient is not a ccr.
stant (in contrast to the partition coefficient). Sarnpie
loads exceeding the adsorptive capacity of the starion
ary phase will result L, relatively poor separa tion.

Classical adsorption chromatography utilizes sil
ica (slightly acidic), alumina {slightly basic), charcoal
(nonpolar), and a few other materials as the stationary
F:l"St:. oath silica ~nd alumina possess surface hy-
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Method

Characteristics 01Ditferent Chromatographic Methods

Mobile/Starionary Phase Retention Varies with

Gas-liquid chromatography
GaS-SOlid chromatography
Supercritical-fluid chromatography
Reversed-phase chromatograpny
Normal-phase chromatography
lon-exchange chromatography
Size-exclusion chroma tography
Hydrophobic-interae tion ehrcrna tOG raphy
Atfinity chromatography

Gas/liquid
Gas/solid
Supercritical fluid/solid
Polar liquid/nonpolar liql<ld or sene
Less polar liquid/more cciar liquid or solid
Polar liquid/ionie solid
Liquid/solid .
Polar liquid/nonpolar liquid or solid
Water/binding sites

Molecular size/polarity
Molecular size/polad!'!
Molecular size/polarity
Molecular size/polarity
Molecular size/polarity
Molecular Charge
Molecular size
Molecular sizezpotanry
Specific structure

Reprinted from (5), p. A21. with kind permission from Elsevier Science-NL. Sara 8urGerharts:raal 25. 1055 KV Amsterdam. The Nelher·
lands

droxyl groups, and Lewis acid-type interactions deter
mine their adsorption characteristics. The elution order
of compounds from these adsorptive stationary phases
can often be predicted on the basis of their relative
polarities (Table 31-2). Compounds with the most
polar functional groups are retained most strongly on
polar adsorbents and, therefore, are eluted last. Non
polar solutes are less well retained on polar adsorbents
and are eluted first.

One model proposed to explain the mechanism of
liquid-solid chromatography is that solute and solvent
molecules are competing for active sites on the adsor
bent. Thus, as relative adsorption of the mobile phase
increases, adsorption of the solute must decrease. Sol
vents can be rated in order of their strength of adsorp
tion on a particular adsorbent, such as silica. Such a sol-

o vent strength (or polarity) scale is called an eluotropic
series. Table 31-3 is an example of such a series for alu
mina. (Silica has a similar rank ordering.) Eluotropic
series provide the chromatographerwith a way to mod
ulate interaction between solutes and the stationary
phase. Once an adsorbent has been chosen, solvents can
be selected from the eluotropic series for that adsorbent.
Mobile phase polarity can be increased (often by admix
rure of more polar solvents) until elution of the com
pound(s) of interest has been achieved.

Adsorption chromatography separates aromatic or
aliphatic nonpolar compounds, such as lipids, primar
ily according to the type and number of functional
groups present. The labile, fat-soluble chlorophyll and
carotenoid pigments from plants have been studied
extensively by adsorption chromatography (Tsver's
original experiment) utilizing columns. Adsorption
chromatography also has been used for the analysis of
fat-soluble vitamins. Frequently, it is used as a batch
procedure for removal of impurities from samples
prior to other analyses. For example. disposable solid
phase extraction cartridges (see Chapter 33) containing
silica have been used for food analyses, such as lipids

in soybean oil, carotenoids in citrus fruit, and vitamin
E in grain.

31.3.3.2 Partition (liquid-LiqUid)
Chromatography

31.3.3.2.1 Introduction J.n .1941, Martin and Svnze
• 0

undertook an investigation of the amino acid composi-
tion of wool- using a countercurrent extractor of .ro
tubes with chloroform and water flowing in opposite
directions. The efficiency of the extraction process was
improved enormously when a column of finely
divided inert support material was used to hold one
liquid phase (stationary phase) immobile, while the
second liquid, an immiscible solvent (mobile phase),
flowed over it, thus providing intimate contact be
tween the two phases. Solutes partitioned between the
two liquid phases according to their partition coeffi
cients, hence the name partition chromatography.

A partition system is manipulated by changing the
nature of the two liquid phases, usually by combina
tion of solvents or pH adjustment of buffers. Often, the
more polar of the two liquids is held stationary on the
inert support and the less polar solvent is used to elute
the sample components (normal-phase chromatogra
phy). Reversal of this arrangement, using a nonpolar
stationary phase and a polar mobile phase, has COme
to be known as reversed-phase chromatography (see
section 31.3.3.2.3).

Polar hydrophilic substances, such as amino acids.
carbohydrates, and water-soluble plant pigments. are
separable by nonnal-phasepartition chromatographv.
lipophiliC compounds, such as lipids and fat-solubie
pigments, may be resolved with reversed-phase SYS

tems .. Liquid-liquid partition chromatography has
been lflvaluable to carbohydrate chemistrv, Column
chromatography on finely divided cellulos~ has been
used extensively in preparative chromatographY of
sugars and their derivatives. Paper chrornatographv
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(section 31.3 . ~ . 1 ) is a simp le method for d istingu ishing
between various forms of su gars or p henolic com
pounds pre~ent in foods .

37.3.3 .2.2 Coated Supports In its simplest form, the
statio na ry phase for parti tion chrom atography consis ts
of a liquid coa ting on J so lid matrix, The solid 5L: ? ?C: :

should be as inert as p ossible and how e a large su rfac e
erca in o rder to maximize the amount of Iiauid held .
Some examples of solid supports tha t hav e been used
are silica, starch. cellu lose powder. and g lass beads. All
arc copablo of holding a thin film of water, which
H' ;'.'('S as t ~'Il' s tarionarv phase . It is im portan t to note
:~ ..-; : :,:·..- tc-ia ls prcpc -cc for adsorpti on chro m at og-a-
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Compounds Closs polarity Scole'

chemically bonding the stationary phase to the support
material, as described in the next section.

Fluorocarbons
Saturated hydrocarbons
Olefins
Aromatics
Halogenated compounds
Ethers
Nitro compounds
Esters .. ketones .. aldehydes
Alcohols - amines
Amides
Carboxylic acids

From (6). used with l)ermission.
'listed in order or increasing pOlant'/

Eluatrapic Series far Alumino

Solvent

1-Pentane
Isooctane
Cyclohexane
Carbon tetrachloride
Xylene
Toluene
Benzene
Ethyl ether
Chloroform
Methylene chloride
Tetrahydrofuran
Acetone
Ethyl acetate
Aniline
Acetonitrile
2-Propanal
Ethanol
Methanol
Acetic acid

From (6). used with perrrnsston,

phy must be activated by drying them to remove sur
face water. Converselv, some of these materials, such as
silica gel, may be used for partition chromatography if
they are deactivated by impregnation with water or the
desired stationary phase. (The terms silica gel or silicic
acid actually refer to hydrated silica precipitates, the
properties of which can vary widely, depending on
the method of preparation used. Depending on the
amount of water held. silicic acid may act as an adsor
bent or a partition support; usually. both properties
contribute in varying degrees to the separations
achieved.) One disadvantage oE liquid-liquid chro
matographic systems is that the liquid stationary phase
is often stripped off. This problem can be overcome by

31.3.3.2.3 Bonced Supports The liquid stationary
phase may be covalently attached to a support by a
chemical reaction. These bonded phases have become
very popular for HPLC use, and a wide variety of both
polar and nonpolar stationary phases is now available.
(Reactive silanols on the surface of silica gel may be
derivatized with alkylamine, alkylnltrile. phenyl, or
alkyl groups, as described in Chapter 32.) Again, chro
matography performed with a mobile phase less polar
than the bonded stationary phase is referred to as nor
mal-phase chromatography. The use of a nonpolar
bonded stationary phase (e.g., silica covered with Cs or
C18 groups) with a polar solvent (e.g., water-acetoni
trile) is called reversed-phase chromatography. The lat
ter has actually become the more Widely used of the
two methods. (Mechanisms other than partition may
be involved in the separation.) Bonded-phase HPLC
columns have greatly facilitated the analysis of vita
mins in foods and feeds, as discussed in Chapter 3 of
reference (7).

31.3.3.3Ion-£xchange Chromatography

Ion exchange is a separation/purification process
occurring naturally, for example, in soils and is utilized
in water softeners and deionizers. Three types of sepa
ration may be achieved: (1) ionic from nonionic, (2)
cationic from anionic, and (3) mixtures of similarlv
charged species. In the first two cases, one substanc~
binds to the ion-exchange medium, whereas the other
substance does not. Batch methods can be used for
these two separations; however, chromatography is
needed for the third category.

Ion-exchange chromatography may be viewed as a
. type of adsorption chromatography in which interac
tions between solute and stationary phase are primar
ily electrostatic in nature. The stationary phase (ion
exchanger) contains fixed functional groups that are
either negatively or positively charged (Fig. 31-3a).
Exchangeable counterions preserve charge neutrality.
A sample ion (or charged sites on large molecules) can
exchange with the counterion to become the partner of
the fixed charge. Ionic equilibrium is established as
depicted in Fig. 31-3b. The functional group of the sta
tionary phase determines whether cations or anions
are exchanged. Cation exchangers contain covalentlv
bound negatively charged functional groups. whereaS
anion exchangen contain bound positively charged
groups. The chemical nature of these acidic: Or basic
residues determines ~ow stationary-phase ionization
is affected by the mobile-phase pH.

The strongly acidic sulfonic acid moieties (RSO -)
..' ch 3of "strong -canon ex angers are completely ionized
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(a)

~+(Na+-O~S-~ }!===t(M"" -°:18-~)+Na+

M+ = Cation
(b)

X- = Anion

The basis of ion-exchange chromatography, (a) Schematic diagram of the ion-exchange process; (b) ionic ~uilbria

for cation- and anion-exchange processes. [From (6), used with pennission.]

at all pH values above 2. Strongly basic quaternary
amine groups (R!'IR'3+) on "strong"·anion exchangers
are ionized at all pH values below 10. Since T:12x:...'":1.um

negative or positive charge is maintained over a broad
pH range, the exchange or binding capacity of these
stationary phases is essentially constant, regardless of
mobile-phase pH. "Weak"-cation exchangers contain
weakly acidic carboxylic acid functional groups,
(RC02- ) ; consequently, their exchange capacity varies
considerably between ca. pH 4-10. Weakly basic anion
exchangers possess primary, secondary, or tertiary
amine residues (R-NHR'2+), which are deprotonated in
moderately basic solution, thereby losing their positive
charge and the ability to bind anions. Thus, one way of
eluting solutes bound to an ion-exchange medium is to
change the mobile-phase pH. A second way to elute
bound solutes is to increase the ionic strength (e.g., use
NaCl) of the mobile phase, to weaken the electrostatic
interactions.

Chromatographic separations by ion exchange are
based upon differences in affinity of the exchangers for
the ions (or charged species) to be separated. The factors
that govem selectivity of an exchanger for a particular
ion include the ionic valence, radius, and concentration;
the nature of the exchanger (including its displaceable

counterion): and the composition and pH of the mobUe
phase. To be useful as an ion exchanger, a material must
be both ionic in nature and highly permeable, Synthetic
ion exchangers are thus crosslinked polyelectrolytes.
and they may be inorganic (e.g., aluminosilicates) or,
more commonly, organic compounds. Polystyrene,
made by crosslinking styrene with divinyl benzene
(DVB), may be modified to produce either anion- or
cation-exchange resins (Fig. 31-4). Polymeric resins
such as these are commercially available in a wide
range of particle sizes and with different degrt~ elf
crosslin.king (expressed as weight percent of DYE in the
mixture). The extent of crossl.i.n.king controls the rigid
ity and porosity of the resin, which, in tum, determines
its optimal use. Lightly crosslinked resins pennit rapid
equilibration of solute, but particles swell in water,
thereby decreasing charge density and selectivity (rela
tlvc affinity) of the resin for different ions. More highly
crosslinked resins exhibit less swelling, higher ex
change capacity, and selectiVity, but longer equilibra
tion times. The small pore size, high charge density, and
inherent hydrophobicity of the older Ion-exchange
resins has limited their use to small molecules (IvfW <
500).

ron exchangers based on polysaccharides, such as
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Styrene oiviny[benzene

compl~:<ed with borate to form negatively charged
species, CJ.n be separated on columns of strong-anion
exchange resin in the borate form. Many drugs, fatty
acids, and the acids of fruit, being ionizable com
pounds, may be chromatographed in the ion-exchange
mode.

Crosslinked styrene--cflVinylbenzene copolymer

R:=H, Plain polystyrene

R=SOj 1{., Caticn-exchanger

Chemical structure of polystyrene-based ion
exchange resins.

cellulose, dextran, or agarose, have proven very useful
for the separation and purification of large molecules,
such as proteins and nucleic acids. These materials,
called gels because they are much softer than poly
styrene resins, may be derivatized with strong or with
weakly acidic or basic groups via OH moieties on the
polysaccharide backbone (Fig. 31-5). They have much
larger pore sizes and lower charge densities than the
older synthetic resins.

Food-related applications of ion-exchange chro
matography include the separation of amino acids,
sugars, alkaloids, and proteins. Fractionation of amino
acids in protein hydrelyzates was initially carried out
by ion-exchange chromatography; automation of this
process led to the development of commercially pro
duced amino add analyzers (see Chapter 16). Sugars,

31.3.3.4 Size-Exclusion Chromatography

Size-exclusion chromatography (SEC). also known as
molecular exclusion, gel permeation (GPC), and gel
filtration chromatography (GFC), is probably the easi
est mode of chromatography to perform and to under
stand. It is widely used in the biological sciences for the
resolution of macromolecules, such as proteins and
carbohydrates, and also is used for the fractionation
and characterization of synthetic polymers. Unfortu
nately, nomenclature associated with l:his separation
mode developed independently in the literature of the
life sciences and in the field of polymer chemistry,
resulting in inconsistencies.

In the ideal SEC system, molecules are separated
solely on the basis of their size; no interaction occurs
between solutes and the stationary phase. (In the event
that solute-support interactions do occur, the separa
tion mode is termed nonideal SEC.) The stationarv
phase in SEC consists of a column packing mate~
that contains pores comparable in size to the molecules
to be fractionated. Solutes too large to enter the pores
travel with the mobile phase in the interstitial space
(between particles) outside the pores. Thus, the largest
molecules are eluted first from an SEC column, The
volume of the mobile phase in the column, termed t..~e

column void volume, V<y can be measured bv chro
matographing a very large (totally excluded) spedes,
such as Blue Dextran, a dye of N[W=2 )( 106•

As solute dimensions decrease, approaching those
of the packing pores, molecules begin to diffuse into
the packing particles and, consequently, are slowed
down. Solutes of low molecular weight (e.g., glycylty
rosine) that have free access to all the available pore
volume are eluted in the volume referred to as Vt. This
value, Ve' which is equal to the column void volume,
V<y plus the volume of liquid inside the sorbent pores.
Vi' is referred to as the total permeation volume of the
packed column (Ve := Vo + VJ These relationships are
illustrated in Fig. 31-6. Solutes are ideally eluted
between the void volume and the total liquid volume
of the column. Because this volume is limited onI... a
relatively small number of solutes (ca. 10) can be c~rn
pletely resolv~ by SEC under ordinary conditions.

The behavior of a molecule in a size-exclusion col
umn may be characterized in several different wavs,
Each solute exhibits an elution volume, V . as ill~.

trated in Fig. 31-6. However, V~ depends o~ column
dimensions and the way in which the column was
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(a)

Carboxymethyl- (eM)
(weak acid)

Dielhylaminoethyl- (DEAE)
(weak base)

Phospho- (P)
(Intermediate acid)

Ouaternaryaminoelhyl- (CAE)
(strong base)

Sulfoelhyl- (SE)
(slrong acid)

(b)

Chemical structure of one polysacch.:lncl;'-bi1s(.·d ion-exchange Rosin. (a) Matrix of crosslinked dextran
("~phadex." Pharmacia Biotech Inc, Pisc.:l:.:lw;:~· ~J); (b) funCtIonal groups that may be used to impart ion
exchange properties to the matrix.
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where:

packed. The available partition coefficient is used to
define solute behavior independent of these variables:

value of J< fcr the unknown is then determined, andu·
an estimate of molecular weight (or size) of the
unknown is made by interpolation of the calibration
curve.

Column packing materials for size-exclusion chro
matography can be divided into two groups: semi
rigid, hydrophobic media, and soft, hydrophilic gels.
The former are usually derived from polystyrene and
are used with organic mobile phases (GPC or non
aqueous SEC) for the separation of polymers, such as
rubbers and plastics. Soft gels, polysaccharide-based.
packings, are typified by Sephadex, a crosslinked dex
tran (see Fig. 3V5A.). These materials are available in a
wide range of pore sizes and are useful for the separa
tion of water-soluble substances in the molecular
weight range 1-2.5 x 101. In selecting an SEC column
packing, both the purpose of the experiment and size
of the molecules to be separated must be considered.
For example, if the objective is to determine molecular
weight, a packing is chosen such that its fractionation
range encompasses the anticipated molecular weight
of the solute.

As discussed previously, SEC can be used, directlv,
to fractionate mixtures or, indirectly, to obtain Informa
lion about a dissolved species. In addition to molecular
weight estimations, SEC is used to determine the mol
ecular weight distribution of natural and svnthetic
polymers, such as dextrans and gelatin preparations.
Fractionation of biopolymer mixtures is probably th~

most widespread use of SEC, since the mild elution
conditions employed rarely cause denaturation or loss
of biological activity. It is also a fast, efficient alterna
tive to dialysis for desalting solutions of macromole
cules, such as proteins-

31.3.3.5 Affinity Chromatography

Affinity chromatography is unique in that separation
is based on the specific, reversible interaction between
a solute molecule and a ligand immobilized on the
chromatographic stationary phase. While discussed
here as a separate type of chromatography, affinity
chromatography could be viewed as the ultimate
extension of adsorption chromatography. Although
the basic concepts of so-called biospecific adsorption
were known as early as 1910, they were not perceived
as potentially useful laboratory tools until ca. 1968.

Affinity chromatography usually involves immo
bilized biological materials as the stationary phase.
These ligands can be antibodies, enzvme inhibitors.
Iectins, or other molecules that selectivelv and re
versibly bind to complementary analvte m~lecules in
the sample. Separation exploits the l~k and kev bind
ing of b~ol.ogical .systems. Although both ligands and
the speoes to be Isolated are usually biological macro
molecules, the tenn affinity chromatography also en
compasses other systems. such as separation of small

[2]

t I I
Vo Ve Vt

-void volume- -internal pore volume (Vi)-
----total permeationvolume----

Schematic elution profile illustrating some of
the terms used in sue-exdusion chromatog
raphy. [Adapted from (5), p. A271, with kind
permission from Elsevier Sdence-Nl., Sara
Burgerhartstraat 25, 1055 KV Amsterdam. The
Netherlands.]

KJV = available partition coefficient
Ve =elution volume of solute
Vo =column void volume
VI := total permeation volume of column

The value of Kav calculated from experimental data for
a solute chromatographed on a given SEC column
defines the proportion of pores that can be occupied by
tha t molecule. For a large, to tally excluded species, such
as Blue Dextran or DNA, V e=Vgand Kay =0. For a small
molecule with complete access to the internal pore vol
woe, such as glycyityrosine, Ve =VI and Kav =l.

For each size-exclusion packing material, a plot of
Kay versus the logarithm of the molecular weight for a
series of solutes, similar in molecular shape and den
sity, will give an S-shaped curve (Fig. 31-7). (In the case
of proteins, Kay is actually better related to the Stokes
radius, the average radius of the protein in solution.)
The central, linear portion of this curve describes the
fractionation range of the matrix.......herein maximum
separation among solutes of similar molecular weight
is achieved. This correlation between solute elution
behavior and molecular weight (or size) forms the
basis for a widely used method for characterizing large
molecules such as proteins and polysaccharides. A
size-exclusion column is calibrated with a series of
solutes of known molecular weight (or Stokes radius)
to obtain a curve similar to that shown in Fig. 31-7.The
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Relationship between x...- and log (molecular weight) for globular proteins chromatographed on a column of
Sephadex G-150 Superfine. (Reproduced by pennJssion ofPhannacia Biotech, Inc.,Piscataway, NJ.)

molecuJes containing cis-diol groups via phenyl
boronic acid moieties on the stationary phase.

The principles of affinity chromatography are
illustrated in Fig. 31--8. A ligand chosen because of the
specificity and strength of interaction between itself
and the molecule to be isolated (anclyte) is immobi
lized on a suitable support material. As the sample is
passed through this column, molecules that are com
plementary to the bound ligand are adsorbed while
other sample components are eluted. BOWld analyte is
subsequently eluted via a change in the mobile-phase
composition. (For example, changir.S the ?H of the
mobile phase often dissociates an enzyme-inhibitor
complex.) After reequibbration with the initial mobile
phase, the stationary phase is ready to be used again.
The ideal support for affinity chromatography should
be a porous, stable, high-surface-area material that
does not adsorb anything itself. Thus, polymers such
as agarose, cellulose, dextran. and polyacrylamide are
used, as well as controlled-pore glass.

Affinity ligands are usually attached to the support
or matrix by covalent bond formation. and optimum
reaction conditions often must be found empirically.
Immobilization generally consists of two steps: activa
tion and coupling. During the activation step, a
reagent reacts with functional groups on the support,
such as hydroxyl moieties, to produce an activated
matrix. After removal of excess reagent, the ligand is
coupled to the activated matrix. (Preactivared supports
are commercially available, and their availability has
greatly increased the use of affinity chromatography).
The coupling reaction most often involves free amino
groups on the ligand, although other runctional groups
can be used. \Vhen small molecules such 2S phenyl
boronic acid are immobilized. a spacer arm (containing
at least four to six methylene groups) is used to hold

the ligand away from the support surface, enabling it
to reach into the binding site of the analyte.

Ugands for affinity chromatography maybe either
specific or general (Le., group specific). Spec:i6.c lig
ands, such as antibodies, bind only one particular
solute. Generalligancis, such as nucleotide analogs and
leetins, bind to certain classes of solutes. For example,
the lectin concanavalin A binds to all molecules ll;at
contain terminal glucosyl and mannosyl residues.
Bound solutes then can be separated as a group or indi
vidually, depending upon the elution technique used.
Some of the more common general ligands are listed 1."1
Table 31-4. Although less selective, general liga.nds
provide greater convenience.

Elution methods for affinity chromatography may
be divided into nonspecific and (bio)speci£c methods.
Nonspecific elution involves disrupting ligand analyte
binding by changing the mobile-phase pH. ionic
strength, dielectric constant, Or temperature. If addi
tionaI selectivity in elution is desired, fOT example in
the case of immobilized general ligands, a blospedfic
elution technique is used. Free ligand, either identical
to or different from the matrix-bound ligand, is added
to the mobile phase. This free ligand competes for
binding sites on the analyte. For example. glycopro
teins bound to a concanavalin A (lectin) column can be
eluted by using buffer containing an excess of lectin. in
general, the eluent ligand should display greater affin
ity for the analyte of interest than the immobilized lig
and.

In addition to protein purification, affinity chro
matography may be used to separate supramolecular
structures such as cells, organelles, and viruses; con
centrate dilute protein solutions; investigate binding
mc_ch~nisms; and detennine equilibrium constants.
Abmty chromatography has been useful especially in
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B

31.3.4.1 Paper Chromatography

Paper chromatography was introduced in 194-t A:l
though adsorption by the paper itself has been utilized,
paper generally serves only as a support for the liquid
stationary phase (partition chromatography). To carry
out this technique, thedissolved sample is applied. as a
small spot or streak one-half inch or more from the
edge of a strip or square of filter paper (usually cellu
lose) and is allowed to dry.The strip is then suspended
in a closed container. the. atmosphere of which is satu
rated with the developing solvent (mobile phase), and
the paper chromatogram is developed. The end closer
to the sample is placed in contact with solvent, .which
then travels up or down the paper by capillary action

the separation and purification of enzymes and glyco
proteins. in the case of the latter, carbohydrate-deriva
tized adsorbents are used to isolate specific lectins,
such as concanavalin A, and lentil or wheat-germ
lectin. The lectin the'l may be coupled to agarose, such
as concanavalln A- or lentillectin-agarose, to provide
a stationary phase for the purification of specific glyco
proteins, glycolipids, or polysaccharides.

31.3.4 Chromatographic Techniques

The same general principles of chromatography apply,
regardless of the specific method or technique used.
Paper, thin-layer, and column liquid chromatography
all utilize a liquidmobile phase, but the physical form
of the stationary phase is quite different in each case.
Supercritical fluid chromatography is an analytical
technique similar: to liquid chromatography; except
that a superc:ritical fluid/instead of a liquid, is used as
the mobile phase.

SUPPORT

Principles of bioselecti....e affinity chromatogra
phy. (A) The support presents the immobilized
ligand to the analyte to be isolated (B)The ana
Iyte makes contact with the ligand and attaches
itself. (C) The analvte is recovered by the intro
duction of an eluent. which dissodates the
complex holding the analyte to the ligand. (0)
The support is regenerated. ready for the next
isolation. [Reprinted from (5), p. A311. with
kind permission from Elsevier Science-Nl;
Sara B.urgerhartsraat 25. 1055 KV Amsterdam.
The Netherlands.]
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General Atflnity Ugends end Their Specificities

Ugand Specificity

Cibacron Blue F3G-A dye, derivatives at
A.'v1P, NAOH. and NAOPH

Concanavalin A. lenlilleclin. wheat germ
lectin

Soybean trypsin inhibitor. methyl esters of
various amino acres. :;-amino acids

Phenylboronic acid

PrClein A

DNA. ANA. nectecs.ces. nucleotides

Certain dehycrogenases via binding at the
nucleotide binding site

POlysaccharides, glycoproteins, glycolipids.
and membrane proteins containing sugar
residues of certain configurations

Various proteases

Glycosylated hemoglobins, sugars, nucleic
acids, and olr-er cis·ciol-containing sub.
stances

Many immur.oglcbin classes and sub
classes via binding to the Fe region

Nucleases. polymerases. nucleic acids

Re;::r:nled wiln perrr.issicn from(13). Copyrighl1985 AmericanChemicalSocierl
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(depending on whether ascending or descending
development is used), separating sample components
in the process. When the solvent front has traveled the
length of the paper, the strip is removed from the
developing chamber and the separated zones are
detected by an appropriate method.

The stationary phase in paper partition chro
matography is usually water. However, the support
may be impregnated with a nonpolar organic solvent
and developed with polar solvents or water (reversed
phase paper chromatography). In the case of complex
samplemixtwes, a two-dimensional technique may be
used.The sample is spotted in one comer of a square
sheet of paper. and one solvent is used to develop the
paper in one direction. The chromatogram is then
dried,. turned 90°, and developed again. using a second
solvent of different polarity. Another means of improv
ing resolution is the use of Ion-exchange papers. Both
paper that has been impregnated with ion-exchange
resin and paper in which cellulose hydroxyl groups
have been derivatized (with acidic or basic moieties)
are available commercially

In paper and thin-layer (planar) chromatography,
components of a mixture are characterized by their Rf
value. where:

_ Distance moved by component [3]
Rt - Distance moved by solvent

Unfortunately, Rf values are not always constant for a
given solute/sorbent/solvent, but depend on many
factors. such as the quality of the stationary phase.
layer thickness. humidity, development distance, and
temperature.

31.3.4.2 Thin-Layer Chromatography

Thin-layer chromatography (TLC), first described in
1938, has largely replaced paper chromatography
because it is faster, more sensitive, and more repro
ducible. (Both of these techniques may be referred to as
planar chromatography.) The resolution in TLC is
greater than in paper chromatography because the rm
ticles on the plate arc smaller and more regular than
p:lper fibers. Experimental conditions can be easily
varied to achieve separation and can be scaled up for
use in column chromatography. [Thin-layer and col
umn procedures are not necessarily interchangeable,
due to differences such as the use of binders with TLC
plates, vapor-phase equilibria in a TLC tank, etc.) Some
distinct ad v antages of TLC include high sample
throughput and low cost; the possibility to analyze
several samples and standards simultaneously; and
minimal sample preparation (since the stationary
phase is disposable). In addition, a plate may be stored
for later identification and quantitation.

Thin-layer chromatography has been applied to
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the analysis of lipids (see Chapter 14). High perfor
mance liquid chr6matogpphy of lipids is complicated
by the lack of chromophores that permit UV·VIS detec
tion, and most GC analyses require prior derivatiza
tion; however, manygood lipid detection reagents are
available for TLC. Thin-layer chromatography is
applied in many fields. including environmental, clini
cal. forensic, pharmaceutical, food, flavors. and cos
metics. Within the foadindustry, TLC may be used for
quality control. For example, com and peanuts are
tested for aflatoxins/mycotoxins prior to their process
ing into com meal and peanut butter. respectively.
Recent applications of TLC to the analysis ofa variety
of compounds, including lipids, toxins, pesticides, car
bohydrates, vitamins. amino acids, peptidesand pro
teins, are reviewed by Sherma (9).

31.3.4.2.1 General Procedures nun-layer chro-
matography utilizes a thin (ca. 250 IJ.Il\ thick) layer of
sorbent or stationary phase bound to an inert support
in a planar configuration. The support is often a glass
plate (traditionally, 20 on x 20 an) but plastic sheets
and aluminum. foil also ar~ used. Precoated plates, of
different layer thicknesses, arecommereially available
in a wide variety of sorbents, including chemically
modified silicas. (plates are seldom hand-coated to
day.) Four frequently used TLC sorbents are silica gel,
alumina. diatomaceous earth, and cellulose. Many sep
arations achieved by paper chromatography can be
transferred to TLC on cellulose. Modified silicas for
TIC may contain polar or nonpolar groups, analogous
to bonded phases for column chromatography (see sec
tion 31.3.3.2.3.), and both normal and reversed-phase
thin-layer separations may be carried out. High per·
formance thin-layer chromatography (HPTLC) sirn
ply refers to TLC performed using plates coated with
smaller, more uniform particles. This permits better
separations in shorter times. .

U adsorption TLC is to be performed, the sorbent
is first activated by drying for a specified time and tern
perature, Sample (in carrier solvent) is applied as a
spot or streak 1-2 cm from one end of the plate. P.i:::r
evaporation of carrier solvent, the nc plate is pb.ccd
in a closed developing chamber with the end of the
plate nearest the spot in the solvent at the bottom of the
chamber. Traditionally, solvent migrates up the plate
(ascending development) by capillary action and sam
ple components are separated, After the Tl.C plate has
been removed form the chamber and solvent allowed
to evaporate, the separated bands are made visible
(visualized) or detected by other means. Specific
chemical reactions (derivntization). which rnav be car
ried out either before or after chromatography, often
are used for this purpose. Two examples are reaction
With sulfu-ic acid to produce a dark charred area (a
destructive chemical method), and the use of iodine
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vapor to form a colored complex (a nondestructive
method inasmuch as the colored complex is usually
not pennanent). Common physical detection methods
include the measurement of absorbed or emitted elec
tromagnetic radiation, e.g., t1uorescence, and measure
ment of ~-radiation from radioactively labeled com
pounds. Biological methods or biochemical inhibition
tests can be used to detect toxicologically active sub
stances. An example is measuring the inhibition of
cholinesterase activity by organophosphate pesticides.

Quantitative evaluation of thin-layer chromato
grams may be performed (1) in situ (directly on the
layer) by using a densitometer or (2) after scraping a
zone off the plate, eluting compound from the sorbent,
and analyzing the resultant solution, e.g., by liquid
scintillation counting.

31.3.4.2.2 Factors Affecting Thin-Layer Separations
In both planar and column liquid chromatography, the
nature of the compounds to be separated determines
what type of stationary phase is used. Separation can
occur by adsorption," partition, ion-exchange, size
exclusion, or multiple mechanisms as previously dis
cussed in section 31.3.3. Table 31-5 lists the separation
mechanisms involved in some typical applications on
common TLC sorbents,

Although selection of both mobile and stationary
phases determine the Success of a given TLC separa
tion, the rationale behind choice of mobile phase for a
particular fractionation often is not described. Solvents
for Tl.C separations should be selected on the basis of
their chemical characteristics and solvent strength (a
measure of interaction between solvent and sorbent;
see section 31.3.3.1). In simple adsorption Tl.C, the
higher the solvent strength, the greater the Rf 'Calue of
the solute. One usually tries to use a mobile phase such
that Rf values of 0.3-0.7 are obtained. (Although single
solvent mobile phases may provide adequate mobility;
they often do not give adequate separation.) Fortu-
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nately for the beginner, mobilt? phases have been
developed for the separation of various compound
classes on specific sorbents; see, for example, Table 7.1
in reference (lZ).

In addition to the sorbent and solvent, several
other factors must be considered when performing
thin-layer (or paper) chromotography. These include
the type of developing chamber used, vapor phase
conditions (saturated versus unsaturated), develop
ment mode (ascending, descending, horizontal, radial,
etc.), and development distance.

31.3.4.3 Column Liquid Chromatography

Column chromatography is the most useful method of
separating compounds in a mixture. Fractionation of
solutes occurs as a result of differential migration
through a closed tube of stationary phase, and analvtes
can be monitored while the separation is in progress,
This section of the chapter will cover general proce
dures, theory, and the quantitation of data from col
umn liquid chromatography.

31.3.4.3.1 General Procedures A system for low
pressure (i.e., performed at or near atmospheric pres
sure) column liquid chromatography is illustrated in
Fig. 31·9. (While the procedure outlined below is
applicable to column chromatography in general, the
reader is referred to subsequent chapters for details
specific to HPLC or GC).

Having selected a stationary and mobile phase
suitable for the separation problem at hand, the analvst
must first prepare the stationary phase (resin, gel: or
packing material) for use according to the supplier's
instructions. (For example, the stationary phase often
must be hydrated or preswelled in the mobile phase.)
The prepared stationary" phase then is packed into a
column (usually glass), the length and diameter of
which are detennined by the amount of sample to be

Thin-Loyer Chromatography Sorbenls and Mode of Seporcllon

Sement

Silica gel

Silica gel RP
Cellulose. kieselguhr
Aluminum oxide
PEl celluloseI

Magr.esiumsilicate

Chromatographic
Mechanism

Adsorption

Re"ersed phase
Partitico
Adser;::t,cn
Ion exc~ar.ge

Adsor;:!i,cn

Typical Application

Steroids, amino acids. alcrc~ols. hydrocarbons. lipids. aflatoxins. :::lile acics.
vitarruns. alkaloids

Fatty acids. vitamins, stercrcs. :-:ormones, carotenoids
Carbohydrates, sugars. a:c~r:~;s. amir:o acids, carboxylic acids. ~a~' ac.cs
Amines. alconots. sterc:'ics. !::lIcs. a~[aiOxins. bile acids. vitamins. a.xa ccs
Nucleic acids, nudeotlCes. :-~c!eosrdes, purines. pyrimidir.es
Steroids, pesticides. lipics. a;:.<afoids

Reprir.:ed from (12) by permission 01~n '''''ley &Sons. NewYork.
'PEl cellulose refers to cellulose cer:v2.::zec ""ill'1 pol'jelhyleneimine (PEl).
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Fr.lCtioa eoUeaor

SpecUl)
phowmelcr----enzyme=drity

A system for low pressure column liquid chromatography. In this diagram, the column effluent is being split
between two detectors in order to monitor both enzyme activity (at right) and IN absorption (at left). The two trac
ings can be recorded simultaneously by using a dual-pen recorder. [Adapted from (8), with permission.]

loaded, the separation mode to be used, and the degree
of resolution required. Adsorption columns may be
either dry- or wet-packed; other types of columns are
wet-packed. The most common technique for wet
packing involves making a slurry of the adsorbent
with the solvent and pouring this into the column, As
the sorbent settles, excess solvent is drained off and
additional slurry is added. This process is repeated
until the desired bed height is obtained. (There is a cer
tain art to pouring uniform columns and no attempt is
made to give details here.) J1 the packing solvent is dif
ferent hom the initial eluting solvent, the column must
be thoroughly washed (equilibrated} with the starting
mobile phase.

The sample to be fractionated. dissolved in a mini
mum volume of mobile phase, is applied In a layer at
the top (or head) of the column, Classical or low pres
Sure chromatography utilizes only gravity flow or n
peristaltic pump to maintain a flow of mobile phase
(eluent or eluting solvent) through the column. In the
case of a gravity-fed system, eluent is simply siphoned
from a reservoir into the column. The flow rate is gov
emed by the hydrostatic pressure. measured as the dis
tance between the level of liquid in the reservoir and
the level of the column outlet. If eluent is ted to the col
umn by a peristaltic pump (see Fig. 31-9), the flow rare
is determined by the pump speed and, thus. regulation
of hydrosta tic pressure is not necessary.

The process of passing the mobile phase through
the column is called elution, and the portion that
emerges from the outlet end of the column is some
times called the eluate (or effluent). Elution milY be iso-

cratic (constant mobile-phase composition) or a gradi
ent may be used. Gradient elution refers to changing
the mobile phase (e.g., increasing solvent strength or
pH) during elution in order to enhance resolution and
decrease analysis time. The change may be continuous
or stepwise. Gradients of increasing ionic strength are
extremely valuable in ion-exchange chromatog:~?hy.

Gradient elution is commonly used for desorbing large
molecules, such as proteins, which can undergo multi
pte-site interaction with a stationary phase. As elution
proceeds, components of the sample are selectively
retarded by the stationary phase according to one (or
more) of the mechanisms discussed earlier, and thus
are eluted at different times.

The column effluent may be directed through a
detector and then into tubes, changed at intervals b)' ~

fraction collector, The detector response, in the [crrn of
an electrical signal. m.,y be recorded (the chro
matogram) and used for qualitative or quantitative
analysis, as discussed in more detail later. The fraction
collector may be set to collect eluate at specifi!!c time
intervals or after a certain volume or number of drops
have been collected: Components of the sample th;:t
have been chromatographically separated in this man
ner then can be analyzed as needed.

31.3.4.3.2 Qualitative Analysis The volume of liouid
required to elute <l compound from a liquid chro
matography column is called the retention volume,
VII' The associated time is the retention time, I R• Com
paring VII or til to that of standards chromatographed
under identical conditions often enables one to identify
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an unknown compound. (One should remember that
different compounds may have identical retention
times.) A related technique is to spike the unknown
sample with a known compound and compare chro
matograms of the original and spiked samples to see
which peak has increased. In most cases, it will be nec
essary to collect the peak(s) of interest and establish
their identity by another analytical method.

Often it is necessary to compare chromatograms
obtained from two different systems or columns. Dif
ferences in column dimensions. loading, temperature,
flow rate, system dead-volume, and detector geometry
may lead to discrepancies for uncorrected retention
data, By subtracting the time required for the mobile
phase or a nonretained solute (trn or to) to travel
through the column to the detector, one obtains an
adjusted retention time, t'R (or volume) as depicted in
Fig. 31-10. The adjusted retention time (or volume) cor
rects for differences in system dead-volume; it may be
thought of as the time the sample spends adsorbed on
the stationary phase.

A simple, reliable method for the identification of
peaks is to use relative retention as expressed by the
separation factor, a. Values for a (Fig. 31-10) depend
only on temperature and the stationary phase and
mobile phase used.

31.3.4.3.3 Separation and Resolution
1. Overview. The goal of chromatography is to seg

regate components of a sample into separate bands or
peaks as they migrate through the column. The resolu
tion of two peaks from each other is defined as

R:=: 26l [4]
5 Wz+ ut

l
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where:

Rt .:::s resolution
dl = difference between retention times of peaks

1 and 2
rl,l~ = width of peak 2. at baseline
r~'t = width of peak 1 at baseline

Figure 31·11 illustrates the measurement of peak width
(part A) and the values necessary for calculating reso
lution (part B). (Retention and peak or band width
must be expressed in the same units, i.e., time or vol
ume.)

Chromatographic resolution is a function of col
umn efficiency, selectivity, and the capacity factor.
Mathematically, this relationship is expressed as:

R =1/4VN(CI - 1)(~) [5], ""---' a k' + 1
'. a ~....-..-

b . c

where:

a =the column efficiency term
b =the column selectivity term
c = the capacity term

These terms, and factors that contribute to them. will
be discussed in the following paragraphs.

2. Efficiency. If faced with the problem of improv
ing resolution. a c:hromatographer should first exam
ine the efficiency of the column. An efficient column
keeps the bands from spreading'and/or gives narrow
peaks. Column efficiency can be quantitated by

RETENTION TIME (UNCORRECTED) tP::l •

tA,

ADJUSTEO AETENTlON TIME ,I l~
J-4- - - - - - - - - -I-

I I
l~,

r- - --
I
[

t. ~ SOLVENT

INJECTION

Measurement of chromatographic retention. (Adapted from (6), with permission.1
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Measurement of peak width and its contribu~on to resolution. (a) Idealiz~d Gaussian ~omat~gram,ill';1Strati..,£
the measurement of w and t:1~ (b) the resolution of two bands 15 a function of both theu relative retentions and
peak widths. {Adapted from (6), with permission.]

l6j

where:

N = number of theoretical plates
til = retention time
0= standard deviation for a Gaussian peak
u' = peak width at baseline (w ::: 40)

WI/::! ::: peak width at half height

The measurement of tR, w. and wI'.! is illustrated in Fig.
31-11. (Retention volume may be used instead of IR; b
this case, band width is also measured in units of v oj
urne.) Although few peaks are actually Gaussian in
shape, normal practice is to treat them as if they were.
In the case of peaks that are incompletely resolvec or
slightly asymmetric, peak width at half-height is more
accurate than peak width at baseline.

The value N calculated from the above equat:o:'\ is
called the number of theoretical plow. The theoretical

plate concept, borrowed from distillation theory, can
best be understood by viewing chromatography as a
series of equilibrations between mobile and stationary
phases, analogous to countercurrent distribution. A
column, then, would consist of N segments (theoretical
plates) with one equilibration occurring in each..As a
first approximation, N is independent of retention ti ..ne
and is therefore a useful measure of column perfo:
mance. One method of monitoring column perfor
mance over time is to chromatograph a standard CO:T\

pound periodically, under constant conditions. and to
compare the values of N obtained. Band broadening
due to colwnn deterioration will result in a decrease of
N.

The number of theoretical plates is generally p:o
portional to column length. Since columns are avail
able in various lengths, it is useful to have a measure of
column efficiency that is independent of column
length. This may be expressed as ..

L
HETP"" N [7].
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where:

HETP =height equivalent to a theoretical plate
L = column length
N = number of theoretical ?lates

The so-called height equivalent to a theoretical plate
(HETP) is sometimes more simply described as plate
height (fl). If a column consisted of discrete segments,
HETP would be the height of each imaginary segment.
Small plate height values (a large number of plates)
indica te good efficiency of 'separation.

Obviously, plate theory is an oversimplification
because chromatography is a continuous process.
Columns are not divided into discrete segments and
equilibration is not infinitely fast. Also, columns often
behave as if they have a different number of plates for
different solutes in a mixture. A more realistic descrip
tion of the movement of solutes through a chromatog
raphy column takes into account the finite rate at
which a solute can equilibrate itself between stationary
and mobile phases. Thus, band shape depends on the
rate of elution and is affected by solute diffusion. Any
mechanism that causes a band of solute to broaden will
increase HEm consequently decreasing column effi
ciency. The various factors that contribute to plate
height are expressed by the Van Deemter equation:

HETP = Au l / 3 +! + c, [8]
u

where:

HETP =height equivalent to a theoretical plate
A, B, C = constants

u =mobile phase velocity

The constants A, B,and C are characteristic for a given
column, mobile phase, and temperature. The A term
results from eddy diffusion or multiple flowpaths.
Eddy diffusion refers to the different microscopic flow
streams that the mobile phase can take between parti
cles in the column (analogous to eddy streams around
rocks in a brook). Sample molecules can thus take dif
ferent paths as welt depending on which flowstreams
they follow. As a result, solute molecules spread from
an initially narrow band to a broader area within the
column. Eddy diffusion may be minimized by good
column packing techniques and the use of small diam
eter particles of narrow particle size distribution. The B
term of the Van Deemter equation (sometimes called
the longitudinal diffusion term) exists because all
solutes diffuse from an area of high concentration to
one of low concentration. In liquid chromatography,
the contribution of this term to HETP is small except at
low flow velocities. (The more time a solute spends on
the column, the grea ter will be its diffusive spreading.)
The C (mass transfer) term arises from the finite time
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required for solute to equilibrate between the mobile
and stationary phases. if the stationary phase consists
of porous particles (see Chapter 32, Fig. 32-3), a sample
molecule entering a pore ceases to be transported by
the solvent flow and moves by diffusion only. Subse
quently, this solute molecule may diffuse back to the
mobile phase flow or it may interact with the station
ary phase. In either case, solute molecules inside the
pores are slowed down relative to those outside the
pores and band broadening occurs. Contributions to
HETP from the C term can be minimized by using
porous particles of small diameter Or pellicular pack
ing materials (Chapter 32, section 32.2.3.2.2). As ex
pressed by the Van Deernter equation, mobile phase
velocity, u, contributes to plate height in opposing
ways-increasing the flow rate increases eddy diffu
sion and the mass transfer component (A and C terms),
but decreases longitudinal diffusion (B term). A Van
Deemter plot (Chapter 33, Fig. 33-14) may be used to
determine the mobile phase flow velocity at which
plate height is minimized and column efficiency is
maximized.

3. Selectivity. Chromatographic resolution de
pends on selectivity as well as efficiency. Column
selectivity refers to the distance, or relative separation,
between two peaks and is given by

C1 = tit! - to :::: t '~ =K2

fRl - to t'Rl K1

where:

c :::: separation factor
f,U and tR,!=retention times of components 1

and 2, respectively
to (or tm) = retention time of unretained tompo

nents (solvent front)
t'R1 and t'R: =adjusted retention times of compo

nents 1 and 2, respectively
K1 and K2 =distribution coefficients of compo-

nents 1 and 2, respectively

Retention times (or volumes) are measured as shown
in Fig. 31-10. The time, to' can be measured by chro
matographing a solute that is not retained under the
separation conditions (i.e., travels with the solvent
front). When this parameter is expressed in units of
volume, Va or Vm' it is known as the dead-volume of
the system. Selectivity is a function of the stationarv
and/or mobile phase. For example, selectivity in ion
exchange chromatography is influenced by the nature
and number of ionic groups On the matrix but also can
be manipulated via pH and ionic strength of the mobile
phase. Good sel~ti\"ity is probably more important to
a given separation than high efficiency (Fig. 31-12),
since resolution is directly related to selectivity but is
quadratically related to efficiency; thus a fourfold
increase in N is needed to double Rs (Equation (5]).
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where:

and long anaIY$is.ti9\e6. On a practical basis, k'values
within the rang«! 'Of 1-15 are generally used, (1n the
equation for R.,. k'is actually the average of k1' and ~'

for the two components separated.)

31.3.4.3.4 Quantitative Analysis Assuming that good
chromatographic resolution and identification of sam
ple components have been achieved. quan.titation
involves measwing peak height, area, or mz.ss and
comparing these data with those for standards of
known concentration. (It should be remembered that a
completely resolved peak is not necessarily equh-alent
to a pure substance. One peak can t'e?reseIlt several
components that are not resolvable under the chr0
matographic conditions utilized.)

1. Peak Height versus Peak Area. There is much
debate about which of these techniques is more useful.
In general, peak height is less dependent on flow rate,
butpeak area is less affected by other instrumental and
operator variations. Peak height is simply measured as
the distance from baseline to peak maximum (see Fig.
31-11). Interpolation of the baseline from start to finish
may be used to compensate for baseline c.....:...~ (often a
problem in gradient elution). Peak height measure-
ment generally gives precisions of 1-2% a.n d should
not be used with visibly distorted peaks.

Several methods may be used to measure peak
area, as depicted in Fig. 31-13. Since chromatographic
peaks often approximate a triangle, area can be caleu
lated by the formula for a triangle, A:: (wI2).:': (Fig. 31
13a). The width at half-height (w\.-:) is usee to reduce
errors due to adsorption and tailing. T:-.:.s r:-.e:.hod
should be used onlv for symmetrical oeaks or these
that have similar shapes. The area measured is iess
than the true area but is proportional to sample size,
provided peaks are not badly distorted. Precision
depends on the ratio of h:u'",:, which preferably h.Js
into a range of 2-10. A second area-measurement
method is triangulation, which requires drawi:,,:~ lines
tangent to the sides of the peak. Peak height a.-.c ;\·i::~!-.
are then measured as shown in Fig. 31·13b. Since this
technique offers no greater accuracy thai.... :..~e ?:-~\'i0~,;

method and is subject to operator error (drawi:.. ..: oi l~l.·

tangent lines), it is not recommended. A planic"leter is
a mechanical device that can be used to measure peak
areas by tracing around their perimeters (FiG. 31·13c).
The precision and accuracy of this method depend on
the device itself and on operator skill. The ?::':Umc:C'r
technique can be more accurate than ~ria:l£~lal:o:'"

especially if the peaks are skewed.
The cut-and-weigh method of quantitaring peak

mass requires carefully cutting out the chromate
graphic peak (or a copy of it) and weighing the pilpcr
on an analytical balance, The inaccuracy of cutting can
be minimized by keeping the ratio of h:wv: between 1
and 10. Homogeneity of the paper, moisture content,
and the weight of the p"per all are important factors,

(a)

(Ill

(e)

Chromatographic resolution: efficiency versus
selectivity. (a) Poor resolution; (b) good resolu
tion due to high column efficiency; (c) good res
olution due to column selectivity. [From (6),
usedwith permission.]

k' =capacity factor
K =distribution coefficient of the solute

Vs = volume of stationary phase in column
V m = volume of mobile phase
VR = retention volume of solute
t R =retention time of solute
1

0
= retention time of unretained components

(solvent front)

4. Capacity Factor. The capacity or retention isc
tOT, k', is a measure of the amount of time a chro
matographed species (solute) spends in/on the sta
tionary phase relative to the mobile phase. The
relationship between capacity factors and chromato
graphic retention (which may be expressed in units of
either volume or time, as previously discussed in sec
tion 31.3.4.3.2), is shown below:

k'= KV. = VR-Vm = t'R-t('l [10}
v, v, to

Small values of k' indicate little retention. and compo
nents will be eluted close to the solvent front, resulting
in poor separations. Large values of k' result in
improved separation but also can lead to broad peaks

J\_I\'----
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h

(a)

but this method is superior to triangulation techniques
for irregularly shaped peaks.

Electronic integrators provide the chromatogra
pher with highly precise and automatic conversion of
detector output into numerical form. The only disad
vantages of this method are that digital integrators are
rather expensh-e and setting parameters often requires
J fairly high level of operator sophistication.

2. External versus Internal Standards, Having
quantitated sample peaks, one must compare these
data with appropriate standards of known concentra
tion to determine sample concentrations. Comparisons
may be by means of external or Internal standards.
Comparison of peak height, area, or mass of unknown
samples with standards injected separately, i.e., exter
nal standards, is common practice. Standard solutions
covering the desired concentration range (preferably
diluted from one stock solution) are chromatographed,
and the appropriate data (peak height, area, or mass)
plotted versus concentration to obtain a standard curve.
An identical volume of sample is 'then chromate
graphed, and height, area, or mass of the sample peak
is used to determine sample concentration via the stan
dard curve (Fig. 31~14a). This absolute calibration
method requires precise analytical technique and

(b)

Height Times Width at Half-Height

__..L-_--'~ W
I
I \

Triangulation

h

(b)

x

z

Concentration

Calibration CUrves for quantitalion of a sample
c0n:tponent, x. (a) External standard technique;
(b) Internal standard technique. {Adapted from
(6), with permission.)

A/A.

concanlr.lIloo

(c)

Three different methods of estimating peak
area. (..\)_P.Hk~~hll(\...idth athalf-height: (8)
triangulation; (e) planimerry, [From (6), used
with F'~rmjssjon.)

Planimetry
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requires that detector sensitivity be constant from day
to dav if the calibration curve is to remain valid.

Use of the internal stand•. (relati\'e or indirect)
method can minimize errors due to sample prepara
tion. apparatus, and operator technique. In this tech
nique, a compound is utilized that is structurally
related to, but is eluted independently of, compounds
of interest in the sample to be analyzed- Basicilly, the
amount of each component in the sample is deter
mined by comparing the height. area, or mass of that
component peak to the height, area, or mass of the
internal standard peak. However, variation in detector
response between compounds of different chemical
structure must be taken into account. One way to do
this is by first preparing a set of standard solutions con
taining varying concentrations of the compound{s) of
interest. Each of these solutions is made to contain a
known and constant amount of the internal standard.
These standard solutions are chromatographed, and
peak,height, area, or mass is measured. Ratios of peak
height, area, or mass (compoundof interest/internal
standard) are calculated and plotted against concentra
tion to obtain calibration curves such as those shown in
Fig. 31-14b. Aseparate response curve must be plotted
for each sample component to be quantitated. Next, a
known amount of internal standard is added to the
unknown sample, and the sample is chromatographed.
Peak height, area, or mass ratios (compound of inter
est/internal standard) are calculated and used to read
the concentration of each relevant component from the
appropriate calibration curve. The advantages of using
internal standards are that injection volumes need :101

be accurately measured and the detector response need
not remain constant since any change will not alter
ratios. The main disadvantage of the i.n temal standard
technique is the difficulty of finding a standard that
does not interfere chromatographicaUy with compo
nents of interest in the sample.

31.3.4.4 Supercritical Fluid Chromatography

The technique of supercritical fluid chromatography
(SFC) was initially demonstrated more than 30 years
ago. Since the 19605. however. more effort has been put
into the development of HPLC. Now that HPLC has
reached maturity. there is increasing interest in SFC.

A supercritical fluid is one that is above both its
critical pressure (Pc) and critical temperature (T,),
(The combination of Pc and T, is known as the critical
point.) A supercritical fluid can be formed from a con
ventional gas by increasing the pressure. or from a con
ventional liquid by raising the temperature. Com
monly used fluids, such as carbon dioxide. arc
purchased as liquefied gases. Carbon dioxide fre
quently is used as a mobile phase for SFC; hov..-ever, it
is not a good solvent for pc.ar and high-molcC'..J1.Jr
weight compounds. A small arr.ount of a polar. or5;lnic
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solvent such as m~flIlolcan be added to a nonpolar
supercritica1fl~to enhance"solute solubility, improve
peak shape, and altln'selectivity. (Such a mobile phase
modilier may be referred to as an entrainer.) Other
supercritical-fluids that have been used in food. appli
cations include nitrous oxide, trifluoromethane, sulfur
hexafluoride, pentane, and anunonia.

When employed as mobile phases, supercritical
fluids confer chromatographic properties intermediate
to liquid and gas chromatography. The high diffusiv
ity and low viscosity of supercritical fluids mean
decreased analysis timesand improved resolution com
pared to liquid chromatography. Supercritical fluid
chromatography offers a wide range of selectivity
adjustment, since k' and a (section 31.3.4.3.3) may be
altered by changes in pressure and temperature as well
as changes in mobile phase composition and the sta
tionary phase. In addition, SFC makes possible the sep
aration of nonvolatile, thermally labile compounds
that are not amenable to gas chromatography.:

Supercritical fluid chromatography can be per
formed using either packed columns or capillaries
(each requires appropriately designed instrumenta
tion). In the case of the former, column packing materi
als are similar to those used for HPLC. Small particle,
porous, high.surface area, hydrated silica may serve as
the stationary phase itself, or simply as a support for a
bonded stationary phase (Chapter 32). Polymer-based
packings have been used, but are less satisfactory
owing to long solute retention times. Capillaries are
generally coated with a polysiloxane (-Si-v-Si)
film, which is then crosslinked to form a polymeric sta
tionary phase that cannot be washed off by the mobile
phase. Polysiloxanes containing different functionz!
groups, such as methyl. phenyl, or cyano, may be used
to vary the polarity of this stationary phase. lnsrru
mentation for (packed column) SFC is similar to that
used for HPLC with one major difference. A b2CK orcs
sure regulator is used to control the outlet pressure of
the svstem. (Without this device, the fluid would
expand to a low pressure, low density gas.) Besiccs ti-.':
advantages of deceased analysis time and impro .... f'G
resolution, SFC offers the possibility to USC;'l wide \<,~:

ely of detectors, including those designed for g.:i5 chro
matography.

Supercritical fluid chromatography has bee:-. used
primarily for nonpolar compounds. Chester et al. (3)
review recent applications of SFC. Fats, oils. and othe-r
lipids are compounds to which SFC is incrcasinc \y
applied, The noncaloric fat substitute, olesrra. \,"; ~
characterized by SFC-MS (mass spectroscopy). Other
researchers ha ve used SFC to detect pesticide resic UCS.

srudy thernally labile compounds from members of the
A/li:ml genus, fractionate citrus essential oils. and char
acterize compounds extracted from microwave pack
a£ing (:l). ~orch-Jensen and Mollerup (2) discussed the
I..:~C of p.~c)o.ed column and capillary SFC for the analy-
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sis of food and natural products. especially fatty acids
and their derivatives, glycerid~s, waxes, sterols, fat
soluble vitamins, carotenoids, and phospholipids. Re
sults obtained by SFC are compared to those from GC
and HPLC.

31.4 SUMMARY

Chromatography is a separation method based on the
partitioning of a solute between a moving, or mobile,
phase and a fixed, or stationary, phase. The mobile
phase may be liquid, gas, or a supercritical fluid. The
stationary phase may be a liquid or a solid. This chap
ter focuses primarily on liquid chromatography, chro
matography performed (at atmospheric pressure) with
a liquid mobile phase. Basic physicochemical princi
ples underlying all liquid chromatographic separa
tions are adsorption, partition, ion-exchange, size
exclusion, and affinity. General terminology, and the
specific techniques of paper, thin-layer, and column
liquid chromatography are described. In the latter,
sample components may be resolved into separate
bands or peaks as they migrate through a column
packed with stationary phase. Factors that contribute
to chromatographic resolution are column efficiency,
selectivity, and capacity. A chromatogram provides
both qualitative and quantitative information via
retention time (or volume) and peak height (area or
mass) data.

For an introduction to the techniques of HPLC and
GC the reader is referred again to Chapters 32 and 33 in
this text. The book by R.M. Smith (10) contains infor
mation on basic concepts of chromatography and chap
ters devoted to thin-layer, liquid, and high performance
liquid chromatography, as well as an extensive discus
sion of gas-liquid chromatography. Inaddition to a bib
liography at the end of each "Chapter, this well-written
volume also contains an appendix that describes the
chromatographic literature, including references to
specific applications such as food. Books by Touchstone
(12)and Berger (1)contain detailed information on thin
layer and supercritical fluid chromatography, respec~

tively. Chromatography. the standard work edited by E.
Heftmann (1992 and earlier editions), is an excellent
source of information On both fundamentals (Part A)
and applications (Part B) of chromatography. Part 8
includes chapters on the chromatographic analysis of
amino acids, proteins, lipids, carbohydrates, and phe
nolic compounds. In addition, Fllnd'2mCl~aland Appli
cations Rl!Views published (in alternating years) by the
journal AnalyticalCllemistry rela te new developments in
all branches of chromatography. as well as their appli
cation to specific areas such as food. Recent books and
general review papers are referenced, along with
research articles published during the specified review
period.
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31.5 STUDY QUESTIONS

1. Oiiferenti.ltl! batch. continuous, and countercurrent
extraction, and explain how extraction relates to chro
matography,

2. Describe the difference between adsorption and partition
chromatography with respect to stationary phases. How
does .:I solute interact with the stationary and mobile
phase in each case?

3. Distinguish between normal-phase and reversed-phase
chromatography by comparing the nature of the station
ary and mobile phases and the order of solute elution.

-to Wnat is the advantage of bonded supports over coated
supports for partition chromatography?

J. You applied a mixture of proteins. in a buffer at pH 8.0.
to an anion-exchange column. On the basis of some
assays you performed, you know that the protein of
interest adsorbed to the column. 0

a. Does the anion-exchange stationary phase have a pos
itive or negative charge?

b .....Vhat is the overall charge of the protein of interest
that adsorbed to the stationary phase?

c. Is the i.soelectric point of the protein of interest (ad
o sorbed to the column) higher or lower than pH S.O?
d .....Vhat are the two most common methods vou could

use to elute the protein of interest from the anion
exchange column? Explain how each method works.
(Seealso Chapter 16.)

6. Explain how you would use size-exclusion chromatogra
phy to estitnate the molecular weight of a protein mole
cule. Include an explanation of what information must be
collected and how it is used.

7. Would you use a polystyrene- or a polysaccharide-based.
stationary phase for work with proteins? Explain you
answer,

8. Explain the principle of affinity chromatography, why a
spacer arm is used, and how the solute can be eluted.

9. Compare paper chromatography, thin-layer chromatog
raphy. and column liquid chromatography. Explain sim
ilarities and differences.

10. What is gradient elution from a column, and why is it
often advantageous over lsocratic elution?

11. Using the Van Deemter equation, HETP,and N. as appr~
priate, explain why the following changes. may increase
the efficiency of separation in column chromatography:
a. changing the flow rate of the mobile phase
b. increasing the length of the column
c. reducing ~e inner diameter of the column

12. How can chromatographic data be used to quantitate
sample components?

13. \Nhy would you choose to use an internal standard
rather than an external standard? Describe how vou
would select an internal standard for use. .

U. Explain how superc:ritical fluid chroma.tography (5FO
differs from liquid chromiltagraphy, including the ad
vantages of SFC. .
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32.1 INTRODUCTION

High performance liquid chromatography (HPLq
developed during the 1960s as a direct offshoot of clas
sical column Liquid chromatography through improve
ments in the technology of columns and instrumental
components (pumps, injection valves, and detectors).
Originally, HPLC was the acronym for highpressure Iiq~

uid chromatography, reflecting the high operating pres
sures generated by early columns. By the late 19705,
however, high performance liquid chromatography had
become the preferred term. emphasizing the effective
separations achieved. In fact, newer columns and
packing materials offer high performance at moderate
pressure (although still high relative to gravity-flow
liquid chromatography). Advantages of HPLC over tra
ditional low pressure column liquid chromatography
include:

1. Speed (many analyses can be accomplished in
30 min or less).

2. Improved resolution (due in part, to a wide vari
ety of stationary phases)

3. Greater sensitivity (various detectors can be
employed).

4. Reusable columns (although initially expensive,
columns can be used for many analyses).

5. Ideal for ionic spedes and large molecules (sub
stances of low volatility)

6. Easy sample recovery

High performance liquid chromatography can be
applied to the analysis of any compound with solubil
ity in a liquid that can be used as the mobile phase.
Unlike gas chromatography, sample components need
not be volatile; derivarization, when used with HPLC,
serves to enhance detectability of the analyte. Although
most frequently employed as an analytical technique,
HPLC also may be used in the preparative mode. (Prep
arative chromatography is utilized to obtain highly
purified compounds in quantities ranging from mil
ligrams to kilograms.)

Applications of HPLC to the analysis of food mate
rials began in the late 1960s, and its use soared with the
development of column packing materials that would
separate sugars. Using HPLC to analyze sugars was
justified economically as a result of sugar price in
creases in the mid-1970s which motivated soft-drink
manufacturers to substitute high-fructose com syrup
for sugar. Monitoring sweetener content by HPLC
assured a good quality product. Other early food appli
cations included the analysis of pesticide residues in
fn.tits and vegetables, organic acids. lipids, amino
acids, toxins (such as aflatoxins in peanuts), and vita
mins (1). High performance liquid chromatography
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continues to be applied to these, and many more. food
related analyses today (2-4).

32.2 COMPONENTS OF AN HPLC SYSTEM

A schematic diagram of a basic HPLC system is shown
in Fig. 32-1. The main components of this system
pump, injector, column, detector, and recorder/inte
grator/data system-are discussed briefly in the se<.
tions below. (A fraction collector is added onlv if
further analysis or purification of separated compo
nents is needed.) Connecting tubing, tube fittings, and
the materials out of which components are constructed
also are important because they influence system per
formance and lifetime. References (1) and (5-i) include
detailed discussions of HPLC equipment, with the
books by Bidlingmeyer (1) and Smith (5) especially
appropriate for beginners. Two useful books on HPLC
troubleshooting are those written by Gertz (8) and
Dolan and Snyder (9). In addition, much information
on HPLC equipment, hardware. and troubleshooting
hints may be found in publications such as LC-Ge,
American Laboratory, Chemical & Engineering Nm:s. and
similar periodicals. Manufacturers are also a source of
practical information on HPLC instrumentation and
hardware.

32.2.1 Pump

The role of the HPLC pump is to deliver the mobile
phase through the system, typically at a flow rate of
1 ml/rnin, in a controlled, accurate, and precise man
ner. The two main types of pumps used are constant
pressure and constant volume. Constant pressure
pumps may be either of a reciprocating or a syringe
type design. Reciprocating pumps produce a pulsating
flow, thereby requiring the addition of mechanical or
electronic pulse dampers t.o suppress fluctuations. A
mechanical pulse damper or dampener consists of a
device (such as a deformable metal component Or tub
ing filled with compressible liquid) that can change its
volume in response to changes in pressure. Screw
driven syringe pumps produce pulseless flow but suf
fer the disadvantage of limited reservoir capacity.
Gradient elution systems for HPLC mav utilize low
pressure mixing, in which mobile phas; components
are mixed before entering the high pressure pump, or
high-pressure mixing. in which two or more indepen
dent, programmable pumps are used.

Most commercially available HPLC pumping svs
tems and connecting lines are made of grade AXSI 316
stainless st~l. ~hic:h can withstand the pressures gen
erated and 15 resistant to corrosion by oxidizing agents,
acids, bases. and organic solvents. Mineral acids and
halide ions do attack :itainless steel. Thus, the system
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Schematicrepresentation ofa system forhigh performance liquidchromatography (not drawn to scale).Colw:nn(s)
and detector may be thermostatted, as indicated by the dashed line, for operation at elevated temperature'.

should be rinsed thoroughly with water if these sub
stances have been used in the mobile phase. All HPLC
pumps contain moving parts such as check valves and
pistons, and are quite sensitive to dust and particulate
matter in the liquid being pumped. Therefore, it is
advisable to filter the mobile phase using 0.45 or 0.22
~ porosity filters prior to use. Degassing HPLC elu
ents, by application of a vacuum and/or ultrasonica
tion or by sparging with helium, also is recommended
to prevent the problems that can be caused by air bub
bles in a pwnp or detector.

32.2.2 Injector

The role of the injector is to place the sample into the
flowing mobile phase for introduction onto the col
umn. Originally, injection onto the HPLC column was
made through a septum, similar to the method used in
gas chromatography. Nowadays. virtually all HPLC
systems usc valve injectors, which separate sample
introduction from the high-pressure eluent system.
With the injection valve in the LOAD position (Fig. 32
M), the sample is lo..Jcd, via syringe. into an external,
fixed-volume loop at atmospheric pressure. Eluent,
meanwhile, flows directly from the pump to the col
umn at high pressure. When the valve is rotated to the
l1\.'JECT position (Fig. 32-25), the loop becomes part of
the eluent flow stream and sample is carried onto the
column.

Such injectors are generally trouble free and afford
good precision. Ch.mgins the loop allows different \-01

umes to be injected. Although injection volumes o~

10-100 ul are typical. both larger (e.g., 1-10 ml) ~;1,-:

smaller (e.g., ~2 ul) sample volumes can be loaded !:>::
utilizing special hardware. Volumes as small as 20 nl
can be injected by utilizing an internal loop; th~

injected volume is that of the connecting channel in the

valve rotor. An important advantage of the loop valve
design is that it is readily adapted to automatic opera
tion. Thus, automated sample injectors, or autesam
piers, may be used to store and inject large numbers of
samples. Samples are placed in uniIorm-size vials,
sealed with a septum, and held in a (possibly refriger
ated) tray. A needle penetrates the septum to withdraw
solution from the vial. and an electronically or pneu
matically operated. valve introduces it onto the col
umn. Autosamplers can reduce the tedium and labor
costs associated with routine HPLC analyses and
improve assay precision. However. considerable time
must be invested in initial setup, and these devices are
seldom trouble free. Because samples may remain
unattended for 12-24 hr prior to automatic injection,
sample stability is a key factor to consider before pur
chasing this accessory.

32.2.3 Column

An HPLC column could be considered a tool for the
separation of molecules, Since both extemal hardware
and internal packing material are important, these 1"\':0

topics are discussed separately.

32.2.3.1 Column Hardware

An HPLC column is usually constructed of stainless
steel tubing with terminators that allow it to be con
nected between the injector and detector of the system
(Fig. 32·1). Columns also have been made from "glass.
fused silica. titanium, and PEEK (polyether ether ke
tom') resin. \lany types and sizes are commercially
available. ranging from 5 cm x 50 cm (or larger) prepar
ative columns down to wall-coated capillary columns.

32.2.3.7.7 Ptecotumns Aux.iliary columns that pre
cede the il.:'IillyticaJ HPLC column may be termed pre-
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columns. Presaturator columns containing large parti
cles of bare silica r.lay be placed between the HPLC
pump and injector to presaturate the mobile phase
with silica. This can help to slow down dissolution of
Silica-based packing materials during the USe of aque
ous mobile phases.

Short (s5 em) expendable columns, called guard
columns, often are used to protect the analytical col
Ul1U1 from strongly adsorbed sample components. A
guard column (or cartridge) is installed between the
injector and analytical column via short lengths of cap
illary tubing (or a cartridge holder). Usually of the
same internal diameter as the analytical column, guard
columns are designed with relatively small total vol
umes and minimal dead volumes, so that they do not
cause significant band broadening. They may be filled
with either pellicular media (see section 32.2.3.2.2).of
the same bonded phase as the analytical column, or
with microparticulate (slO urn) packing material iden
tical to that of the analytical column. A guard colwnn
(or cartridge) should be repacked or replaced before its
binding capacity is exceeded and contaminants break
through to the analytical column. Guard columns con
taining large pellicular particles, e.g. 35-40 !lID, may be
dry-packed by the user. Microparticulate media, which
must be slurry packed (as discussed in section 32.23.3),
often can be purchased as prepacked, disposable
inserts for use in a special holder (1).

1. Decreased consumption oiboth mobile and sta
tionary phases

2. Decreased peak volume (which leads to
increased peak concentration and increased
detection sensitivity)

3. Increased resolution (With long columns)
4. Applicability to temperature programming
5. Reduced equilibration time 0 o

6. Possibility to couple HPlC with mass spec
trometry (MS)

32.2.3.1.2 Analytical Columns The most commonly
used analytical HPLC columns are 10, 15, or 25 em
long with an internal diameter of 4.6 or 5 mrn (5, 6).
(Optimum column length is dictated by the number of
theoretical plates needed to give the desired separa
tion, as discussed in Chapter 31, section 31.3.4.3.3.)
Analytical columns are generally packed with 3, 5, or
10 jJJ11 particles and are operated at flow rates of 1-2
mIl min. Short (3 em) columns, packed with s3 !lID par
jicles, are gaining popularity for fast separations, for
example, in method development or process monitor
ing. In recent years, the use of columns with smaller
internal diameters has increased. The advantages of
using smaller diameter columns include (10):

Various names have been used for the reduced-volume

Sample
loop

Sample
loop
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pump
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pump

Waste

Waste

Valve-tvne injector. The valve allows the sam
ple loopro be (A) isolated from the pump elu
ent stream (LOAD position) or (B) positioned
in it (Il\.}ECT position). (From (6), used with
permission.l
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columns. Dorsey eta!. (11) refer to columns with inter
nal diameters ofO~Omm as aUcrobore, while open
tubular or packed columns having intemaJ. diameters
of <0.5 mm are termed microcolumns~(Open tubular
columns consist of a capillary. the inner surface of
which is coated with a thin laver of stationarv phase.)
To achieve good performance from microcolWnns, it is
essential to have an HPlC system with very low dead
volume, so that peak broadening outside the column
does not destroy resolution achieved within the col
umn. Pumps and injectors designed specifically for use
with these columns are available from commercial sup
pliers.

32.2.3.2 HPLC Column Packing Materials

The development of a wide variety of column packing
materials has contributed substantially to the success
and widespread use of HPLC.

32.2.3.2.1 General Requirements A packing mater
ial serves, first of all, to form the chromatographic bed.
It mayor may not be involved in the actual separation
process, i.e., distribution of, a solute between two
phases. In classical liquid-liquid chromatography, the
packing serves only to support the stationary phase,
which is the liquid that resides in its pores (Chapter 31,
section 31.3.32). In size-exclusion chromatography, H
is important that there be no interaction between
solutes and the column packing material. since separa
tion is accomplished, ideally on the basis of differences
in molecular size (Chapter 31, section 31.3.3..4). How
ever, in adsorptive modes of chromatography, includ
ing ion-exchange and affinity, the column packing
material simultaneously serves as both support and
stationary phase. Additional requirements for HPLC
column packing materials are (7):

1. Availability in a well-defined particle size, with
a narrow particle size distribution

2. Sufficient mechanical strength to withstand
pressure generated during packing and use

3. Good chemical stability

32.2.3.2.2 Silica-Based Column Packings 1. Porous
Silica. Porous silica meets the above criteria quite well
and can be prepared in a wide range of particle and
pore sizes (wi th a narro:...... particle size distribution).
Both particle size and pore diameter are important
with regard to HPLC separations. Small particles re
duce the distance a solute must travel between station
ary and mobile phases, This facilitates equilibration
and results in good column efficiencies, i.e. a large
number of theoretical plates per unit of column length
(Chapter 31, section 31.3.·1.3.3). However, small parri
des also mean greater flow resistance; thus, higher
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pressure drops. at equivalent flow velocity. Spherical
particles of 3, 5, or 10~ diameter are utilized in ana
lytical columns. luger (sometimes irregularly shaped)
particles may be used Eor industrial-scale preparative
chromatography, since they are less expensive.

One half or more of the volume of porous silica
consists of voids or pores (7). Choice of pore diameter
is important, inasmuch as packing material surface
area is inversely related to the mean pore diameter. In
adsorptive modes, chromatographic retention (Chap
ter 31, section 31.3.4.3.2) increases as the amount of sta
tionary phase surface area increases. Thus, use of the
smallest possible pore diameter will maximize surface
area and sample capacity (the amount of sample that
can be separated on a given column). Packing materi
als with a pore diameter of ~100 A and surface area

. of 2~OO m2/g are used for low-molecular-weight
(<500) solutes. For increasingly larger molecules, such
as proteins and nucleic acids, it is necessary to use
wider pore materials (pore diameter :t 300 A) so that
internal surface is accessible to the solute (7).

Silica consists mainly of silicon dioxide, SiO~, with
each Si atom at the center of a tetrahedron. On the sur
face, one remaining valency is generally occupied by
an --0H group, referred to as a silanol. These weakly
acidic groups (Px. - 9) (12) are rather reactive and can
be utilized to modify the silica surface.

2 Bonded Phases. So-called bonded phases (Fig.
32-3A) are made by covalently bonding hydrocarbon
groups to the surface of silica particles via surface
silanols (12, 13). Often, the silica is reacted with an
organochlorosilane:

R R
\ II \ [I

-Si-DH ;- Cl-Si-R3 - -Si~Si-R3 + HCI
/ I / I

R~ R2 [1]

Substituents R1 and R,2 may be halides or rnethvl
groups. The nature of R3 determines whether the result
ing bonded phase will exhibit normal-phase, reversed
phase, or ion-exchange chromatographic beha v icr. The
siloxane (-Si-0-Si-) bond is stable in the pH rangc
ca. 2-7.5. Chiral selectors, for the resolution of enan
tiorners, such as enantiomeric lipids, also may be
attached via silica surface modifications (7).

The main disadvantage of-silica and silica-based,
bonded-phase columnpackings is that the silica skele
ton slowly dissolves in aqueous solutions, especially ~t

pH > 8. Consequently, much effort has gone into the
development of nonsilica HPLC pac kings. Other inor
ganic materials, of greater pH stability, that may be
used are alumina, zirconia. titania, porous graphitic
carbon, and hydroxyapatite.

3. Pelllcular Packings. A pellicular packing mate
ri a] (Fib' 32-33) is made by depositing a thin layer or
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Coating or Layer
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Some types ofpacking materials utilized in HPLC. (A) Bonded-phase silica; (B)pellicular packing; (C) miaoporous
polymeric resin; (0) macroporous polymeric resin. [Adapted from (13), p. 621by courtesy of Marcel Dekker, Inc.]

coating onto the surface of an inert, usually nonporous,
microparticulate core. Core material may be either
inorganic, such as silica, or organic, such as poly
(styrene-divinylbenzene) or latex. Functional groups
such as ion-exchange sites are then present at the sur
face only. The rigid core ensures good physical strength
whereas the thin stationary phase provides for rapid
mass transfer and favorable column efficiency. A dis
advantage is that the thin surface coating limits the
number of interactive sites; consequently, binding
capacity is low. Glass beads of limited porosity covered
with chemically attached groups .and silicas with
extensive bonded-phase coverage also exhibit charac
teristics of pellicular packings. The distinction between
bonded phase and pellicular packings is not always
clear cut (13).

Pellicular coatings on porous supports, such as
macroporous silica or polystyrene, have proven to be
quite useful for HPLC of large biological molecules
such as proteins and oligonucleotides. A polyamine is
physically adsorbed to the support surface, and then
crosslinked into a permanent polymeric layer. The
resulting pellicular coating exten.ds pH stability of
underlying inorganic media and can mask the undesir
able hydrophobicity of a polystyrene matrix (14).

32.2.3.2.3 Polymeric Column Packings. Synthetic
organic resins offer the advantages of good chemical
stability and the possibility to vary interactive proper
ties through direct chemical modification. Two major

categories of polymeric packing materiaJs exist. Other
novelty types, such as porous polymer rods, have been
introduced for use in preparative chromatography but
will not be discussed here.

1. Microporous (Microreticular). Microporous or
gel-type resins (Fig. 32-3C) are comprised of cross
linked copolymers in which the apparent porosity, evi
dent only when the gel is in its swollen state, is deter
mined by the degree of crosslinking. Styrene,
crosslinked with 2-16"/" divinylbenzene, is an example
of a microporous polymer. These gel-type packings
undergo swelling and contraction with changes in the
chromatographic mobile phase, which can result in
bead fracture, poor mass transfer, and increased pres
sure drop and resistance to flow. Microporous poly
mers of less than ca. 8%crosslinking are not sufficiently
rigid for HPLC use.

2. Macroporous (Macroreticular). Macroporous
resins are highly crosslinked (e.g., 2: 50"10) and consist of
a network of microspheric gel beads joined together to
form a larger bead (Fig. 32-30). large, permanent
pores, ranging from 100to 4000A or more in diameter,
and high surface areas (2:100 m2/g) are the result of
interstitial spaces between the microbeads (13). Rigid
micropa~cu1ate poly(styrene-divinylbenzene) pack
ing materials of the ffi<lCrOporous type are popular for
HPLC use. They are stable from pH 1 to 1-1 and are
available in a varietr of particle and pore sizes. These
resins can be used U1 unmodified form for reversed
phase chromatography or functionalized for use in
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other HPLC modes. Methacrylate polymers also are
used; andean be madesWficiently hydrophilic for use
with proteins.

32.2.3.3 Column Packing Procedures

The column packing processservestoamUlge packing
material particles in a bed of high regularity and sta
bility. It is essential that the bed be unifonn across the
width of the column if low plate heights (Chapter 31,
section 31.3.4.3.3) are to be obtained Techniques such
as sedimentation, dry packing with tamping. or just
pouring the material into the column are not successful
with particles of <20 f.I.lIl. diameter. Thus, sluny pack
ing is virtually always used in HPLC. The packing
material is suspended in a suitable liquid, such as an
alcohol-chloroform mixture, and thisslurry is pumped
into the column (via a "displacer" liquid). at a rather
high flow rate and pressure. The column bed is formed
by autofiltration of the particles. Many variables must
be carefully controlled and column packing is probably
the least understood aspect of HPLC. (Recipes in use
are often based on experience rather than theory.) Since
many companies market well-packed columns, it is
generally unwise for a laboratory to undertake a col
umn packing project (7).

32.2.4 Detector

A detector translates concentration changes in the
HPLC column effluent into electrical signals, Spectro
chemical, electrochemical, or other properties ofsol utes
may be measured by a variety of Instruments. each of
which has advantages and disadvanta ges. The choice of
which to use depends on solute type and concentration,
and on detector sensitivity, linear ra..'"\ge, and compati
bility with the solvent and elution mode to be used. Eco
nomic factors, i.e., initial and operatang costs, also may
influence detector selection.

The most widelv used ~LC detectors are based
on ulrraviolet-visibls (UV-Vis) and fluorescence spec
trophotometry, refractive index determination, and
electrochemical analysis. (See Chapter 26 for detailed
discussion of UV-Vis and fluorescence spectrophotom
etry.) Many other methods, such as light scattering or
spectrometry, can be applied to the detection of ana
lytes in HPLC eluents. More than one type of HPLC
detector may be used series, to provide increased
specificity and sensitivity for multiple types of ana
lytes, In one food-related application, a mulridetector
HPLC system equipped with a diode array absorption
detector coupled to fluorescence and elcctrocbcmical
detectors was used to monitor a wide varierv oi M;:lil
lard reaction products (such as h)'cro)(y~,etilyl!ur.
fural) and follow their kinetics (2).
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32.2.4.1 UV-Visible Absorption Detectors

Many HPLC analysesare~ed out using the UV-Vis
absorption detector. which can measure the absorption
of radiation by chromophore-containing compounds.
(These include simple unsaturated species, such as
ketones, conjugated and aromatic compounds, and a
number of inorganic ions and complexes.) As long as
monochromatic light is used, the magnitude of the
absorption signal is.. directly proportional to analyte
concentration in accordance with the Beer's law:

Absorbance =E X cell path length
x molar sample concentration [2J

Absorbance is directly dependent on the molar absorp
tivity, e, at the wavelength of detection. Thus, detector
sensitivity and response will differ for analytes, de
pending on their ch.romophores.

The three main types of UV-Vis absorption detec
tors are fixed wavelength, variable-wavelength, and
diode array spectrophotometers (5, 6). As its name
implies, the most simple design operates at a single,
fixed wavelength. A filter is used to isolate a single
emission line, e.g., at 254 nm, from a SOurce such as a
mercury lamp. This type of detector is easy to operate
and inexpensive, but of limited utility.

The most popular general purpose HPLC detector
today is the variable-wavelength detector in which
deuterium and tungsten lamps serve as sources of
ultraviolet and visible radiation, respectively. Wa'''e
length selection is provided by a monochromator, a
device tha t acts somewhat like a prism to deflect Ut:r.t.
An exit slit in the monochromator allows light from a
limited range of wavelengths to pass through, and
rotating the monochromator allows one to change tr.e
operating wavelength.

Diode array spectrophotometric detectors Cil."1

provide much more information about sample compo
sition than is possible with monochromatic detection,
In this instrument, all the light from a deuterium lamp
is spread out into a spectrum that falls across ,)..'1 il :-:::::

of photodiodes mounted on a silicon chip. These can be
read virtually simultaneously by a microcomputer to
provide the full absorption spectrum from 200 to 700
run every 0.1 sec. A dedicated computer, usually sup
plied with the detector, is needed to handle the large
amount of data generated. Photodiode array detectors
may enable the components of a mixture to be ider.~.
fied, and can be used to assess purity (differences in the
absorption spectrum between front and tailing edges
of a peak indicate an unresolved impurity). Consider
ably more expensive than variable-wavelength detec
tors, they are useful in method development anc in
rounnc O1nalysis in which ..dditional evidence of peak.
identity is needed.



Chapler 32 • High Performance Liquid Chromafography

32.2.4.2 Fluorescence Detectors

Some organic compounds can reemit a portion of
absorbed UV-visible radiation at a longer wavelength
(lower energy). This is known as fluorescence, and
measurement of the emitted light provides another
useful detection method. Fluorescence detection is
both selective and very sensitive, providing 100- to
lOOO-fold lower detection limits than for the same com
pound in absorbance spectrophotometry. Although
relatively few compounds are inherently fluorescent,
analytes often can be converted into fluorescent deriv
atives (see section 32.2.4.7). Background noise intro
duced by extraneous radiation is the main limitation of
fluorescence detectors. Ideal for trace analysis, fluores
cence detection has been used for the determination of
various vitamins in foods and supplements, monitor
ing aflatoxins in stored cereal products, and the detec
tion of polynuclear aromatic hydrocarbons in waste-
water (5). '

32.2.4.3 Refractive Index Detectors

Refractive index (RI) detectors measure change in the
refractive index of the mobile phase due to dissolved
analytes. This provides a nearly universal method of
detection. However, because a bulk property of the elu
ent is being measured, refractive index detectors are
less sensitive than the more specific types. Peaks may
be positive or negative, depending an analyte refrac
tive index relative to that of the eluent, and these detec
tors are more sensitive to changes in ambient tempera
ture than other types. Another disadvantage. is that
.they cannot be used with gradient elution, as any

, change in eluent composition will alter its refractive
index, thereby changing the baseline signal. Refractive
index detectors are widely used for analytes that do
not contain UV-absorbing chromophores, such as car
bohydrates and lipids.

32.2.4.4 Electrochemical Detectors

Two electroanalytical methods used for HPLC detec
tion are based either on electrochemical oxidation
reduction of the analyte or on changes in conductivity
of the eluent. Atnperometric detectors measure the
change in current as analyte is oxidized or reduced by
the application of voltage across electrodes of the flow
cell. This method is highly selective (nonreactive com
pounds give no response) and very sensitive, often 10'~
better than ultraviolet spectrophotometric detection
(5). A major application of electrochemical detection
has been for the routine determination of catechola
mines, phenolic: compounds of clinical importance that
are present in blood and tissues at very low ~evels. The
development of a triple-pulsed amperometnc detector
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that overcame the problem of electrode poisoning
(acc;umulation of oxidized product on the electrode
surface) has allowed electrochemical detection to be
applied to the analysis of carbohydrates (see section
32.3.3.2.2). Pulsed electrochemical detection also has
been shown to have excellent sensitivity for the quan
tification of flavor-active alcohols, particularly ter
penols (2).

Analytes that are ionized and can carry a charge
can be detected by measuring the change in eluent con
ductivity between two electrodes. Conductometric (or
conductivity) detection has been used mainly to detect
inorganic anions and cations and organic acids upon
elution from weak ion-exchange columns. Its principal
application has been as the basis of ion chromatogra
phy (section 323.3.2.1) ..

32.2.4.5 Other HPLC Detectors

Unfortunately, there is no truly universal HPLC detec
tor with high sensitivity. Thus, there have been many
attempts to find new principles that could lead to
improved instrumentation. One interesting concept is
the mass or evaporative detector, also known as the
light scattering detector. The mobile phase is sprayed
into a heated air stream, evaporating volatile solvents
and leaving nonvolatile analytes as aerosols. These
droplets or particles can be detected because they will
scatter a beam of light (5). This method has been
applied. to the detection of fatty acids, lipids, and car
bohydrates as an alternative to refractive index detec
tion. For example, HPLC with light-Scattering detec
tion has been applied to the analysis of wheat flour
lipids. In another recent study, monoacylglycerol was
determined using HPLC with evaporative light-scat
tering detection and results t11at agreed with GC and
SFC were obtained (2). Ught scattering detectors are
quite useful for the characterization of polymers by
size-exclusion chromatography. Viscosity detectors
are another specialized detector type, also utilized in
conjunction with. size-exclusion chromatography of
polymers.

Radioactive detectors are widely used for pharma
cokinetic and metabolism studies with. radiolabeled
drugs. Decay of a radioactive nucleus leads to excita
tion of a scintillator. which subsequently loses its excess
energy by photon emission. Photons are counted by a
photomultiplier tube and the number of counts per sec
ond is proportional to radiolabeled analvte (6),

Because the HPlC mobile phase often interferes
with detection, various transport detectors also have
been developed. The eluent is deposited onto a carrier
(a wire belt or ceramic disc) that passes through an
oven to evaporate solvent Residua! nonvolatile ana
lytes are then detected via a flame ionization detector
(see Chapter 33) or by pyrolysis to carbon dioxide.
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These instruments have been used with lipids and car
bohydrates. as altematives to refractive index detec
tion (5).

Recently. a novel cMmiluminescent nitrogen
detector (CLND) hasbeen desaibed. Nonnitrogenous
compounds are transparent to this detector; thus, nitro
gen-containing compounds can be detected without
using chemical derivatization (section 32.2A.7). Nitro
gen-specific detection has been used to quantitate caf
feine in coffee and soft drink beverages, and to analyze
capsaicin in red hot peppers (2).

32.2.4.6 Coupled Analytical Techniques

To obtain more information about the analyte(s), eluent
from an HPLC system can be passed on to a second
analytical instrument, such as Infrared (IR), nuclear
magnetic resonance (NMR). or mass spectrometers
(MS) (see Chapter 27, 30, and 29. respectively). This
may be referred to as the use of a hyphenated tech
nique. Unfortunately, the coupling of spectrometers
with liquid chromatography (LC) has been slow to
gain application due to many practical problems. In the
case of HPLC with mass spectrometric detection
(LC-MS), for example. as the liquid mobile phase
evaporates, it swamps the vacuum in the mass spec
trometer. This problem has been addressed bv the
development of commercial interfaces that alia';' sol
vent to be evaporated so that only analyte is carried to
the spectrometer. The use of microbore HPLC columns
with a low flow rate allows direct coupling of the two
instruments (5, 10). Some applications of LC-1v1S are
for the analysis of mycotoxins, nonvolatile pesticides,
and emulsifying compounds.

32.2.4.7 Chemical Reactions

Detection sensitivity or specificity may someti...nes be
enhanced by converting the analyte to a chemical
derivative with different spectral or redox characteris
tics. An appropriate reagent can be added to the sam
ple prior to injection, i.e., pre-column derivatization,
or combined with column effluent before it enters the
detector. i.e., post-column derivatization. Automated
amino acid analyzers utilize post-column derivatiza
tion, usually with ninhydrin, for reliable and repro
ducible analyses of amino acids. Pre-column derivati
zation of amino acids with o-phthalaldehyde or similar
reagents permits highly sensitive HPLC determination
of amino acids using fluorescence detection.

32.2.5 Recorderllntegrator/Data System

A detector provides an electronic signal related to the
composition of the HPLC column effluent. It is the job
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of the lasb element in the chain of HPLC instrumenta
tion to display, and permit quantitation of, the peaks in
the chromatogram. Until fairly recently, the strip chart
recorder was the main output device, with retention
times and peak height or area values being determined
manually by the analyst, as discussed in Chapter 31.
Today, these functions often are performed by an elec-

. tronic integrator. Basically, this instrwnent monitors
the HPLC detector signal and can, if correctly pro
gremmed by the anaJyst, recognize the start, maximum,
and end of each chromatographic peak. These values
then are used to determine retention times and peak
areas. At the end of each run, a report is printed out that
lists these data and post-run calculations, such as rela
tive peak areas, areas as percentages of the total area,
and relative retention times. Ifthe systemhasbeen stan
dardized, data from external or internal standards can
be used to calculate analyte concentrations. Although
the use of an electronic integrator can greatly simplify
data reduction, it is important for the anaJyst to under
stand the capabilities and limitations of this instrument
and subject its output to critical appraisal (5, 6).

An integrator may be a stand-alone device or
microcomputer-based. Software packages to aid data
evaluation are commercially available. For example, in
pesticide residue analysis, analyte retention times can
be calculated relative to an internal standard. The
resulting relative retention times are compared with a
data base for standards to determine probable analvte
identity. In addition, computer-based' integrators may
be linked to central laboratory Information manage
ment systems (LllvIS) (see Chapter 6) as a way of facil
itating Lie collection, analysis, and storage of date from
several laboratory instruments.

32.3 SEPARATION MODES IN HPLC

The basic physicochemical principles under!yi.-:r-: all
liquid chromatographic separations-e-adsorpric-n ?,,:-
tition, ion exchange, size exclusion, and affinitv-are
discussed in Chapter 31, and details will ;,or be
repeated here. The number of separation moc.s uti
lized in HPLC, however. is greater than that a.... ailable
to the classical chromatographer. 'This is attributable to
the success of bonded phases, initially developed to
facilitate classical liquid-liquid partition chroma tocra
phy (Chapter 31, section 31.3.3.2.). In fact, reversed
phase HPLC is the most widely used separation mode
in modem column liquid chromatography.

32.3.1 Normal Phase

32.3.1.1 Stationary and Mobile Phases

In nonnal-phase HPLC. the stationary phase is a polar
adsorbanr, such as bare silica or silica to which polar
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nonionic functional grout:'s-alcoholic hydroxyl, nitro.
cyano (nitrile). or amino-have been chemically
attached. Reactions similar to that described in section
32.2.3.2.2 are used, with terminal polar substituents
being linked to the silica through a short hydrocarbon
spacer (e.g., RJ = -eHzCH~CH~NH1' aminopropyl)
(13). These bonded phases are moderately polar and
have advantages over bare silica: Solute-stationary
phase interactions are less extreme and tile surface is
more uniform, resulting in better peak shapes.

The mobile phase for this mode consists of a non
polar solvent, such as hexane, to which is added a
more polar modifier, such as methylene chloride, to
control solvent strength and selectivity. Solute reten
tion, based on an adsorption/displacement process,
can be modulated by varying the polarity or solvent
strength of the mobile phase (Chapter 31, section
31.3.3.1). Solvent strength refers to the way a solvent
affects the migration rate of the sample. Weak solvents
increase retention (large k'values) and strong solvents
decrease retention (small fe'values). It is important to
realize that the strength of a particular solvent depends
solely on the chromatographic mode. For example,
pentane is a weak solvent in normal-phase chromatog
raphy but a very strong solvent in the reversed-phase
mode.

32.3.1.2 Applications of Normal-Phase HPLC

Normal-phase HPLC is best applied to the separation of
compounds that are highly soluble in organic solvents,
such as fat-soluble vitamins, or suffer fromlow stability
in aqueous mobile phases, such as phospholipids.
Compound classes (see Table 31·2), isomers, and highly
hydrophilic species, such as carbohydrates (see Chap
ter 11), also may be resolved by normal-phase chro
matography. Amino bonded-phase HPtC columns are
utilized for the separation of carbohydrates (7).

32.3.2 Reversed Phase

32.3.2.1 Stationary and Mobile Phases

More than 70% of all HPLC separations are carried out
in the reversed-phase mode which utilizes a nonpolar
stationary phase and a polar mobile phase. The sta
tionary phases most commonly employed are chemi
cally bonded phases prepared by the reaction of silica
surface silanols with an organcehlorQsilane as de
scribed in section 32.2.3.2.2. Usually, the R3 group
(Equation (1]) is an oceadecyl (CIS) chain [-(CHVt7
CHJ] . Octadecylsilyl (ODS) bonded phases are one of
the most popularreversed.,phase puking-materials.
Shorter chain hydrocarbons, e.g., cetyl (CS> or butyl
(C4) , or phenyl groups also can be attached to the silica
surface. The use of monochlorosilanes leads to mono-
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meric bonded phases, where a monomolecular organic
layer is fanned on the silica surface. Reacting- silica
with a cli- or trichlorcsilane leads to the formation of a
polymeric layer. In the reaction of silica surface silanol
groups with bulky organosilanes, only ca. 500/.. of the
-DH moieties are derivatized. Since they are weaklv
acidic and can possess a negative charge, these residu~l
unreacted silanols cal'.contribute significantly to unde
sirable band broadening and tailing of some solutes,
especially amines. For this reason, the silica is some
times subjected to a second reaction (endcapping) with
a small silylating reagent, such as trimethyl
ch.lorosilane.

Many silica-based reversed-phase columns are
commercially available, and differences in their chro-
matographic behavior result from variation in the fol
lowing (12):

1. Type of organic group bonded to the silica
matrix, such as CI8 versus phenyl

2. Chain length of organic moiety, such as Cs ver
sus C18

3. Amount of organic moiety per unit volume of
packing

4. Support particle size and shape
5. Matrix surface area and porosity
6. Bonded. phase surface topology, such as mono

merie versus polymeric
7. Concentration of free silanols

Polymeric packing materials eliminate the prob
lem of residual silanols, provide increased pH stability,
and offer additional selectivity parameters. Highly
crosslinked poly(styrene-divinylbenzene) may be used
directly in the reversed-phase mode or can be modified
with various hydrophilic-or hydrophobic functional
groups, including C18•

Reversed-phase HPLC utilizes polar mobile
phases, usually water mixed with methanol. acetoni
trile, or tetrahydrofuran. Solutes are retained due to
hydrophobic interactions with the nonpolar station
ary phase and are eluted in order of increasing hydro-
phobicity (decreasing polarity). Increasing the polar
(aqueous) component of the mobile phase increases
solute retention (larger k' values), whereas increasinz
the organic solvent content of the mobile phase d~
creases retention (smaller k: values). Various additives
can serve additional functions. An amine, such as tri
ethylamine, may be added to the mobile phase to de
activate residual silanols. Aqueous buffers mav be
employed to suppress Or otherwise control the io~
tion of sample components. Although ionogenic corn
pounds often can be resolved without them, ion-pair
reagents rna! be used to facilitate chromatographv
of ionic s~ea~ on reversed-phase columns. These r~

agents are roruc surfactants, such as octanesulfonic acid ,
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which can neutralize..charg!!d solutes and make them
more lipophilic. Depending upon the concentration of
ion-pairing agen~ retention can be varied continuously
from a reversed-phase ,prcass to an ion-exchange
process. Hence, ion~pair (paized..ion. ion-association)
HPLC is sometimes included in discussions of ion
exchange chromatography or may even be treated as an
independent separation mode.

A

lents of ion-exchange moieties per unit weight of pack
ing material.

Silica-based bonded-phase ion exchangers also
have been developed. Since ionogeruc groups, pro
vided by the chemicaliy bonded layer, tend to be at
the surface, ion exchange is rapid and good separation
ef5ciency is obtained. As with other silica-based pack
ings, however, mobile phase pH must be somewhat
restricted. .

B
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Analysis of Vitamin B6 compounds by
reversed-phase HPLCwith fluorescence detec
tion. Some of the standard compounds> (A) are
present in a sample of rice bran cxtto:.ct (is;.
Sample preparation and analytical procedures
are described in reference (15). Abbreviations:
PL =pyridoxal; PLP = pyridoxal phcspha tc:
P~f = pyridoxamine; PMP = pyridoxamine
phosphate: PN = pyridoxine; PNG = pyricox
ine ~D-glucosidc. (Reprinted in part with per
mission from (15). Copyright 1991 American
Chemical Society.]

10II

32.3.2.2 Applications of
Reversed·Phase HPLC

As previously stated, reversed-phase HPLC is widely
used. Only a few important food-related. applications
are mentioned here. Reversed-phase has been the
HPLC mode most used lor analysis of plant proteins.
Cereal proteins, among the most difficult of these pr~
teins to isolate and characterize, are now routinely ana
lyzed by this method (7). Both water- and fat-soluble
vitamins (Chapter 18) can be analyzed. by reversed
phase HPLC (2-4). The availability of fluorescence
detectors has enabled researchers to quantitate very
small amounts of the more than six possible forms of
Vitamin B, (vitamers) in foods and biological samples.
Figure 32-4 shows the separation of several of these
vitamers in a rice bran extract (15). Ion-pair reversed
phase HPLC can be used to resolve carbohydrates on
C18 bonded-phase columns (7). The constituents of soft
drinks (caffeine, aspartame, etc.) can be rapidly sepa
rated using reversed-phase chromatography. Re
versed-phase HPLC with a variety of detection meth
ods, including RI, tN, light-scattering, and LC-MS, has
been applied to the analysis of lipids (2-4, 7). Antioxi
dants, such as butylated hydroxyarusole (BHA) and
butylated hydroxytoluene (BH1), can be extracted
from dry foods and analyzed by reversed-phase HPLC
with simultaneous UV and fluorescence detection (3).
Food dyes, pigments (such as chlorophylls, carat
enolds, and anthocyanins) (Chapter 19), and phenolic
flavor compounds (such as vanillin), also are amenable
to reversed-phase HPLC (2-t 7).

32.3.3 Ion Exchange

32.3.3.1 Stationary and Mobile Phases

Packing materials for ion-exchange HPLC often are
functionalized organic resins, namely sulfonated or
aminated poly(styrene-divinylbenzene) (Chapter 31,
section 31.3.3.3). Although microporous resins (of 2'8%
cross linking) can be used, macroporous (macroreticu
lar) resins are much more satisfactory for HPLC
columns due to their greater rigidity and permanent
pore structure (section 32.2.3.2.3). Pellicular packings
also are utilized, although a disadvantage is their lim
ited ion-exchange capacity, i.e., the number of equiva-
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trices include the determination of organic and inor
ganic ions in milk; organic acids in coffee extract and
wine; choline in infant formula; and trace metals, phos
phates, and sulfites in foods. Figure 32-5 illustrates the
simultaneous determination of organic acids and inor
ganic anions in coffee by ion chromatography.

Ion~omat~graphlc:analysis of organic adds
and U1orgamcanions in coffee. Ten anions
(Usted) were resolved on an IonPac AS5A col
umn (Oionex) using Q sodium hydroxide gradi-
ent and suppressed conductivity detection.
(Courtesy of Dionex Corp .•Sunnyvale, CA.)

32.3.3.2.2 Carbohydrates and Compounds of Bio
chemical Interest Both cation- and anion-exchange
stationary phases are applied to HPLC of carbohy
drates. Sugars and sugar derivatives can be separated
on gel-type (microporous) polymeric cation-exchange
resins in the H+ form or loaded with Ca2~ or other
metal counterions (Fig. 32-6). Various separation
mechanisms are involved, depending on the counte
rion associated with the resin, degree of crosslinking (4
versus 8%), and type of carbohydrate (7). Chromato
graphic selectivity is mainly a function of the station
ary phase. These columns are generally operated at ele
vated temperatures (ca. 85°C) to obtain the highest
efficiency and resolution. It is essential to perform ade
quate sample cleanup and avoid undue pressure on
these packing materials.

The advantage of separating carbohydrates by
anion exchange is that retention and selectivity may be
altered by changes in eluent composition. Anion
exchange HPLC with fluorescence detection has been
used to quantitate oligosaccharides in commercial soy
bean lecithin. Charged oligosaccharides from hydro
lyzed pectin-eontaining regions of apple were ana
lyzed by anion-exchange HPLC in combination with
thermospray mass spectrometry (2).

32.3.3.2 Applications of lon-Exchange HPLC

Ion-exchange HPLC has many applications, ranging
from the detection of simple inorganic ions to analysis
of carbohydrates and amino acids to the preparative
purification of proteins.

The mobile phase in ion-~xchange HPLC is usu
ally an aqueous buffer, and solute retention is con
trolled by changing mobile phase ionic strength
and/or pH. Gradient elution (gradually increasing
ionic strength) is frequently employed. Ion-exchange is
similar to an adsorption process, wherein mobile phase
constituents compete with solutes for binding to sites
on the stationary phase. Thus, increasing ionic strength
of the mobile phase allows it to compete mare effec
tively, and solute retention decreases. A change in
mobile phase pH can affect the sample or the station
ary phase or both. The functional groups of "strong"
ion exchangers remain ionized across a broad pH
range. Consequently, the binding capacity of these sta~

tionary phases is essentially constant, regardless of
mobile phase pH, and changes in retention are due
solely to alteration of solute charge. The ligand density
or charge capacity of "weak" ion exchangers may be
varied by manipulating mobile phase pH (Chapter 31,
section, 31.3.3.3).

32.3.3.2.1 Ion Chromatography Ion chromatography
is simply high performance ion-exchange chromatog
raphy performed using a relatively low-capacity sta
tionary phase (either anion- or cation-exchange) and,
usually, a conductivity detector. All ions conduct an
electric current; thus, measurement of electrical con
ductivity is an obvious way to detect ionic species.
Because the mobile phase also contains ions, however,
background conductivity can be relativelyhigh. One
step toward solving this problem is to use much lower
capacity ion-exchange packing materials, so that more
dilute eluents may be employed. In nonsuppressed or
single-column ion chromatography, the detector cell
is placed directly after the column outlet and eluents
are carefully chosen to maximize changes in conduc
tivity as sample components elute from the column.
Suppressed ion chromatography utilizes an eluent
tha t can be selectively removed. Originally, this was
accomplished by the addition of a second suppressor
column between the analytical column and the con
ductivity detector. Today, suppressor columns have
been replaced by ion-exchange membranes (7). Sup
pressed ion chromatography permits the use of more
concentrated mobile phases and gradient elution. Ion
chromatography can be used to determine inorganic
anions and cations, transition metals, organic adds,
amines, phenols, surfactants, and sugars. Some specific
examples of ion chromatography applied to food rna-
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Cation~xchange separation of sugars in fruit
juice. Calcium-form column (Interaction 0iD
620; 30 x 0.65~ 9QOq eluted with distilled
water at 0.5 ml/min. Refractive index detec-
tion. (Courtesy of Interaction Ouomatography.
San Jose, CA.)

Carbohydrate analysis has benefited. greatly by the
relatively recent introduction of a technique that
involves anion-exchange HPLC at high pH (~2), and
detection by a pulsed amperometric detector, Pellicu
lar column packings (see section 32.2.3.2.2), consisting
of nonporous latex beads coated with a thin film of
strong anion-exchanger, provide the necessary fast
exchange, high efficiency, and resistance to strong
alkali.

Amino acids have been resolved on polymeric ion
exchangers for more than 30 years (see Chapter 16). Ion
exchange is One of the most effective modes for HPLC
of proteins and, recently, has been recognized as valu
able for the fractionation of pep tides.

32.3.4 Size Exclusion

Size-exclusion chromatography fractionates solutes
solely on the basis of their size. Due to the limited sep
aration volume available to this chromatographic
mode, as explained in Chapter 31 (section 31.3.3.4), the
peak capacity of a size-exclusion column is relatively
small, i.e., 1~13 peaks (see Fig. 31-6). Thus, the "high
performance" aspect of HPlC, which generally im
plies columns with 2000-20,000 theoretical plates, is
not really applicable in the case of size exclusion. The
main advantage gained from use of small particle
packing materials is speed. Separation times of :s60
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min may be reaiized"With 5-13 J.L11'l. particles, compared
to S241u' separations using3D-150 um particles In.das
sica! columns (7).

32.3.4.1 Column Packings and Mobile Phases

Size-exclusion packing materials or columns are
selected so that matrix pore size matches the molecular
weight range of the species to be resolved. Prepacked
columns of miaoparticulate media are available in a
wide variety of pore sizes. Hydrophilic packings, for
use with water~luble samples and aqueous mobile
phases, may be surface-modified. silica or methaaylate
resins. Poly(styrene-divinylbenzene) resins are useful
for nonaqueous size-exclusion chromatography ofsyn
thetic polymers.

The mobile phase in this mode is chosen for sam
ple solubility, column compatability, and minimal
solute-stationary phase interaction. Otherwise, it has
little effect on the separation. Aqueous buffers are used
for biopolymers, such as proteins and nucleic acids,
both to preserve biological activity and to prevent
adsorptive interactions. Tetrahydrofuran or dimethyl
formamide is generally used for size-exclusion chr0
matography of polymer samples, to ensure sample sol
ubility.

32.3.4.2 Applications of High Performance
Size-Exclusion Chromatography

Hydrophilic polymeric size-exclusion packings are
used for the rapid determination of average molecular
weights and degree of polydispersity of polysaccha
rides, including amylose, amylopectin, and other solu
ble gumssuch as pulluIan, guar, and water-soluble cel
lulose derivatives. Molecular weight distribution can
be determined directly from high performance size
exclusion chromatography, if low-angle laser light
scattering (rALLS) is used for detection (7)..

Size-exclusion HPLC has been shown to be a rapid,
one-step' method for assessing soybean culti":ars on the
basis of protein content. (Proteins in the extracts of
nondefatted flours from five soybean cultivars were
separated into six common peaks, and cultivars could
be identified by the percent total area of the fifth peak.)
Recently. a gel permeation liquid chromatographic
method has been applied to the determination of poly
merized triacylglycerols in oils and fats (2).

32.3.5 Affinity

Affinity chromatography is based on the principle that
the molecules to be purified can form a selective but
reversible interaction with another molecular species
that has been immobilized on a chromatographic sup
port. Columns packed with preactivated media On
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which a ligand of interest CJn be immobilized in situ
have greatly facilitated the use of high performance
affinity chromatographY. Although almost any mater
ial can be immobilized ~n a suitablv activated support,
the major ligands are proteins, nucleic acids, dyes, and
lectins (Chapter 31, section 31.3.3.5). Affinity chro
matography is used to purify many glycoproteins, as
described in Chapter 16, An affinity technique that
does not involve bioselective processes is metal chelate
affinity chromatography. Ligands consist of immobi
lized irnincdiacetic acid to which various metal ions,
such as Cu2~ or Zn~?, can be complexed. Coordination
with these metal ions is the basis for separation of some
proteins. Affinity chromatography using immobilized
folate binding protein is an effective tool in purifying
sample extracts for HPLC analysis of folates in foods
and biological.materials [for example, reference (16)].

32.4 DEVELOPING A SEPARATION

There may be numerous ways to accomplish a chro
matographic separation for a particular compound, In
many cases, the analyst will follow a standard labora
tory procedure or published methods. In the case of a
sample that has not been previously analyzed, some
useful guidelines for method development are pre
sented in references (1), (6), and (17).

Begin by evaluating what is known about the sam
ple and define the goals of the separation. How many
components need to be resolved? 'What degree of reso
lution is needed? Is qualitative or quantitative infor
mation needed? Molecular weight (or molecular
weight range), polarity, and ionic character of the sam
ple will guide the choice of separation mode. Figure
32-7 shows that more than one correct choice may be
possible. (For example, small ionic compounds maybe'
separated by ion-exchange, ion-pair reversed-phase. or
reversed-phase HPLC.) In this case, the analyst's
choice may be based on convenience, experience, and
personal preference.

Having chosen a separation mode for the sample
at hand, one must select an appropriate column, elu
tion conditions, and a detection method. Trial experi
mental conditions may be based on the results of a lit
erature search, the analyst's previous experience with
similar samples, or general recommendations from
chromatography experts (see, for example, reference
(17)].

To achieve separation of sample components by all
modes except SEC, one may utilize either isocratic or
gradient elution. Isocratic elution is the most simple
and widely used technique. in which solvent compost
tion and flow rate are held constant. Gradient elution
involves reproducibly varying mobile phase composi
tion or flow rate (flo"" programming) during an HPLC

523

analysis. Gradient elution is used when sample COm
ponents possess a wide range of polarities, so that an
isocratic mobile phase does not elute all components
witlun a reasonable time. Increasing the "strength" of
the mobile phase (section 32.3.1.1), either gradually or
in a stepwise fashion, shortens the analysis time. (Gra
dient elution is routinely used for HPLC of large mole
cules.)

Although method development may begin with an
isocratic mobile phase, possibly of intermediate sol
vent strength, Snyder (17) recommends using gradient
elution for the initial separation. This ensures that
some level of separation will be achieved within a rea
sonable time period and nothing is likely to remain on
the column. Data from this initial "scouting" run
allows one to determine if isocratic or gradient elution
is needed, and to estimate optimal isocraric mobile
phase composition or gradient range. (The use of a gra
dient scouting run does not presuppose that the final
method will use gradient elution.)

Once an initial separation has been achieved, the
analyst can proceed to optimize resolution. nus gen
erally involves manipulation of mobile phase vari
ables, including the nature and percentage of organic
components, pH, ionic strength, nature and concentra
tion of additives (such as ion-pairing agents), and tem
perature, In the case of gradient elution, gradient
steepness (slope) is another variable to be optimized.

32.5 SAMPLE PREPARATION AND
DATA EVALUATION

It is important to recognize that the success or failure of
HPLC methods, as with appiications of other analytical
techniques, is ultimately dependent upon the adequacy
of sample preparation, Other methodologies, some of
which are listed in Table 32-1, generally are needed to
remove interfering materials prior to chromatography.
Variables such as extraction efficiency, analyte stability,
and consistency of chemical or enzymatic pretreatment
must be considered during each sample preparation
step. This is especially critical when microconstiruents,
such as Vitamin 86 compounds (15) or folates (16), are
to be analyzed. The use of HPLC to analyze foods for
pesticide, 'mycotoxin, and drug residues 'also requires
fastidious sample preparation and data evaluation. In
the future, sample preparation Olav become much more
automated, with robots being us~ to perform repeti
tive procedures. Already, they can Cam' out extractions
and dertvaeizations, prepare solutions; use solid-phase
cartridges, evaporate, and centrifuge (5).

The data acquired from an HPLC analvsis must be
evaluated from several aspects. Identification and
quantitation of chr~miltographic peaks are discussed
in Chapter 31 (sechons 31.3.4.3.2 and 31.3A.3.~). As
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A schematic diagram for choosing a chromatographic separation mode based on sample molecular weight and sol
ubility. {From (6), used. with permission.]

Sample Preparation Steps Prior 10 HPlC

1. A sample can be spiked with a small amount of
added standard; only the height of the peak of

stated previously, the fact that the retention time of an
unknown and a standard are equivalent does not
prove that the two compounds are identical. Other
techniques are needed to confirm peak identity. For
example:

interest should increase, with no change in
retention time, peak width, or Shape.

2. A diode array detector can provide absorption
spectra of designated peaks. Although identical
spectra do not prove identity, a spectral differ
ence confirms that sample and standard peaks
are different compounds.

3. In t..~e absence of spectral scanning capability,
other detectors, such as absorption or fluores
cence, may be used in a ratioing procedure.
Chromatograms of sample and standard J..."1?

rncrutored at each of two different wavclenl;::-:~.

The ratio of peak areas at these wavelengths
should be the same if sample and standard ().J""(:

identical.
4. Peaks of interest can be collected and subjected

to additional chromatographic (different sepa
ration mode) or nonchromatographic (e.g.,
spectroscopic) analysis.

The quantitative validity of an HPLC analysis also
must be confirmed. Standards should be included dur
ing each analytical session, since detector response
may vary from day to day. Analyte recovery should be
checked periodically. This involves addition of a

Centrifugation
Evaporation
Freeze drying
Enzyme cigestion
Hydrolysis
Column switching
Low-temperature storaqe
Filtration
Column chromatography
Microwave irradiation

Liquid handling
Solvent extraction
pH change
Chemical derivatization
Solid phase extraction
Soxhlet extraction
Steam distillation
Supercritical fluid extraction
Homogenization
PreClpilation
Dialysis

From (6). used with permission.
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Assuming that the separation of compounds is based on
their polarity,
a. Is this normal- or reversed-ph.ase chromatography"

Explain your answer.
b. Which compound is the most fX'1a.r~

c. How would you change the:nobi!e phase so com
pound C would elute sooner, ':\-::hou: cha."lging the rel
ative positions of compounds A and. ·B? Explain why
this would work.

6. Ion chromatography has recently :-.eccme a widely pro
moted chromatographic technique :.."\ food analysis.
Describe ion chromatography arid ;h'e at lea3t twoexam
ples of its use.

7. Describeone application each for icn-exchaage and size
exclusionHPLC.
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1. \'\ihy might you choose to use HPLC rather than tradi
tional Jaw-pressure column chromatography?

2. Wh.Jt is a guard column and why is it used?
3. Give three general requirements for HPLCcolumn pack

ing materials. Describeand distinguish among porous sil
ica, bonded phases, pellicular, and folymeric column
packings, including the advantages and disadvantages of
each type.

4. \Vho1t is the. primary function of an HPLC detector
(regardless of type)? What factors would you consider in
choosing an HPLC detector? Desoibe three ctilferent
types of detectors and explain the principles of operation
for each.

5. A sample containing compounds .-\,B, and C is analvzed
via HPLC using a column packed with a silica-based Cu
bonded phase. A 1:5 solution of ethanol and H.O was
used as the mobile phase. A UV detector was us~. and
the following chromatogram was obtained.

known quantity of standard to .01 sample (usually
before extraction) and determination of how much is
recovered during subsequent analysis. During routine
analyses, it is highly desirable to include a control or
check sample, a material of known composition. nus
material is analyzed parallel to unknown samples.
When the concentration of analyte measured in the
control falls outside an acceptible range, data from
other samples analyzed during the same period should
be considered suspect. Carefully analyzed food sam
pies and other substances are available from the
National Institute of Standards and Technology (for
merly the National Bureau of Standards) for use in this
manner.

32.6 SUMMARY

High perfonnance liquid chromatography is a chro
matographic technique of great versatility and analyti
cal power, A basic HPLC system consists of a pump,
injector, column(s), detector, and recorder/integrater/
data system, The pump delivers mobile phase through
the system, An injector allows sample to be placed into
the flowing mobile phase for introduction onto the col
UIIUl. The HPLC column, connected between injector
and detector, consists of stainless steel hardware filled
with a packing material. Various auxilliary columns
may be used prior to the analytical column. Detectors
used in HPLC include tTV-Vis absorption, fluores
cence, refractive index, electrochemical, and several
other types, including coupled analytical systems.
Detection sensitivity or specificity sometimes can be
enhanced by chemical derivatization of the analyte.
While a strip-chart recorder serves to record the basic
results of a chromatographic separation, electronic
integrators and computer-controlled systems offer
additional data-handling capability. A broad varieryof
column packing materials has contributed greatly to
the widespread use of HPLC. These column packing
materials may be categorized as silica-based (porous
silica, bonded phases, pellicular packings) or poly
meric (microporous, macroporous). The success of sil
ica-based bonded phases has expanded the applica
tions of normal-phase and reversed-phase modes of
separation in HPLC. Separation also can be achieved
by utilizing the principles of ion-exchange, size-exclu
sion, and affinity chromatography. HPLC is widely
used for the analysis of small molecules and ions, such
as sugars, vitamins, and amino acids, and is applied to
the separation and purification of macromolecules,
such as proteins, nucleic acids, and polysaccharides.
As with other analvrical techniques, careful sample
preparation and co~fuming the identity of resolved
species are essential to the success of HPLC methods.
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Chapter 33 • Gas Chromatography

33.1 INTRODUCTION

The first publication on gas chromatography (GC) was
in 1952 (1), while the first commercial instruments
were manufactured in 1956. James and Martin (1) sep
arated fatty adds by GC, collected the column effluent,
and titrated the individual fatty adds for quantitation.
GC has advanced greatly since that early work and is
now considered to be a mature field that is approach
ing theoretical limitations.

The types of analysis that can be done by GC are
very broad. GC has been used for the determination of
fatty acids, triglycerides, cholesterol and other sterols,
gases, solvent analysis, water, alcohols, and simple sug
ars, as well as oligosaccharides, amino acids and pep
tides, vitamins, pesticides, herbicides, food additives,
antioxidants, nitrosamines, polychlorinated biphenyls
(PCEs), drugs, flavor compounds, and many more. The
fact that GC has been used for these various applica
dons does not necessarily mean that it is the best
method-often better choices exist. GC is ideally suited
to the analysis of thermally stable volatile substances.
Substances that do not meet these requirements
(e.g., sugars, oligosaccharides, amino acids, pep tides,
and vitamins) are more suited to analysis by a tech
nique such as high performance liquid chromatogra
phy (HPLC) or superc:ritical-fluid chromatography
(SFC). Yet gas chromatographic methods appear in the
literature for these substances.

This chapter will discuss sample preparation for
GC, gas chromatographic hardware, columns, and
chromatographic theory as it uniquely applies to gas
chromatography. Texts devoted to GC in general (2-4)
and food applications in particular (5) should be con
sulted for more detail.

33.2 SAMPLE PREPARATION FOR GAS
CHROMATOGRAPHY (GC)

33.2.1 Introduction .
One cannot generally directly inject a food product into
a GC without some sample preparation. The high tem
peratures of the injection port will result in the degra
dation of nonvolatile constituents and create a number
of false GC peaks corresponding to the volatile degra
dation products formed. In addition, very often the
constituent of interest must be isolated from the food
matrix simply to permit concentration such that it is at
detectable limits for the GCor isolate it from the bulk
of the food. Thus, one must generally do some type of
sample preparation, component isolation, and concen
tration prior to GC analysis.

Sample preparation often involves grinding,
homogenization, or otherwise reducing particle size.
There is substantial documentation in the literature
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showing that foods may undergo changes during sam
ple storage and preparation. Many foods contain active
enzyme systems that will alter the composition of the
food product. TIlls is very evident in the area of flavor
work (6-8). Inactivation of enzyme systems via high
temperature-short time thermal processing, sample
storage under frozen conditions, drying the sample, or
homogenization with alcohol may be necessary (see
Chapter 5).

Microbial growth or chemical reactions may also
occur in the food during sample preparation. Chemical
reactions will often result in the formation of volatiles
that will again give false peaks on the Gc. Thus, the
sample must be maintained under conditions such that
degradation does not occur. Microorganisms are often
inhibited by chemical means (e.g., sodium fluoride),
thermal processing, drying, or frozen storage.

33.2.2 Isolation of Solutes From Foods

The isolation procedure may be quite complicated
depending upon the constituent to be analyzed. For
example, if one were to analyze the triglyceride bound
fatty acids in a food, one would first have to extract the
lipids (free fatty acids; mono; di; and triglycerides;
sterols; fat-soluble vitamins, etc.) from the food (e.g.,
by solvent extraction), and then isolate only the triglyc
eride fraction (e.g., by adsorption chromatography on
silica). The isolated triglycerides then would have to be
treated to first hydrolyze the fatty adds from the
triglycerides and subsequently to fonn esters to im
prove gas chromatographic properties. The two latter
steps might be accomplished in one reaction by trans-

. esterification (e.g., borontriflouride in methanol) as
described in Chapter 14, section 14.6.1. Thus many
steps involving several types of chromatography may
be used in sample preparation for GC analysis.

The analysis of volatiles in foods (e.g., packaging
or environmental contaminants, alcohols and flavors
or off-flavors) may be a simpler task. Th~se materials
for GC analysis may be isolated by headspace analysis
(static or dynamic), distillation, preparative chro
matography (e.g., solid-phase extraction, column chro
matography on silica gel), simple solvent extraction, or
some combination of these basic methods. The proce
dure used will depend on the food matrix as well as the
compounds to be analyzed. The primary considera
tions are to isolate the compounds of interest from non
volatile food constituents (e.g., carbohydrates, pro
teins, vitamins) or those that would interfere with GC
(e.g., l~pids). Som: of the chromatographic methods
that rrught be apphed to this task have been discussed
in. the basic chromatography chapter (Chapter 31) of
this text. Methods for the isolation of volatile sub
stances (e.g., headspace analysis distillation and
extraction methods) have not bee~ discussed i~ this
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text, SO they will be covered briefly as they pertain to
the isolation of components for gas chromatographic
analysis,

It should be emphasized that the isolation proce-
dure used is critical in deten:ninil\g the results ob
tained. An improper choice of method or FPor tech
nique at this step negates the best gas chromatographic
analysis of the isolated solutes. The influence of isola
tion technique on gas chromatographic analysis of a
mixture of aroma compounds ranging from ethanol to
isoeugenol is evident from Fig. 33-1. All of the chro
matograms (presented as bar charts) shown in this fig
ure were obtained from the analysis of the sameaqumu5
model system. The gross differences in GC profile are
simply due to the biases introduced by the selectivity
of the isolation method. These biases are discussed. in
the sections that follow.

33.2.2.1 Headspace Methods

One of the simplest methods of isolating volatile com
pounds from foods is by direct injection of the head
space vapors above a food product. Unfortunately, this
method does not provide the sensitivity needed for
trace analysis (Fig. 33-1). Instrumental constraints typ
ically limit headspace injection volumes to 5 ml or less.
Therefore, only volatiles present in the headspace at
concentrations greater than l(T~ g/liter headspace
would be at detectable levels (using a flame ionlzarion
detector).

Direct headspace sampling has been used exten
sively where rapid analysis is necessary and major com
ponent analysis is satisfactory. Examples of method
applications include measurement of hexanalas an
indicator of oxidation (10, 11) and 2-methyl propanal, 2
methyl butanal, and ~methyl butanal as indicators of
nonenzymatic browning (12). The determination of
residual solvents in packaging materials also maybe
approached by this method.

Headspace concentration techniques (often called
dynamic headspace or purge and trap methods) have
found wide t:sage in recent years. This concentration
method may involve simply passing large volumes of
headspace vapors through a cryogenic trap or, alterna
tively, a more complicated extraction and/or adsorp
tion trap. A simple cryogenic trap offers SOme ad van
'rages and disadvantages. A cr:'o trap (if properly
designed and operated) will collect headspace vapors
irrespective of compound polarity and boiling point.
However, water is typically the most abundant volatile
in a food product, and, therefore, one collects an aque
ous distillate of the product aroma. This distillate must
be extracted with an organic solvent, dried, and then
concentrated for analysis. These additional steps add
analysis time and provide opportunity for sample con-
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tamination. Recently, the use of adsorbent traps has
become the most common means to concentrate head
space vapors.

Adsorbent traps offer the advantages of providing
a water-free volatile isolate (trap material typically has
little affinity for water) and are readily automated. The
adsorbent initially used fOT headspace trapping was
charcoal. The charcoal was either solvent extracted
{CS}, or thermally desorbed with backBushing (inert
gas) to recover the adsorbed volatiles. The use of syn
thetic porous polymers as headspace trap material
now dominates. Initially, Tenax (a porous polymer
very similar to the skeleton of ion-exchange resins) was
most commonly used; however, combinations ofTenax
and other polymers are now seeing greater application.
These polymers exhibit good thermal stability and rea
sonable capacity. Adsorbent traps are generally placed
in a closed system and loaded, desorbed, and so on via
the use of automated multiport valving systems.

The automated closed system approach provides
reproducible GC retention times and quantitative pre
cision necessary for some studies. The primary disad
vantage of adsorbent traps is their diHerential adsorp
tion affinity and limited capacity. Buckholz et al. (13)
have shown that the most volatile peanut aroma con
stituents will break through two Tenax traps in series
after purging at 40 ml/min for only 15 min. Therefore,
the GC profile may only poorly represent the actual
food composition due to biases introduced by the
purt..!1g and trapping steps (Fig. 33-1).

33.2.2.2 Distillation Methods

Distillation processes are quite effective at Isolating
volatile compounds from foods for GC analysis (Fig.
30-1, graph labeled Atmospheric SDE). Product mois
ture or outside steam is used to heat and codistill the
volatiles from a food product. This means that a very
dilute aqueous solution of volatiles results, and a sol
vent extraction must be performed on the distillate to
permit concentration for analysis. The distilla ric.:
method most commonly used today is SOme modifica
tion of the original Nickerson-Likens distillation heac.
In this apparatus. a sample is boiled in one side flask
and an extracting solvent in another. The product
steam and solvent "'apors are intermixed and con
densed; the solvent extracts the organic volatiles from
the condensed steam. The solvent and extracted distil
late rerum to their respective flasks and are distilled to
asain extract the volatiles from the food. While L~

method is convenient and efficient, artifacts from sol
vents used in extraction, antifoam agents, steam sup
ply (contaminated water), thermally induced chemical
changes. and leakage of contaminated laboratory air
into t:-,(: systcrn rn.;y con:~minate the volatile isolate.
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33.2.2.3 Solvent Extraction

Solvent extraction is often the p1l!ferred method for the
recovery of volatiles from fcodS(Fig. 33-1). Recovery of
volatiles will depend upon solvent choice and the solu
bility of the solutes being extracted. Solvent extraction
typically involves the use of an organic solvent (unless
sugars, amino acids, or some other water-soluble com
ponents are of interest). Extraction with organic sol
vents limits the method to the isolation of volatiles from
fat-free foods (e.g., wines, some breads, fruit and
berries, some vegetables, and alcoholic beverages), or
an additional procedure must be employed to separate
the extracted fat from the isolated volatiles (e.g., a chro
matographic method). Fat will otherwise interfere with
subsequent concentration and GC analysis.

Solvent extractions may be carried 01,1t in quite
elaborate equipment, such as superaitical CO2 extrac
tors, or can be as simple as a batch process in a separa
tory funnel. Batch extractions can be quite efficient if
multiple extractions and extensive shaking are used
(14). The continuous extractors (liquid-liquid) are
more efficient but require more costly and elaborate
equipment.

33.2.2.4 Solid-Phase Extraction

The extractions discussed above involved the use of
two immiscible phases (water and an organic solvent).
However, a newer and very rapidly growing alterna
tive to such extractions is solid-phase extraction (15,
16).ln this technique, a liquid sample (most often aque
ous based) is passed through a column (2-10 ml vol
ume) filled with chromatographic packing or a Teflon~

filter disk that has the chromatographic packing
imbedded in it. The chromatographic packing may be
any of a number of different materials (e.g., ion
exchange resins or a host of different reversed-or nor
mal-phase HPLC column packings).

YVhen a sample is passed through the cartridge or
filter, solutes that have an affinity for the chromato
graphic phase will be retained on the phase while those
with little or no affinity will pass through. The phase is
next rinsed with water, perhaps a weak solvent (e.g.,
pentane) if a reversed-phase technique is used, and
then a stronger solvent (e.g., dichJoromethane). The
strong eluant is chosen such that it will remove the
solutes of interest.

Solid-phase extraction has numerous advantages
over traditional liquid-liquid extractions including: (l)
less solvent is required; (2) it is faster; (3) less glassware
is needed (less cost and 'Potential for contamination); (4)
better precision and ~ccuracy; (5) minimal solvent
evaporation for further analysis (e.g. gas chromatogra
phy); and (6) it is readily automated.

The most recent version of this method is called
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solid phase lIticroextraction (SPME, 17). In this adapta
tion, the phase is bound onto a fine fused silica filament
(ca. the size ofa lD-r:tlsyringe needle). The filament can
be immersed in a sample or in the headspace above a
sample. After the desired loading time, the filament is
pulled into a protective metal sheath, removed from
the sample, and it is forced through the septum of a gas
chromatograph where the adsorbed volatiles are ther
mally desorbed from the filament. For SPME, one can
readily see the advantages of siInplicity and lack of 501

vent usage. The primary concerns are for sensitivity
limitations, precision, and life of the filament. H the fil
ament must be replaced (breakage), there is the issue of
reproducibility of the new versus old filament.

33.2.2.5 Direct Injection

It is theoretically possible to analyze some foods by
direct injection of the food Into a gas chromatograph.
Assuming one can inject a 2- to 3-IJ.L sample into a GC
and the GC has a detection limit of 0.1 ng (0.1 ng/2 ).11),
one could detect volatiles in the sample at concentra
tions greater than 50 ppb. Problems with direct injec
tion arise due to thermal degradation of any non
volatile food constituents, damage to the GC column,
decreased separation efficiency due to water in the
food sample, contamination of the colwnn and injec
tion port by nonvolatile materials, and reduced col
umn efficiency due to slow vaporization of volatiles
from the food (injection port temperatures are reduced
to minimize thermal degradation of the nonvola tile
food constituents). Despite these concerns, direct injec
lion is commonly used to determine oxidation in "e;
etable oils (18, 19). A relatively large volume of oil
(50-100 ul) can be directly injected into an injection
port of a GC that has been packed with glass wool.
Since vegetable oils are reasonably thermally st t:cle
and free of water, this method is particularly well
suited to oil analysis.

There are numerous other approaches for the iS0

lation of volatiles from foods. Some are simple varic
tions of these methods, while others are unicue, Sev
eral review articles are available that provide a more
complete view of methodology (20-22).

33.2.3 Sample Derlvatization

The compounds one wishes to determine bv GC must
be thermally stable under the GC cond'itions ern
played. Thus, for some compounds (e.g., pesticides.
aroma compounds, PCBs, and volatile coruaminarus)
the analyst can simply isolate the components of inter
est from a food as discussed above and directly inject
them into the Gc. For compounds that are thermally
unstable. too low in volatility (e.g., sugars and amino
acids), 0; yic:d poor chromatographic separation cue
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to polarity (e.g., phelols or .:1cid:», J derivatization step
must be included prior to GC analysis (see also Chap
ters lO:md 13)_ A listing of some of the reagents used in
prepanng volatile derivatives for GC is given in Table
33-1. The conditions of use for these reagents are often
specified by the supplier or can be found in the litera
ture.

33.3 GAS CHROMATOGRAPHIC HARDWARE
AND COLUMNS

The major parts of a GC ace the gas supply and regu
lators, injection port, oven, column, detector, elec
tronics, and recorder/data handling system (Fig. 33-2).
The hardware as well as operating parameters used in
any GC analysis must be accurately and completely
recorded. The information that must be included is
presented in Table 33-2.

33.3.1 Gas Supply System

The gas chromatograph will require at least a supply of
carrier gas, and most likely, gases for thedetector (e.g.,
hydrogen and air for a flame ionization detector). The
gases used must be of high purity and all regulators,
gas lines, and fittings of good quality. The regulators
should have stainless steel rather than polymer dia
phragms since polymers will give off volatiles that
may contribute peaks to the analytical run. All gas lines
must be clean and contain no residual drawing oil. The
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gas lines should ha ve traps in line to remove any mois
ture and contaminants from the incoming gases. These
traps must be periodically replaced to maintain effec
tiveness.

33.3.2 Injection Port

33.3.2.1 Hardware

The injection port serves the purpose of providing a
place for sample introduction, its vaporization. arid
possibly some dilution and splitting. Liquid samples
make up the bulk of materials analyzed by Ge, and
they are always done by syringe injection (manual or
automated). The injection port contains a soft septum
that provides a gas-tight seal but can be penetrated by
a syringe needle for sample introduction.

The sample must be vaporized in the injection port
in order to pass through the column for separation.
This vaporization can occur quickly by flash evapora
tion (standard injection ports) or slowly in a more gen
tle manner (temperature programmed injection port or
on-eolumn injection). The choice depends upon the
thermal stability of the analytes.

The injection port may serve the additional rune
tion of splitting the injection so that only a portion of
the analyte goes on the column. Capillary columns
have limited. capacity, and the injection volume may
have to be reduced to pennit efficient chromatography.

Due to the various sample as well as instrumental

Reagents Used lor Making Volatile Derivatives at Food Components tor GC Analysis

Reagent

Silyl reagents .
Trimethylchlorosilar.slhexamethyldisi

lazane
eSA (N.G-bis(trime:;'y!silyl) acetamide]
8STFA (N,D-bis (tnnethylsilyl) tritruo

roacetamide]
t-BuDMCS (t-butylc;rr.'!lhyt.

chlorosilyl/imidaz=:e)
Esterifying reagenls

MelhanoliC Hel
Melhanol;c sodium ":'"ethoxide
N,N-Oimethylforma.":'"ice dimethyl

acetal
Boron trifluoride (cr

trichloride)/melra.-: i

Miscellaneous
Acetic anhydride/~:;';=:ne

N-lritluoroacetyfimiClz: =/V-heplaf1uc
rObutyrlimidizote

Alkylboronic acids
D-alkylhydroxylarr.i:- e

Chemical Group

Hydroxy, aminocarboxylic acids

Carboxylic acids

Alcoholicanc pMr.Clic

Hydroxy ana am.-es

Polar groups on relghboring atoms
Compounds containing both

hydroxyl and car:onyt groupS

Food Constituent

Sugars, sterols. ar-,~o acids

Falty acids, arnines. amino acids, lriglyc
andes. wax este-s, phospholipids. cnc
lesteryl esters

PhenOls. aromatic -:,.::roxyl groups. a.cc
bets

Same as above

Kelosleroids. pros:aglandins
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Injection
1--a::J------. Port

Diagram of a gas chromatographic system. (Courtesy of Hewlett Packard Co., Analytical Customer Training,
Atlanta, GA.)

requirements, there are several different designs of
injection ports available. These include the standard
heated port (split Or splitless, Fig. 33-3), temperature
programmed, and on-column injectors. The standard
injection port is operated about 20DC warmer than the
maximum column oven temperature. The sample may
be diluted with carrier gas to accomplish a split
(1:50-1:100 preferred), whereby only a small portion of
the analyte goes on the column or a mode whereby all
of the analyte goes on the column (spitless injection).
Splitless injection requires the use of a sample solvent
that has a boiling point about 20"Cabove the initizl col
umn temperature, The solvent must recondense in the

Packing/phase

Parameter

Sample
Injection

Column

Temperatures

Carriergas
Detector
Data output

Gas Chromatographic Hardware and
Operating Conditions to be Recorded for
All GC Separaflons

Description

Name and injection volume
Type of injection (e.g .• split versus

splilless and conditions (injection
port flow rates)

Length. diameter (rnatenar-packec
columns). and manufacturer

Packed columns-solid SUPDort; size
mesh; coating; loadbg (%)

Capillary columns-phase material
and thickness

Injector; detector; oven and any pro-
gramming information

Flow rate (velocity) and type
Type
Attenuation and chart speed

column for acceptable chromatography of early eluting
compounds.

For temperature-programmed injection ports, the
sample is introduced into an ambient temperature port
and then it is temperature programmed to some desired
temperature. On-column is a technique whereby the
sample is actually introduced into the column whose
temperature is at that of the GC oven or that of the room.
Either technique is desired for temperature sensitive
analytes.

33.3.2.2 Sample Injection

Samples may be introduced into the injection pert
using a manual syringe technique or an automated
sampling system. Manual sample injection is gerc':
ally the largest single source of poor precision in GC
analysis. Ten-microliter syringes are usually chos....n
since they are more durable than the microsyrinzes.
and sample injection volumes typically range from 1 to
3111. These syringes will hold about 0.6 JlI in the needle
and barrel (this is in addition to that measured or, the
barrel). Thus the amount of sample that is injected into
the GC depends upon the proportion of this 0.6 J.l\ thJt
is included in the injection and the ability of the analys:
to accurately read the desired sample volume on the
syringe barrel. This can be quite variable for the same
analyst and be grossly different between analysts.

33.3.3 Oven

The oven controls the temperature of the column. 1n
GC. one takes advantage of both an interaction of the
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Schematic of a GC injection port. (Courtesy of Hewlett-Packard Co., Analytic~1 Customer Training, Atlanta, GA.)

analyte with the stationary phase and the boiling point
for separation of compounds, Thus, the injection is
often made at a lower oven temperature and is then
temperature programmed to some elevated tempera
ture. While analyses may be done isothermally, com
pound elution time and resolution are extremely
dependent upon temperature, so temperature pro
grammed runs are most common. It should be obvious
that higher temperatures will cause the sample to elute
faster and, therefore be at a cost of resolution. Oven
temperature program rates can range from as little as
O.l°C/min to the maximum temperature heating rate
that the GC can provide. A rate of 2-lOoC/min is most
common,

33.3.4 Column and Stationary Phases

The GC column may be either packed or capillary.
Early chromatography was done on packed columns,
but the advantages of capillary chromatography so
greatly outweigh those of packed column chromatog
raphy that few packed column instruments are sold
any longer (Fig. 33---1). While some use HRGC (high res
olution gas chromatography) to designate capillary
GC, GC today means capillary chromatography to
most individuals.

33.3.4.1 Packed Columns

The packed column is most commonly made of stain
less steel or glass and may range from 1.6 to 12.7 mm in
outer diameter and be 0.5-5.0 m long (generally 2-3
m). It is packed with a granular material consisting of
a "liquid" coated on an allegedly inert solid support.

:
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Comparison of gaschromatographic separation
of perfume base using packed (top) and capil
lary columns (bcttom). (Courtesy of Hewlett
Packard Co., Analytical Customer Training, At
lanta,GA.)

The solid support is most often diatomaceous earth
(skeletons of algae) that has been purified, possibly
chemically modified (e.g.. silane treated), and then
sieved to provide a definite mesh size (60/80, SO/l00,
or 100/120).

The liquid loading is usually applied to the solid
support at 1-10% by weight of the solid support. While
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the liquid coating can be anyone of the approximately
200 available, the most common are silicone based
phases (methyl, phenyl, or cymo substituted) and Car
bowax (ester-based).

The liquid phase as well as the percent loading are
determined by the analysis desired. The choice of liq
uid is typically such that it is of similar polarity as the
analytes to be separated (see section 33.3.4.4 for more
discussion). Loading influences time of analysis (reten
tion time is proportional to loading), resolution (gener
ally improved by increasing phase loading, within lim
its), and bleed. The liquid coatings are somewhat
volatile and will be lost from the column at high tem
peratures (this is dependent upon the phase itself).
This results in an increasing baseline (column bleed
ing) during temperature programming.

33.3.4.2 Capillary Columns

The capillary column is a hollow fused silica glass «100
ppm impurities) tube ranging in length from 5 to 100m,
The walls are so thin, ca. 25 um, that they are flexible.
The column outer walls are coated with a polyamide
material to enhance strength and reduce breakage. Col
umn inner diameters are typically 0.1 mm (microbore),
0.2~.32 mm (normal capillary), or 053 mm (mega
bore). Liquid coating is chemically bonded to the glass
walls and intemally crosslinked at phase thicknesses
ranging from 0.1 to 5 urn.

33.3.4.3 Gas-Solid Chromatography

Gas-solid chromatography is a very speciaiizec area of
chromatography accomplished without using a liquid
phase-the analyte interaction is with a synthetic poly
mer such as Poropak or Chromosorb (trade names of
polymers based on vinyl benzene). This material has'
been applied both to packed and capillary columns.
Separations usually involve water or other very
volatile materials.

33.3.4.4 Stationary Phases

As many as 200 different liquid phases have been
developed for Gc. As GC has changed from packed to

.. capillary columns, less stationary phases are now in
use since column efficiency has substituted for phase
selectivity (i.e., high efficiency has resulted in better
separations even though the stationary phase is less
suited for the separation). Now we find fewer than a
dozen phases in common use (Table 33-3). The most
durable and efficient phases are those based on poly
siloxane (-Si-o-Si-).

Stationary phase selection involves some intuition.
know ledge of chemistry, and help from the column
manufacturer and the litera ture, There are general

Part IV • Chromatography

rules, such as choosing polar phases to separate polar
compounds and the converse or phenyl-based column
phase to separate aromatic compounds. However, the
high efficiency of capillary columns often results in
separation even though the phase is not optimal. For
example, a So/D phenyl substituted methyl silicone
phase applied to a capillary column will separate polar
as well as nonpolar compounds and is a commonly
used phase coating.

33.3.5 Detectors .

There are numerous detectors available for GC, each
offering certain advantages in either sensitivity (e.g.,
electron capture) or selectivity (e.g., atomic emission
detector). The most common detectors are the flame
ionization (FID), thermal conductivity (TCD), elec
tron capture (ECD), flame photometric (FPD), and
photoionzation (PID) detectors. The operating princi
ples and food applications of these detectors are dis
cussed below (more detail can be found in reference
23). The characteristics of these detectors are summa
rized in Table 33-4.

33.3.5.1 Thermal Conductlvlty Detector (TeD)

33.3.5. 1.1 Operating Principles As the carrier gas
passes over a hot filament (tungsten), it cools the fila
ment at a certain rate depending on carrier gas velocity
and composition. The temperature of the filament
determines its resistance to electrical current. As :? com
pound elutes with the carrier gas, the cooling effect en
the filament is typically less, resulting in a tempera h.:..."'l:

increase in the filament and an increase in resistance
that is monitored by the GC electronics. Older style
TCDs used two detectors and two matching cOlt.:.JT1.I'.s;
one system served as a reference and the other as the
analytical system. Newer designs use only one detec
tor (and column), which employs a carrier gas switch
ing value to pass alternately carrier gas or column
effluen t though the detector (Fig. 33-5). The sib!' al is
then a change in cooling of the detector as a function of
which gas is passing through the detector from the ana
lytical column or carrier gas supply (reference gas
flow).

The choice of carrier gas is important since differ
ences between its thermal properties and the analvtes
detennines response. While hydrogen is the t.~t
choice, helium is most commonly used since hydro~en

is flammable.

33.3.5.1.2 Applications The most valuable properties
of this detector are that it is universal in response and
nondestructive to the sample. Thus. it is used in food
applications w here there is no other detector that will
adequately respond :0 tl-e ilna!ytes (e.g .. water. perma
r.enr E'::'~. CO, C':" CO,) or when the analyst wishes to
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Common Slalionory Phases

OV-101. SP-2100 O·C to 280·C

SE-S2, OV-23, SE-S4 -60°C to 325'C

OV-1701 -2CO°C to 260°C

OV-17 60·C to 240'C

011-225 60·C to 240·C

OV·21O 4S'C to 240'C

OV-35I, SP-lOCO so-c to 240·C

Carbowax 20M 60°C to 220"C

Composition Polarity

lCO% dimethyl polysiloxane Ncncclar
(gum)

100% dimethyl polysiloxana Ncr:polar
(nuid)

5% phenyl, 9S% dimethyl Nonpolar
polysiloxane

14,"0 cyanoprcpylphenyl Intermediate
methyl polysilaxane

50% phenyl, 50% methyl Intermediate
melhyl polysiloxane

50% cyanoprcpylmethyl. 50% Intermediate
phenylmethyl polysiloxane

50% trit!uoroprapyl polysilox- . Intermediate
ana.

Polyethylene glycol-TPA Polar
modified

Polyethylene glycol Polar

Applications1

Phenols. hydrocaroons.
amines. sulfur com
pounds. pesticides.
PCBs

Amino acid derivatives.
essential oils

Fatty acids. methyl esters,
alkaloids. drugs, halo
genated ccmpounds

Drugs, steroids, pesticides

Drugs, steroids, pesticides.
glycols

Fatly acids. methyl esters,
alditoJ acetates

Halogenated compounds,
+ aromatics

Acids, alcohols. aldehydes,
acrylates, nitrites,
ketones

Free acids. alcohols,
esters. essential oils. gly
cols, solvents

Phases with Simifar
McReynolds Constants 2

OV-1, SE-30

Temperature
LimitsJ

-60°C to 325'C

'Specific application notes tromcolumn supoliers provide information for choosing a sceciflc column.
2McReynoids constants are used to grouc stationary phases together on the basis of separation properties.
3Stationary phases have both upper and lower temperatere limits. Lower temperature limit is often due to a phase change (liquid to solic) and
uppet temgerature limit to a volatilization of phase.

~ Chorocleristlcs of Most Common Detectors for Gas Chromatography

Thermal Flame Electron Flame
Conductivity Ionization Capture Photometric Photoionizstion

Characteristic Detector Detector Detector Detector Detector

Specificity Very lillie; detects Most organics Halogenated Organic com- Depends on ioniza-'
almost any- compounds pounds with S lion energy of
thing, includir:g and those with or P (deter- lamp relative to
H20 : called the nitro or conju- mined by bond energy of
·universal gated double which filter is Salutes
detector" bonds used)

Sensitivity limlls ca. 400 pg: rela- 10-100 pg for 0.05-1 pg; excel- 2 pg for Sand 1-10 pg depenC:ing
tively poor; most organics: lent 0.9 pg for P on compound and
varies with very good compounds; lamp energy;
thermal proper- excellent excellent
lies 01 com-
pound

108_107; excel- 10~-PCC( 10· for P; 103Linear rar.ge 10~-poor; 107~xcellent
response eas;;y lent for S
becomes non-
linear
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Pulse modulated single filament design

Schematic of the thermal conductivity detector. (Courtesy of Hewlett-Packard Co., Analytical Customer irilining,
Atlanta, GA.) .

recover the separated compounds for fur....her analysis
(e.g., trap the column effluent for infrared, i\l1viR, or
sensory analysis). It does not finc broad use because it
is relatively insensitive, and often the analyst desires
specificity in detector response to remove interfering
compounds from the chromatogram.

33.3.5.2 Flame Ionization Detector (FID)

33.3.5.2.1 Operating Principles As compounds elute
from the analytical column, they are burned in a hydro
gen flame (Fig. 33-6). A potentia) (often 300 volts) is
applied across the flame. The flame will earn' a current
across the potential which is proportional to the
organic ions present in the flame from the burning of
an organic compound. The current flowing across the
flame is amplified and recorded. The FID responds to
organics ona weight basis. It gives virtually no
response to H:P, N02• CO~. H~ and limited response
to many other compounds. Response is best with com
pounds containing C-c or C-H bonds.

33.3.5.2.2 Applications The food analyst is most
often working with organic compounds. which this
detector responds well to. Its ,,'ery good sensitivity,
wide linear range in response (necessary in quanrita
lion), and dependability make this detector the choice

for most food work. Thus, this detector is used for vir
tually all food analyses where a specific detector is not
desired or sample destruction is acceptable (column
eluant is burned in flame). nus includes, for example,
flavor studies, fatty acid analysis, carbohydrate an~)'
sis, sterols, contaminants in foods, and antioxidants.

33.3.5.3 Electron Capture Detector (ECD)

33.3.5.3,1 Operating Principles T:'1e electron capture
detector contains a radioactive foil coating that emits
electrons as it undergoes decay (Fig. 33-7). The elec
trons are collected on an anode, and the standine cur
rent is monitored by instrument electronics, As il~ ana
lyte elutes from the GC column, it ?asses between the
radioactive foil and the anode. Compounds :~3t cap
lure electrons reduce the standing current and thereby
give a measurable response. Halogenated cornrounds
or those with conjugated double bends give the great
est detector response. Unfortunately this detector
becomes saturated quite easily and thus has a verylim
ited linear response range.

33.3.5.3.2 Applications In food applications. the ECD
hil~ Iound its greatest use in determining pesticide
rcslduc~ (see Chapter '::'0). The specificity and sensiriv
Ity of this de:t>etor make it ideal for this application.
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_Column

33.3.5.4.2 Applications The FPO has found its major
food applications in the determination of organophos
phorus pesticides and volatile sulfur compounds in
general. The determination of sulfur compounds has
typically been in relation to flavor studies.

33.3.5.5 Photoionization Detector (PID)

33.3.5.5.1 Operating Principles The photoionization
detector uses UV irradiation (usually 10.2 eV) to ionize
analytes eluting from the analytical column (Fig. 33-9).
The ions are accelerated by a polarizing electrode to a
collecting electrode. The small current formed is mag
nified by the electrometer of the GC to provide a mea
surable signal.

'This detector offers the advantages of being quite
sensitive and nondestructive and may be operated in a
selective response mode. The selectivity comes from
being able to control the energy of ionization, which
will determine the classes of compounds that are ion
ized and thus detected.

33.3.5.4 Flame Photometric Detector (FPD)

33.3.5.4.1 Operating Principles The FPO detector
works by burning all analytes eluting from the analyt
ical colwnn and then measuring specific wavelengths
of Light that are emitted from the flame using a filter
and photometer (Fig. 33-8). The wavelengths of light
that are suitable in terms of intensity and uniqueness
are characteristic of sulfur (5) and phosphorus (P).
Thus this detector gives a greatly enhanced signal for
these two elements (several thousandfold for 5 or P
containing organic molecules versus non 5 or P con
taining organic molecules). Detector response to 5 con
taining molecules is nonlinear and thus quantification
must be done with care.

33.3.5.5.2 Applications The PID finds primary use in
analyses for which excellent sensitivity is required
from a nondestructive detector. This is most often a fla
vor application in which the analyst wishes to smell the
GC effluent to determine the sensory character of the
individual GC peaks. 'vVhile this detector might find
broader use, the Widespread availability of the FID
(which is suitable for most of the same applications)
meets most of these needs.

33.3.5.6 Electrolytic Conductivity
Detector (ELeD)

33.3.5.6.1 Operating Principles Compounds enterinz
. 0

this detector are mixed with a reagent gas (oxidizing or
reducing depending on the analysis) in a nickel reac
tion tube producing ionic species. These products are
mixed with a deionized solvent, interfering ions are

++---Jet

:::===::::l- Vent

:"I5Ir!oo--- - Anode Purg 8

Schematic of the flame ionization detector
designed for use with capillary columns.
(Courtesv of Hewlett-Packard Co.. Analytical
Customer Training, Atlanta, GA)

Schematic of the electron capture detector.
(Ccureesy of Hewlett-Packard Co., Analytical
Customer Training, Atlnrita, GA.)
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Schematic of the fWrie photometric detector. (Courtesy of Hewlett-Packard Co., Analytical Customer Training,
Atlanta, GA.)
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Schematic of the photoionization detector. (Courtesy of Hewlett-Packard Co., Analytical Customer Training.
Atlanta, GA.) .

scrubbed from the effluent, and the ionic analvte
transformation product is detected within the elec
trolyte conductivity cell, nus detector can be used for
the specific detection of sulfur-, nitrogen-, or halogen
containing molecules. For example, when operated in
the nitrogen mode, analyte is mixed with H2 gas and
hydrogenated over a nickel catalvst at 850°C. Acidic

. hydrogenation products are removed from the effluent
by passage through a Sr(OHh trap and the NH) from
the analyte passes to the conductivity ceil where it is
measured (23).

The EleD is very selective and quite sensitive hav
ing detection limits of 0.1-1 pg of chlorinated com
pounds, 2 pg for sulfur. and 4 pg for nitrogen.

33.3.5.6.2 Appficarions This detector can be us ....d in
many applications where element specificity is desired.
Examples would be pesticide, herbicide. nitrosamine,
or flavor analysis.

33.3.5.7 Thermionic Detector (NPD)

33.3.5.7.1 Operating Principles The thermionic
detector (also called the nitrogen phosphorus detector.
NPD) is ;l modified .flame ionization detector in which
.. nonvolatile ceramic bead is used to suppress the ion
izatien of hydrocarbons as they pass through a low
temperature fuel-poor hydrogen plasma. The ceramic
bead is typically composed of rubidium which is
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heated to 600-800ac. Most commonly this detector is
used for the selective detection of nitrogen or phos
pho.rus:ontaining compounds. It does not detect inor
garuc rutrogen or ammonia.

33.3.5.7.2 Applications This detector is primarily
used for the measurement of specific classes of flavor
compounds, nitrosarrunes, arnines. and pesticides.

33.3.5.8 Hyphenated Gas
Chromatographic Techniques

Hyphenated gas chromatographic techniques are those
that combine GC with another major technique. Exam
ples are GC-AED (atomic emission detector), GC
FfIR (Fourier transform infrared), and GC-MS (mass
spectrometry). While all, of the techniques are estab
lished methods of analysis in themselves, they become
powerful tools when combined with a technique such
as GC. GC provides the separation and the hyphenated
technique the detector. GC-MS has long been known to
be a most valuable tool for the identification of volatile
compounds (see Chapter 29). The MS, however, may
perform the task of serving as a specific detector for the
GC by selectively focusing on ion fragments unique to
the analytes of interest. The analyst can detect and
quantify components without their gas chromato
graphic resolution in this manner. The same statements
can be made about GC-FTIR (see Chapter27).The F11R
can readily serve as a GC detector.

A relatively new combination is GC-AED. In this
technique, the GC column effluent enters a microwave
generated helium plasma that excites the atoms pres
ent in the analytes, The atoms emit light at their char
acteristic wavelengths, and this emission is monitored
using a diode ray detector similar to that used in
HPLC. nus results in a very sensitive and specific ele-
mental detector, .

33.4 CHROMATOGRAPHIC THEORY
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compounds (e.g., alcohols, water, and aldehydes) on
porous polymer columns (e.g., Tenax~ phase). Parti
tion chromatography is the workhorse for gas chro
matographic separations. There are over 200 different
liquid phases that have been developed for gas chro
matographic use over time. Fortunately, the vast
majority of separations can be accomplished with only
a few of these phases, and the other phases have fallen
into disuse. GC depends not only upon adsorption,
partition, and/or size exclusion for separation, but also
upon solute boiling point for additional resolving
powers. Thus, the separations accomplished are based
on several properties of the solutes. This gives GC vir
tually unequaled resolution powers as compared to
most other types of chromatography (e.g., HPLC,
paper, or thin-layer chromatography).

A brief discussion of chromatographic theory will
follow. The purpose of this additional discussion is to
apply this theory to GC to optimize separation effi
ciency so that analyses can be done faster, less e.'<pen
sively, or with greater precision and accuracy. If one
understands the factors influencing resolution in GC,
one can optimize the process and gain in efficiency of
operation.

33.4.2 Separation Efficiency

A good separation has narrow-based peaks and ideal!y,
but not essential to quality of data, baseline separation
of compounds. This is not always achieved. Peaks
broaden as they pass through the column-the more
they broaden, the poorer is the separation and effi
ciency. As discussed in Chapter 31 (section 31.3.4.3.3) a
measure of this broadening is height equivalent to a
theoretical plate (HETP). This tenn is derived from N,
the number of plates in the column, and L, the length of
the coIUIIUl. A good packed column might have N =
5000,while a good capillary column should have about
300Q.-4OQO plates per meter for a total of lOO,OQO.:
500,000plates depending on column length. HETP will
range from about 0.1 to 1 mm for good columns.

33.4.2.1 Carrier Gas Flow Rates and
Column Parameters

Several factors influence column efficiency (peak
broadening). These are related bv the Van Deemter
equation (1): (HETP values should be small.)

33.4.1 Introduction

The principles of chromatographic separations and
chromatographic theory are discussed in Chapter 31
(sections 31.3.3 and 31.3.4.3.3, respectively). GC may
depend upon several types (or principles) of chro
matography for separation. For example, size-exclu
sion chromatography is used in the separation of per
manent gases such as )J'~, 02' and H2• A variation of size
exclusion is used to separa te chiral compounds on
cyclodextrin-based columns; one enantiomorphic form
will fit better into the cavity of the cyclodextrin than
will the other form, resulting in separation. Adsorption
chromatography is used to separate very volatile polar

HETP =All l J + Btu + ell

where:

HETP = height equival~nt to a theoretical plate
A ::; eddy diffusion
B = band broadening due to diffusion

[IJ
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u =velocity of the mobile phase
C =resisW;ce to mass transfer

A is eddy. diffusion; this is a spreading of the ana
lytes in the column due to the carrier gas having vari
ous pathways or nonwUform flow (Fig. 33-10). In
packed column chromatography, poor uniformity in
solid support size or poor packing results in channel
ing and multiple pathways for carrier flow, which
results in spreading of the analyte in the column. Thus,
improved efficiency is obtained by using the high per
formance solid supports and commercially packed
columns.

In capillary chromatography, the A term is rela
tively very small. However, as the diameter of the cap
illary column increases, the Bow properties deterio
rate, and band spreading occurs. The most e.££ident
capillary columns have small diameters (O.l mm), and
efficiency decreases rapidly as one goes to megabore
columns (Fig. 33-11). Megabore columns are only
slightly more efficient than packed. columns. While col
umn efficiency increases as we go to smaller columns,
column capacity decreases rapidly. Microbore columns
are easily overloaded (capacity may be 1-5 ng per ana
lyte), resulting again in poor chromatography. Thus,

Illustration of flow properties t,;,at lead te large
eddy diffusion (term A).
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column diameter is g.eA.erally chosen as 0.2-0.32 IIUI\ to
compromise efficiency with capacity.

B is band broadening due to diffusion; solutes will
go from a high to a low concentration (Fig. 33-12). The
term u is velocity of the mohile phase. Thus, very slow
flow rates result in large amounts of diffusion band
broadening, and faster flow rates minimize this term.

C is resistance to mass transfer. If the flow (u) is too
fast, the equilibrium between the phases is not estab
lished, and poor efficiency results. This can be visual
ized in the following way: If one molecule of solute is
dissolved in the stationary phase and another is not,
the undissolved molecule continues to move through
the column while the other is retained. This results in
band spreading within the column. Other factors that
influence this term are thickness of the stationary
phase and uniformity of coating on the phase support.
Thick films give greater capacity (ability to handle
larger amounts of a solute) but at a cost in terms of
band spreading (efficiency of separation) since thick
films provide more variation in diffusion properties in
and out or the stationary phase (Fig. 33-13). Thus phase
thickness is a compromise between maximizing sepa
ration efficiency and sample capacity (too much sam
ple--overloading a column-d.estroys separation abil
ity). Phase thicknesses of 0.25-1 jl.O"l. are commonly
used for most applications.

If the Van Deemter equation is plotted, the follow
ing figure results (Fig. 33-14). We see an optimum in
flow rate due to the opposing effects of the Band the C
terms, It should be noted that the GC may not be opex·
ated at a carrier flow velocity yielding maximum effi
ciency (lowest HETP). Analysis time is directly propor
tional to carrier gas flow velocity. U the analysis tizne
can be Significantly shortened by operating above the
optimum flow velocity and adequate resolution is still
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illustration of the diffusion term (B) influenc
ing column efficiency.
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The Influence of column diameter on col~:n:1

efficiency (plates/meter). (Courtesy or Hewleu
Packard. Analytical Customer Training. AI
lanta. GA.)

Illustration of the mass transfer term (C) inilu·
encing column efficiency.
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Int1uence of carrier gas type and flow rate on
column efficiency. (Courtesy of Hewlett
Packard Co., Analytical Customer Training.
Atlanta. GA.)
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optimum u~ U

obtained, velocities well in excess of optimum should
be used.

33.4.2.2 Carrier Gas Type

The relationship between HETP and carrier gas flow
velocity is strongly influenced by carrier gas choice
(Fig. 33-13). Nitrogen is the most efficient but has an
optimum at such a low flow velocity (long analysis
time) that it is a poor choice since analysis times are
much longer than required. Helium is the next best
choice and is the most commonly used carrier. Hydro
gen, however, is generally the best choice since it offers
high efficiency but small dependency on flowvelocity.
One can operate the GC with very high flow velocities
(short analysis time) and yet lose little in terms of sep
aration efficiency. Hydrogen is not commonly used as
a carrier gas because it is flammable.

33.4.2.3 Summary of Separation Efficiency

In summary, an important goal of analysis is to achieve
the necessary separation in the minimwn amount of
time. The following factors should be considered:

1. In general. small diameter columns (packed or
capillary) should be used since separation effi
ciency is strongly dependent on column diame
ter. \.Vh.i.le small diameter columns will limit col
umn capacity, limited capacity can often be
compensated for by increasing phase thickness.
Increased phase thickness will also decrease col
umn efficiency but to a lesser extent than
increasing colwnn diameter.

2. Lower column operating temperatures should

be used-if elevated column temperatures are
required for the compounds of interest to elute,
use a shorter column if resolution is adequate.

3. One should keep columns as short as possible
(analysis time is directly proportional to column
length-resolution is proportional to the square
root of length).

4. Use hydrogen as the carrier gas if the detector
permits. Some detectors have specific carrier
gas requirements.

5. Operate the GC at the maximum carrier gas
velocity that provides resolution.

The pyramid shown in Fig. 33-16 summarizes the com
promises fhat must bemade in choosing the analytical
column and gas chromatographic operating condi
tions. One cannot optimize any given ope~atingcondi
tions and column choices to get one of these properties
without compromising another property. For example,
optimizing chromatographic resolution (small bore
capillary diameter, thin phase coating, long column
lengths, and slow or optimum carrier gas flow rate)
will be at the cost of capacity (large bore columns and
thick phase coating) and speed (thin film coating, high
~arrie.rgas flow velocities, and short columns). Capac
tty ~ill be at a cost of resolution and speed etc. The
choice of column and operating parameters must con
sider the needs of the analyst and the compromises
involved in these choices.

33.5 APPLICATIONS OF GC

While some detail on the application of GC to food
analyses has been presented in preceding chapters
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Relationships among column capacity, effi
ciency, resolution, and analysis speed. (Cour
tesy of Hewlett-Packard Co., Analytical Cus
tomer Training. Atlanta, GA.)
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(e.g., 11 and 20), a few additional examples will be pre
sented below to illustrate separations and chromato
graphic conditions.

Typical capillary gas chromatographic separa
tion of residual volatiles in a food packaging
film. (From (24), used with perxnission.]

33.5.1 Residual Volatiles in
Packaging Materials

Residual volatiles in packaging materials can be a
problem both from health (if they are toxic) and quali ty
standpoints (produce off flavors in the food). As the
industry has turned from glass to polymeric materials,
there have been more problems in this respect. GC is
most commonly used to determine the residual
volatiles in these materials.

The chromatograms presented in Fig. 33-17 were
produced by steam distilling a food packaging film,
extracting the volatiles from the distillate in an organic
solvent, concentrating the solvent extract, and then
chromatographing it on a capillary column (top chro
matogram in Fig. 33-17) (24). The extreme complexity
of the chromatogram required that the concentrate be
further fractionated on silica gel and each fraction
rechromatographed. The chromatograms labeled "cuts
1-5" are the chromatograms resulting from eluting the
silica gel with: (1) hexane removing saturated hydro
carbons from the gel bed (cut 1); (2) 10% CH 2Cl2/

hexane removing the unsaturated and aromatic hydro
carbons (cut 2); (3) CH2Cl2 removing the ketones and
aldehydes (cut 3); (4) rnethyl-t-butylether removing the
acids, unsaturated ketones, and aldehydes (cut 4); and
(5) alcohol removing the remaining polar volatiles (cut
5). One can see that the prefractionation of the
extracted packaging volatiles greatly Simplified the
chromatography and permitted the researcher to focus
on the volatiles responsible for the off odor in the pack
aging material.

33.5.2 Separation of Stereoisomers

GC has found extensive application in the separation of
chiral volatile compounds in foods (e.g., d and l-au-

vone). Chiral separations are most commonly accom
plished using c:yclodextrin-based gas chromatographic
columns. Cyclodextrins are molecules (6-, 7-, or 8-mem
bered rings of glucose) that have an internal cavity of
suitable dimensions to permit the inclusion of many
small organic molecules. While optical isomers of mol
ecules have virtually identical physical properties and
thus they are difficult to separate by most chromate
graphic methods, they differ in spacial configuration.
Stereoisomers of a given compound will be Included in
the cyc10dextrin cavity of the gas chromarographic col
UI!lIl to a lesser or greater extent as they flow through a
cyclodextrin capillary column and become separa ted.

The chromatogram presented in Fig. 33-18 shows
the separation of six stereoisomers of c and ~ irene
(25). nus separation was accomplished using an
octakis (6-0-methyI-2,3-di-O-pentyl)-y-cyclodextrin/
OV-17 capillary column.

33.5.3 Headspace Analysis of Ethylene Oxide
in Spices

Ethylene oxide (ETa) is a highly volatile compound
that has found use in the food industry as a fumiGant
lor spices (26). It has been classified as a suspect human
carcinogen and thus its residual concentration in spices
is of concern. Because of its volatility, ETO is well
suited to detennination by Gc.

Woodrow et ill. (26) chose to use a headspace
method for ETO determination. nus is reasonable since
ETO is very volatile, sensitivity is adequate, and head
space techniques are simple to perform. The method
involved adding 1 g of ground spice to a 22-011 head
space vial (a vial that has a Teflon septum closure lor
sampling), ,lading internal standard (l-octanol), incu
batin]; the vial at 60°C for 20 min, and then removing
and u:;ectinS Col. 1 :111 of the headspace into the gas chro-
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33.7 STUDY QUESTIONS

1. For each of the following methods to isolate solutes from
food prior to GC analysis, describe the.procedure, the
applications, and the cautions in use of the method:
a. headspace methods
b. distillation methods
c. solvent extraction

2. What is solid-phase extraction and why is it advantageous
over traditional liquid-liquid extractions?

3. Why must sugars and fatty acids be derivati:zed before GC
analysis, while pesticides and aroma compounds need not
be derivatized?

4. Why is the injection port of a GC at a higher temperature
than the oven temperature?

5. Differentiate packed columns from capillary columns
(miaobore and megabore) with regard to physical charac
teristics, column capacity, and column efficiency.

6. You are doing GC with a packed column and notice that
the baseline rises from the beginning to the end of each
run. Explain a likely cause for this increase.

7. The most common detectors for GC are TCD, FID,
ECO,FPD, and PID. Differentiate each of these with
regard to the operating principles. Also, indicate below
which detector(s) fits the description given.
a. least sensitive
b. most sensitive
c. least specific
d. greatest linear range
e. nondestructive to sample
f. commonly used for pesticides
g. commonlv used for volatile sulfur compounds

8. What types 'of chromatography does GC rely upon for
separation of compounds?

9. A fellow lab worker is :ar.illiar with I-:PLC for food analv
sis but not with Gc..t>.s yOU consider each component ofa
typical chromatographic system (and s?eci:i:alJy the
components a.nd conditions for GC and HPLC svsterns).
explain GC to the feUow worker by comparing and con
trasting it to HPLC. Following that, state ir. general terms
the differences among the types of samples appropriate
for analysis by GC versus HPLC. and give several exam
ples of food constituents appropriate for analysis by each.
(Seealso Chapter 32.)
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34.1 INTRODUCTION

34.1.1 Rheological and Textural Properties

Food scientists often are confronted with the need to
measure physical properties related to sensory texture
and processing needs. These properties are determined
by rheological methods. RJrl!ology is tile study of tile
dejonnation and flow of matter. This means that, for
example. the How of salad dressing from a bottle and
the breaking of a candy bar are related to rheological
properties of these materials. Rheological properties
should be considered a component of the textural
properties of foods. because the sensory detection of
texture encompasses factors in addition to rheological
properties. Rheological methods accurately measure
"force." "deformation," and "flow." and it is up to the
food scientist to determine how to apply this informa
tion. In this chapter, we (I) describe fundamental con
cepts pertinent to the understanding of the subject.
(2) explain examples of rheological tests on common
foods. and (3) provide an overview of more advanced
rheological testing. A glossary has been included as
section 3·1:.6 to clarify and summarize rheological defi
nitions throughout the chapter.

34.1.2 Fundamental and Empirical Methods

Rheological properties are determined by measuring
force and deformation as a function of time. The differ
ence between fundamental and empirical rheological
methods is that, unlike the latter, the former accounts
for the magnitude and direction of forces and defer-

. rnations, placing restrictions on acceptable sample
shapes and composition. Fundamental tests have the
advantage in being based On known concepts and
equations of physics. When sample composition or
geometry is too complex to account for forces and
deformations, empirical methods often are used. These
methods follow a "cook and look" approach with the
hopes of identifying a meaningful response. Empirical
tests are of value if they correlate with a property of
interest whereas fundamental tests determine true
physical properties.

34.1.3 Basic Assumptions for Fundamental
Rheological Methods

Two key assumptions are that the material is homoge
neous and isotropic. Homogeneity implies a well
mixed and compositionally similar material. This
assumption is generally valid for fluid foods provided
they are not a suspension of large particles such as veg
etable soup. Foods such as milk. infant formula, and
cream are considered homogeneous and isotropic.
Homogeneity is more problematic in solid foods. For
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example, frankfurters without the skins can be consid
ered homogeneous. When particle size is large enough
to see, sum as fat particles in some processed meats
sum as salami, one must determine if homogeneity is a
valid assumption.

Isotropic means that the response to a deformation
or force is the same no matter in which direction it is
applied. In foods such as a steak, there are muscle
fibers that make the material anisotropic (the response
varies with the direction of the force or defonnation).

34.2 FUNDAMENTALS OF RHEOLOGY

Rheology is concerned with how all materials respond
to applied forces and deformations. Basic concepts of
stress (force per area) and strain (deformation per
length) are key to all rheological evaluations. Special
constants of proportionality, called moduli, link stress
with strain. lNith ideal solids, the material obeys
Hooke's Law, which implies the stress is related di
rectly to strain. With ideal fluids, the material follows
Newtonian principles, and the proportionality con
stant is commonly referred to as viscosity, defined as
an internal resistance to flow. These principles form the
foundation for the entire chapter and are described in
detail throughout this section.

34.2.1 Concepts of Stress

Stress (a) is always a measurement of force. Defined as
the force (F,Newtons) divided by an area (A, meters1

) ,

stress is generally expressed with units of Pascals (pa).
To illustrate the notion of stress, conceptualize placing
a water balloon on a table as opposed to placing it on
the tip of a pair of scissors (Fig. 3-!-1). Obviously the
scissors have a considerably smaller surface area, caus
ing the stress or weight/unit area of contactto be larger
compared with the stress of a balloon resting on a table

Concepts of stress.
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Enantiomeric analysis of irone sterioisomers in
orris oil. (Reprinted from (25), P: 180, by cour
tesy of Marcel Dekker, lnc., New York.]
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matograph. ETO was separated from other volatiles in
the sample using a porous polymer capillary column
(divinylbenzene homopolymer). Typical chromate-

. grams of pure ETO, spice, and spice spiked with ETO
are shown in Fig. 33-19.

Headspace gas chromatographic analysis of
ethylene oxide in spices. A is 3jJ.gpure ETO, B
is IjJ.g pure ETO,C is 31lg ETO in spice, 0 is 1
ug-in spice. Eis the pure spice. (From(26),used
with permission.]

33.6 SUMMARY

GC has found broad application in both the food
industry and academia. It is exceptionally well suited
to the analysis of volatile thermally stable compounds.
This is due to the outstanding resolving properties of
the method and the wide variety of detectors that can
provide either sensitivity or selectivity in analysis.

Sample preparation generally involves the isola
tion of solutes from foods, which may be accomplished
by headspace analysis, distillation, preparative chro
matography (including solid-phase extraction), or
extraction (liquid-liquid). Some solutes can then be
directly analyzed, while others must be derivarized
prior to analysis.

The gas chromatograph consists of a gas supply
and regulators (pressure and flow control), injection
port, column and column oven, detector, electronics,
and a data recording and processing system. The ana
lyst must be knowledg~able about each of these GC

components: carrier and detector gases; injection port
temperatures and operation in split, splitless, tempera
ture programmed, or on-column modes; column
choices and optimization (gas flows and temperature
profile during separation); and detectors (TCD, RD,
NPD, ECD, FPO, and PID). The characteristics of these
GC components and an understanding of basic chro
matographic theory are essential to balancing the prop
erties of resolution, capacity, speed, and sensitivity.

Unlike most of the other chromatographic tech
niques, GC has reached the theoretical limits in terms
of both resolution and sensitiv ity. Thus, this method
will not change significantly in the future other than
for minor innovations in hardware or associated com
puter software.

GC as a separation technique has been combined
with AED, FTIR. and ~tS as detection techniques to
make GC ~ even m.0re powerful tool. Such hyphen
ated techniques are likely to continue to be developed
and refined.
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top. Although theforce magnihlde-the weight of the
water' balloon-is a constant value for each case, the
final outcomes for this demonstration will be very dif
ferent.

The direction of the force with respect to the sur
face area impacted determines the type of stress. For
example, if the force is directly perpendicular to a sur
face, this is called nonnalstressand can be aclti.eved in
tension or compression. Should the force act in parallel
to the sample surface, it is a shear stress. Examples of
normal stresses include the everyday practice of chew
ing a piece of gum and the kneading of dough. During
bread making. dough is continuously pressed and
pulled until the proper consistency is achieved. Chew
ing a stick of gum involves the repetitive compression
and extension of the material. Examples of shear forces
are the spreading of butter over a slice of toast, the
brushing ofbarbecue sauce on chicken, the stirring of a
hot cup of cocoa, or the pumping of milk through a
pasteurizer.

Another norma! strain calculation, known as the
Hencky (EH) or true strain, is determined from an inte
gration Over the deformed length of the material.

iL,' JJ. dL ( tll.)Eli = - =In 1+-
t, L t,

According to Steffe (1), true strain is more applicable to
larger deformations such as may occur in texture test
ing. Strain calculations result in negative valves for
compression and positive values for extension (ten
sile). Rather than expressing a negative strain, it is ryp
ical to record the absolute value of the stra in anc
denote the compression test mode.

34.2.2 Concepts of Strain and Strain
(Shear) Rate

l;\"hen a stress is applied to a food, the food deforms or
flows. Strain is a dimensionless quantity representing
the relative deformation of a material. The direction of
the applied stress with respect to the material surface
will determ.i.ne the type of strain. II the stress is (per
pendicular) normal to a sample surface, the material
will experience normal strain {E). Foods show normal
strains when they are compressed (compressive stress)
or pulled apart (tensile stress).

Normal strain can be calculated at Cauchy (Et ) or
engineering strain. Considering a normal stress ap
plied to a cylindrical speciman, the Cauchy strain is
Simply the length change (~L) divided by the initial
lenght (L\) (Fig. 34-2).

. ......" :
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I~ 11-1...............,.

/
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Normal strain in a cylinder.

Shear strain in a cube.

h

F

On the other hand, when a sample encounters a
shear stress--such as the pumping of tomato paste-
a shear strain (y) is observed. Figure 34-3 shows how a
sample deforms when a shear stress is applied. Shear
strain is determined from applications of geometry as

III
tan(y) =- [.;]

h
or

)' =tan~l( ~) {51

where h is the specimen height. For simplification. dur-

(1)

[3j

III
E =-

c L,

Ec = - 0.05 is O.05tompn-SSiun
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ing exposure to small strains, the angleof shear may be
considered equal to the shear strain.

laminar deformation in a plane parallel with an ap
plied force.

The shear strain rate for this system can be approxi
'mated as the quotient of the plate velocity divided by
the fluid gap height producing units of sec". This shear
strain rate may be more easily understood through a
deck of cards analogy. Imagine a stack of playing cards,
with each card representirlg an infinitely thin layer of
fluid. When the top card is stroked with some force, the
entire deck deforms to some degree proportional with
the magnitude of the force. "This type of straining is
commonly called simple shear and may be defined as

When the material is a liquid, this approach for
strain quantification is difficult. As coffee is stirred,
water is pumped, or milk is homogenized, these fluids
all are exposed to shear and display irrecoverable defor
mation. Due to permanent deformation of sheared flu
ids, it is complicated to characterize the degree of shear
strain. Therefore, a shear (strain) rate (y) is typically
used to quantify strain durinz fluid flow. Shear rate is
the degree of deformation with respect to time, with
common units of sec".

To fwther the explanation of shear rate, consider a
fluid filling the gap between two moveable, parallel
plates separated by a known distance, h, as illustrated
in Fig. 34-t. Now, set one plate in motion with respect
to the other at a constant horizontal velocity, U.

Likewise, if the stress is shear, the constant is the shear
modulus (G).

[11]

[12]

[13J

[14]o=Gy

F
0=-= EE

A

Stress « Modulus· Strain

Stress (0) ee Strain (E or j)

The moduli are inherent properties of the material and
may be used as indicators of quality. Moduli of select
foods and materials are seen in Table 34-1.

34.2.3 Solids-Elastic and Shear Moduli

Hooke's Law states that when a solid material is
exposed to a stress, it experiences an amOllnt of defor
mation or strain proportional to tile magnitude of the
stress. The constants of proportionality; used to equate
stress with strain, are called moduli.

[f a normal stress is applied to a sample, the propor
tionality constant is known as elastic modulus (E),
sometimes called Young's modulus.

34.2.4 Fluid Viscosity

In the case of the simplest kind of fluid, the viscosity is
constant for all shear rates and Newton's postulate
is obeyed. This postulate reasons that if the shear stress
is doubled, the velocity gradient (shear strain rate)
within the fluid is doubled. For fluids, strain is mea
sured in terms of shear rate, and the shear stress may
be expressed as some function of shear rate and viscos
ity. Viscosity is an indication of the internal resistance
of a fluid to flow. For Newtonian fluids, the viscosity
function is constant and called the coefficient of vis-
cosity or Newtonian viscosity (~).

[6J

[7}

[8J

[9]

[10]

laney} ,. 'f

1 d
t=--(M)

h dt
, U
y=-

h

Elastic and Sheer Moduli for
Common Materials

~
Shear flow behveen parallel plates., ,

figur.

Material

Apple
Potato
Spaghetti, dry
Glass
Steel

E. Elastic Moduli
(Pa)

1~ x 10~

1 a x 10~

0.27 x lO'~

7.0 X 1010

25.0 x 10'0

G. Shear Moduli
(Pa)

0.38 x 10~

0.33 x io'
0.11 x 10':

2.0 x 10'c
8,0 x 10"0
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[16]

J.ll

[15]

However: for most liquids the viscosity is not constant,
but rath~a function of the shear rate, and the material
is non-Newtonian. A function called the apparent vis
cosity (1'\) is defined as the shear-dependent viscosity.
Mathematically, the apparent viscosity function is the
result of the shear stress divided by the shear ra teo

a
11 =ft~ = 1

Table 34-2 displays Newtonian viscosities for some
common items at 20°C (1, 2). These viscosities are for a
specific temperature. Typically viscosity decreases as
temperature increases.

o

Rheogram for three Newtonian fluids.

34.2.5 Fluid Rheograms

The overall flow behavior of a food is a physical prop
erty that can be determinedby rheological methods. A
rheogram is a graphical representation of the flow
behavior, showing the relationship between stress and
strain or shear rate. Much can be learned from inspec
tion of rheograms. For example, if a plot of shear stress
versus shear rate results in a straight line passing
through the origin, the material is a Newtonian fluid,
with the slope of the line equaling the Newtonian vis
cosity (Jl), shown in Fig. 3-1-5. Many common foods
exhibit this ideal response, including water, milk, veg
etable oils, and honey.

Many fluid foods do not show Newtonian flow
behavior. The flow changes with shear rz :e (i.e., r...ixint:
speed) or with time at a constant shear rate. Tirne-inde
pendent deviation from ideal Newtonian behavior wili
cause the relationship between shear stress and shear
rate to be nonlinear. Should the viscosity diminish as
shear rate increases, the material is referred to as shear
thinning or pseudoplastic. Examples of pseudoplastic
food items are applesauce and many pie fillings.

On the other hand, if the material responds, in a
thickening fashion, i.e., the viscosity increases with

Material

Newlonian Viscosities lor Common
Materiels ot 20'C

ViSCOSity. I.! (Pa sec)

shear rate, the sample is called shear thickening or
dilatenL Com starch slurries are well known for dila
tent behavior.

Pseudoplasticity and dilatency are time-indepen
dent properties. Materials that thin and thicken with
time are known as thixotropic and rheopectic liquids,
respectively. These fluids are easily detected by moni
toring the viscosity at a constant shear rate with respect
to time. U ptiInpkin pie .filling is mixed at a constant
speed, the material thins (thixotropy) with time due to
the destruction of weak bonds linking the molecules.
Table 3+-3 summarizes the terminology for t:-~.e de
pendent and independent responses.

Manv fluids do not flow at low magnitudes of
stresses. in fact. a certain catsup once staked numerous
marketing claims en the "anticipation" of flow from
the bottle. Often, additional force was applieci to the
catsup container to expedite the powing. The mini
mum force, or stress, required to initiate flow is known
as a yield stress (00)' Because Newtonian fluids require
the stress-shear rate relationship to be a continuous
straight line passing through the origin. any material
with a yield stress is non-Newtonian. A few foods pc~

sessing yield stresses are catsup. mayonnaise, and
salad dressing.

Many foods are designed to include a certain yield
stress. For example, if melted cheese did not have a
yield stress, the cheese would flow off a cheeseburger
or pizza. Ii salad dressings flowed at the lowest of 3?-

Honey
Rapeseed oil
Olive oil
Cottonseed oil
Raw milk
Water
Air

Adapted lrom ( 1. 2).

11.0
0.163
0.084
0.070
COO2
0.001
0.0000181 Thinning

Thie"emng

Summary of
Sheer· Dependent Terminology

Time
Independent

Pseudo plastic
Dilatent

Time
Dependenf

ThIxotropic
Aheopectic
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plied stresses, the force of gravity would cause the
dressing to run off the salad leaves. There are many fas
cinating rheological features of foods that many con
sumers may never consider!

fluid foods. In addition, the models permit prediction
of rheologicJI behavior over a wide cilnge of operating
conditions.

Small Deborah numbers «<1) represent fluidlike
behavior while large numbers (»1) represent solidlike
behavior. What this means to rheological measurement
of viscoelastic foods is that the relative amount of vis
cous and elastic behavior is determined by the rate of
the deformation process.

34.2.6 Viscoelasticity

Numerous materials simultaneously display solidlike
(elastic) and fluidlike (viscous) behavior. This phe
nomenon is called viscoelasticity. There are viscoelas
tic fluids and viscoelastic solids. In fact, most foods are
v iscoelastic, Viscoelasticity complicates the issue of
characterizing fluid viscosity and solid moduli. To
identify viscoelastic properties, one must consider the
relative time frame required to record a measurement.

It must be remembered that one must deform or
flow a sample to determine rheological properties, This
requires some amount of time, and during that time the
material will be adjusting to the deformation, meaning
that what we measure depends on how rapidly we
measure. Take for example moving your hand through
water. The faster (shear rate) you move your hand, the
more resistance you feel. The faster you move your
hand the more water feels like a solid than a fluid. Note
that the water and surface area (i.e., your hand) have
not changed but the shear rate has increased. This con
cept is very important to viscoelasticity.

The Deborah number (De) is a way to relate the
time it takes for a material to flow and the measure
ment time (i.e., the time it takes the instrument to make
a reading). The tenn comes from the Old Testament of
the Bible where Deborah said "The mountains flowed
before the Lord." The concept being that everyth.ing
will flow-you just have to watch long enough to see
it! The Deborah number relates' the characteristic
response time of the material (t) to the characteristic
time of the deformation process (T),

or

{IB]

[19}

o =0'0 + Ki"

Monipulotlon ot Herschel-Bulkley Model to
Describe Flow BehavIor

{20}

34.3.1 Herschel-BUlkley Model

For most practical purposes, the Herschel-Bulkley
model can account for the steady-state rheological per
formance of many fluid foods.

34.3.2 Newtonian Model [n =1; K = f.L; 0'0:: 0]

For Newtonian fluids, Equation [18} is manipulated
with the flow behavior index (n) equaling 1.0 and the
consistency coefficient (K) equaling the Newtonian vis
cosity (u).

K and n represent material constants called the consis
tency coefficient and flow behavior index, respec
tively. The flow behavior index provides an indication
of Newtonian or non-Newtonian .flow, providing the
material has no yield stress. Table 34-4 illustrates how
the Herschel-Bulkley model is used to identify specific
flow characteristics.

The following models are considered as simple
modifications to the Herschel-Bulkley model.

34.3.3 Power Law Model [0'0 =0]

Power law fluids show no yield stress (ero) and a non
linear relationship between shear stress and shear rate.
Pseudoplastic and dilatent fluids are considered power

~
~

(17)De =tfT

n

0'0 =Yield slress: " =How behavior ircex,

34.3 RHEOLOGICAL FLUID MODELS

Once you have the data for shear stress and shear rate,
you can use rheological models to gain ~ greater
understanding of the flow response. Rheological mod
els are mathematical expressions relating shear stress
to shear strain rate providing a "flow fingerprint" for

Fluid Type

Newtonian
Non·Newtonian

Pseudoplaslic
Dilatenl
Yield Stress

o

o
a

>0

1.0

<1.0
>1.0
any
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law fluids, each with different ranges for flow behavior
index values, refer to Table 34:-4.

or

o=K'f

[21]

[22]

or

34.4 RHEOMETRY

Photo of a U-tube viscometer.

cometers is that theyare ineffective for non-Newtonian
fluids. However, these viscometers are commonly used
at very low concentrations of food hydrocolloids for
molecular weight prediction.

As the name indicates, high pressure capillary
viscometers require a driving force beyond gravity.
A pump or cross head may supply an elevated pres
sure to force material through a capillary. Rheological
parameters may be derived. from a pressure drop
across the capillary section and the vclumetrie flow
rate through the system. nus system is used typically
for very viscous materials or to analyze rheological
properties at high shear rates.

[23]

[24]

34.3.4 Bingham Plastic Model [n = 1j K = Jlpl]

Bingham plastic materials have a distinguishing fea
ture--they have a yield stress. Once .£lowis established,
the relationship between shear stress and shear rate is
linear-explaining why n =1.0 and K is constant value
known as the plastic viscosity, J1.pJ. Caution: The plastic
value is not the same as the apparent viscosity (T]) or
the Newtonian viscosity (~)!

Rheometers are devices used to determine rheological
properties of materials. Relationships between shear
stress and shear rate are derived from physical values
of system configurations, pressures, flow rates, and
other applied forces.

34.4.1 Tube Viscometry

Tube viscometers consider pressure-driven flow
through a pipe or capillary, Rheological properties may
be derived from a pressure drop across a specified tube
length of known cross-sectional area and the volumet
ric flow rate through the tube. Steffe (1) provides addi
tional inforrna non regarding tube viscometry.

U-tube viscometers are gravity-driven instru
ments constructed from glass. Common types of U
tubes include Ostwald and Cannon-Fenske Viscorne
ters (Fig. 3+-6), These viscometers each contain a
narrow capillary section of tube, serving as the limiting
factor {or flow. The fluid is timed as it passes through
specific points etched in the glass. Depending upon the
capillary diameter, a series of factors are provided to
relate the resulting time to a kinematic viscosity. Kine
matic viscosity is the Newtonian viscosity divided by
the material density. A limiting factor for these vis-

34.4.2 Rotational Viscometry

For fluids, the primary mode for rheological measure
ment in the food industry is rotational viscometry, pro
viding rapid and fundamental information. Rotational
viscometry involves a known test fixture (geometrical
shape) in contact with a sample, and through some
mechanical, rotational means, the fluid is sheared by
the fixture. Primary assumptions are made for the
development of constitutive equations (relationship
between shear stress and rate), and a few include:

• Laminar Flow. Laminar flow is s:-TlOnrmOll~

with streamline flow. In other words, jf we were
to track velocity and position of a fluid molecule
through a horizontal pipe, the molecule path
line would be only in the horizontal direction.

• Steady State. Steady state means time-indepen
dent effects.

• No-Slip Boundary Condition. When the test fix
ture is immersed in the fluid sample, the wall C'f
the fixture and the sample container serve 35

boundaries for the fluid. This condition assumes
at whatever speed either boundary is moving,
an infinitely thin layer of fluid immediately
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TOP VIEW

Concentric cylinder geometry.

SIDE VIEW

~
~

constant shear rate across the fluid gap. This approxi
mation is valid for small gap widths where Re / Rb :S: 1.1.

. ORb
1b =R

c
_ R

b
[26)

n is the angular velocity typically expressed in radians
per second. Converting units of revolutions per minute
(rpm) to radians per second is simply achieved by mul
tiplying by 2rc/60. The following example converts
from rpm to radians/second.

10 revolutions 2rc radians
1 min x 1 revolution

1 min .
x -60 = l.047.radiansjsec [27J

sec

One of the most common rheological devices
found in the food industry is the Brookfield viscome
ter (Fig. 3-1-9). This simple apparatus uses a spring as a
torque sensor. The operator selects a rotational speed
(rpm) of the bob, attached to the spring. Once the rota
tional speed is converted to an angular velocity, the
simple shear approximation may be used to calculate a
shear rate. As the bob moves through the sample fluid.
the viscosity impedes free rotation, causing the spring
to wind. The degree of spring windup is a direct reflec
tion of the torque magnitude (M), used to determine a
shear stress at the bob surface.

From these data, a rheogram can be created show
ing shear stress (0) versus shear rate (y). The importance
of rheograms.has been discussed, with the primary sig
nificance bemg apparent viscosity determination

Photo of cup .:Ind bob test fixtures for rheologi
cal measurements-

adjacent to the boundarv is moving at the exact
same velocity. .

Rotational rheometers may operate in two modes:
steady shear or oscillatory, At this point we will con
sider steady shear rotational viscometry, and oscilla
tory viscometry will be described in a later section.
Steady shear is a condition in ·..... hich the sheared rluid
velocity, contained between the boundaries, remains
constant at any single position. Two test fixtures most
often used in steady shear rotational viscometry are
concentric cylinder and the cone and plate (Fig. 3+7
and Fig. 3-1-11).

34.4.2.1 Concentric Cylinders

This Jppara tus consists of a cylindrical fixture shape,
commonly called a bob with radius Rb, suspended
from a torque u'-'I) measuring device and immersed in
a sample fluid contained in a slightly larger cylinder,
referred to as the cup with radius Re (see Fig. 3+8).
Torque is an action that generates rotation about an
axis and is the product' of a force (F) and the perpen
dicular distance (r), called the moment arm, to the axis
of rotation. The principles involved can be described
relative to changing tires on a car. To loosen the
lugnuts, a larger tire iron is often required. Essentially,
this longer tool increases the moment arm, resulting in
a greater torque about the lugnut. Even though you are
still applying the same force on the iron, the longer
device provides greater torque!

To derive rheological data from experiments,
expressions for shear stress and shear rate must be de
termined. Shear stress at the surface of the bob (cro) may
be calculated from a force balance as

M (25]
O'b=2:thR~

Therefore, to determine shear stress, all we need to
know is the bob geometry (h and R/I) and torque
response (tW) of the fluid on the measuring sensor.

A simple shear approximation is used often to
predict a shear rate at the bob surface and assumes a
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Cone and plate configuration.
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h: gap height at any radial location (r) oC the cone,

Photo of Brookfield viscometer.
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~
Rheological Dafa of Tomato Ketchup
Colleeted Using a Concentric Cylinder
Test Axture

Shear Shear Apparent
Torque Rate Stress Viscosity

rpm (Nm) (sec-') (Pa) (Pa sec)

1.0 0.00346 2.09 22.94 10.98
2.0 0.00398 4.19 26.39 6.30

weetL DY';
4.0 0.00484 8.38 32.10 3.83
8.0 0.00606 16.76 40.18 2.40

16.0 0.00709 33.51 47.02 1.40

.'nRifoK F1fiii1
32.0 0.00848 67.02 56.23 0.84
64.0 0.01060 134.04 70.29 0.52

EZi"".' P' 128.0 0.01460 268.0B 96.82 0.36
256.0 0.01970 536.16 130.63 0.24

~
~

34.4.2.2 Cone and Plate

(Equation [16]). The fcllowins; tomato ketchup data in
Table 34-5 were collected with a standard cup' and bob

.system (Rc =: 21 mm, R~ == 20 mrn, and h == 60 mm). Using
Equations [16J, [25J, and [26] vou should verify the
results. • .

Another popular system for rotational measurement is
the cone and plate configuration (Figs. 34-10 and '3-J.
11). Its special design permits the shear stress and shear
rate to remain constant at any radial location of the
gap. Quality of test results is best when the cone angle
is small (8 .. 10

) . large errors are encountered when the
gap is improperly set or not well maintained.

The shear stress rnav be determined for a cone and
plate configuration as; .

3M
(j = --,

2r.:W
r""tC'
1-- J

Photo of cone and plate test fixtures for rheo
logical measurements.

The shear rate is calculated as

rO n
'f==--=-- [29]

r tun 8 tan e
Like shear stress. the shear rate is constant throughout
L~': ~ap--oneof the primary advantages of this test fix
t,,,,rc.
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Reprinted from Barnes. HA. Hutton. J.F.. and Wallers. K.An Intro
oucuc« :0 Rhecloqy. Ccpyright 1989, with kind permission Ircm
Elsevier Science--NL Sara Surgerharlslraat 25, 1055 KV Amster·
dam. the Netherlands.

and the flow behavior index (n) now may be analyzed
for an even greater understanding of the flow behavior
of the material. For example, one may want to know:
Does the material have a yield stress? Is the material
shear thinning or shear thickening? Answering these
and similar questions gives the food scientist a greater
command of the behavior of the material for process
design or quality determination.

34.4.3 Solids-Compression, Extension, and
Torsion (Shear) Analysis

The rheological properties of solid foods are measured
by compressing, extending, or twisting the material.
nus can be accomplished by two general approaches
called small strain 0: large strain testing. In small
strain tests the goal is to apply the minimal amount of
strain or stress required to measure the rheologic:al
behavior while at the same time preventing (or at least
miniinizing) damage to the sample. The goal in large
strain or fracture tests is the opposite. Samples are

10-Q-10-l

100 1_101

100_102

101- 102

101-102

101_103

100-1OJ
10J- 1O"

Shear Rate
(sec")

PredIcted ShElar Rates for Typical
Food ProC9$.SE!S

Precess

Sedimentation of pcwcers in a liqUid
Drainir.g under gravity
Extrudir.g
Chewing and swallowir.g
Coating
Mixing
Pipe flow
Spraying and brushing

34.4.2.3.2 Speed (Shear Rate) Selection When per
forming a rheological test, it is crucial to have an
understanding of the process for which the measure
ment is being performed, From the earlier example of
tomato ketchup, the apparent viscosity continuously
decreases, exhibiting shear thinning behavior, as the
shear rate is increased. How would one report a vis
cosity? To answer that question, the process must be
addressed. For example, if a viscosity for molten milk
chocolate is required for pipeline design and pump
specification calculations, a shear rate for this process .
should be.known. AU fluid processes administer a cer
tain degree of shear on the fluid, and a good food sci
entist will consider the processing shear rate for proper
rheological property determination. Barnes et al. (4)
have prepared a list of common shear rates for typical
processes, many of which are shown in Table 34-7.

34.4.2.3 Experimental Procedure for Steady
Shear Rotational Viscometry

34.4.2.3.1 Test Fixture Selection Many considera
tions go into the decision of selecting a fixture for a rhe
ological test. To simplify the process, the information in
Table 34-6 should be considered (3).

34.4.2.3.4 Shear Calculations Values for shear stress
and shear rate are calculated based on test fixture, fix
ture geometry, and angular velocity.

34.4.2.3.3 Data Collection Once the test fixture and
shear rate ranges have been selected, the experiment
can begin. Record values of torque for each viscometer
speed.

34.4.2.3.5 Model Parameter Determination Shear
stress and shear rate can now be inserted into various
rheological models previously described in section
34.3. Rheological model parameters such as viscosity
(J!, n. J.!pl), yield stress (0'0), consistency coefficient (K),

~ AdVantages and Disadvantages ot Rotational
~ Viscometry Atfachments

Rotational Geometry Advantages Disadvantages

Concentric cylinder • Good for low viscosity fluids
• GOOd for suspensions
• Large surface area increases

sensitivity at low shear rates
Cone and plate • Constant shear stress and

shear rate in gap
• Good for high shear rates
• Good lor medium and high

viscosity samples
• Small sample required
• Quick-and-easy cleanup

• Potential end effects
• Large sample required

• Large particles inter
fere with sensitivity

• Potenlial edge effects
• Must maintain constant

gap height
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deformed. to an extent at which the food matrix is dam
aged or fractured. Smallstrain tests are used when one
wants to understand propertif!S of a food matrix,
whereas large strain tests give an indication of sensory
texture or product durability.

34.4.3.1 Large Strain Testing

Compression and tension (i.e., extension) tests can be
used to determine large strain and fracture food prop
erties. Compression tests are generally picked because
they do not require a tight attachment between the
sample and the testing fixture, simplifying sample
preparation. Compression tests are limited by the max
imum level of sample deformation. As a general rule,
one should not use compression testing when normal
engineering (Cauchy) strain exceeds 0.8 (Le., SO'Yo com
pression). Tension and torsion tests are used on very
deformable foods and a high level of strain is needed. to
fracture the sample. Torsion requires a twisting force to
deform a sample. Torsion testing is uniquely applicable
to foods that lose water during testing. Water loss is
prevented during torsional testing because the sample
experiences true shear and does not change shape (5).
The main disadvantage to tension and torsion tests is
that the sample must be attached to the test fixture.

34.4.3.1.1 Determining Stress, Strain, and Elastic
Modulus (E) in Compression There are several
assumptions to consider when doing compression test
ing. Along with the previously mentioned considera
tions of homogeneous and isotropic, the assumption
that the food is an incompressible material greatly
simplifies matters. An incompressible material is one
that changes in shape but not volume when com
pressed. Foods such as frankfurters, cheese, cooked
egg white, and other high-moisture gel-like foods gen
erally are incompressible. The calculations for strain
are as discussed previously (Equations [1] and [2J).

During compression, the initial cross sectional area
(Ai) increases as the length decreases. To account for
this change, a correction term incorporating a ratio of
the cylinder lengths (LIL;) is applied to the stress cal
culation.

F
0-::: A x (LlL;) [30]

I

In compression testing one should use a cylind ricaI
shaped sample with a length (L) to diameter ratio of
> 1.0. The sample should be compressed between two
flat plate with diameters exceeding the lateral expan
sion of the compressed sample (i.e., the sample should
be in contact with the plates during testing). The equa
tions are based on the sample maintaining a cyli."1dricaj
shape when compressed. U this is not the case, the con
tact surface between the plate and the sample rna y r:eed
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lubrication. Water or oil can be used. and one should
pick the fluid that provides the desired lubrication
without causing any deleterious effects to the sample.

A cylinder of cheddar cheese 3 an in length (4),
with an initial radius (RJ of 1 em, was compressed at a
constant rate to 1.8 an (L) and recorded a force of 15 N.
Then:

t:.L 1.8 - 3.0
Ec -:::~ = 3.0 =-0.4 =0.4colnpression 131]

EH =In(l + £c} =In(l + ( -0.4»
=-0.5 =0.5cocnP""Sion 132]

Ai =~2 = 0.OOO~14 m 2 133]

2 F ( L ) 15N ( 1.8)
a =~ x L1 =0.000314 m2 x 3.0

= 28,700 P8.compn!!lSiQtl = 28.7kPiicol:nprasion [34]
(1 28.7 kPa .

E = - -::: 05 =57.4 kP~lI\prasion [35]
£H .

If the material compressed is a pure elastic solid,
the compression rate does not matter, However, if the
material is viscoelastic (as is the case with most foods), .
then the values for stress, strain, and elastic modulus
will change with compression rate. A complete charac
terization of a viscoelastic material requires determin
ing these values at a variety of compression rates.
Another factor to consider is the level of comcression.
The sample can be compressed to fracture 'or some
level below fracture. The goal should be compression
to fracture if one wants to correlated rheological with
sensory properties.

34.4.3. 1.2 Texture Profile Analysis (TPA) Texture FTC'·
file analysis is an empirical technique using a r....o-cyclc
compression test, typically with a universal testbg
machine (Fig. 3+-12). nus test was developed by a
group of food scientists from Kraft Foods arid is CO,",

piled as force during compression and time. D~: ta ~!".2 i:.
ses corre Iated numerous sensory parame ters, incl~c ~:1g
hardness, cohesiveness, and springiness with text"..ire
terms determined from theTPA test curve. ;·orcx.:unplc,
the peak force required to fracture a specimen has been
strongly related to sample hardness. Bourne (6) pro
vides a more detailed description of TPA.

34.4.3.2 Small Strain Testing

The goal in small strain testing is to characterize the
rheological properties of a material without rla:n..1gins
the material. This requires small forces and deforma
tions.In addition, since most foods are viscoelastic, one
needs to be able to separate viscous and elastic proper
ties. These goals are accomplished by applying: (l) a
Stress or strain in oscil lation and measuring the resp(.'..:-
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34.5 SUMMARY

rive strain or stress and phase angle between stress and
strain, (2) a constant strain and measuring the decrease
(relaxation) in stress, or (3) a constant stress and mea
suring the rate of deformation (creep). A more detailed
description of these techniques may be found in sec
tion 34.9.

Rheological testing is simple in that it only requires the
measurement of force, deformation, and time. To con
vert these measurements into fundamental physics
based rheological properties requireS an understand
ing of the material and testing method. Materials
should be homogeneous and isotropic. This is true for
most fluid foods and many solid foods. Fundamental
rheological properties are determined based on knowl
edge of the stress or strain (normal or shear) applied to
the sample and the geometry of the testing fixture.
Once rheological properties are determined they can
be described by physical or mathematical models to

gain a more complete understanding of the rheological
properties. The advantage of determining fundamen
tal, rather than empirical, rheological properties is that
it allows one to USe common units, independent of the
specific instrument, to determine the rheological prop
erty. This not only allows for comparison among val
ues determined on different instruments, but it also
permits a comparison of the flow of honey with the
flow of paint. Through rheological methods, food sci
entists have the ability to relate theoretical and experi
mental information from a range of disciplines, includ
ing polymer chemistry and materials sciences, to gain
a greater understanding of the quality and behavior of
food materials.

34.6 GLOSSARY (INCLUDES TERMS IN
SECTION 34.9)

Compression: A force acting in a perpendicular (nor
mal) direction toward the body

Concentric Cylinder: A test fixture for rotational vis
cometry frequently called a cup and bob

Cone and Plate: A test fixture for rotational viscometry
Constitutive Equation: An equation relating stress

with strain and sometimes other variables including
time, temperature and concentration

Creep Test: The deformation of a material exposed to a
constant stress

Deborah Number: The ratio of a characteristic time of
a material to the characteristic time of the process

Dilatent: Shear-dependent thickening
Empirical Test: Simple tests measuring poorly defined

parameters but typically found to correlate with tex
tural or other characteristics

Fundamental Test: A measurement of well-defined,
physically based rheological properties

Homogeneous: Well mixed and compositionally simi
lar regardless of location

Incompressible: No change in material density
Isotropic: The material response is not a function of

location or direction
Kinematic Viscosity: The viscosity divided by the den

sity of the material
Laminar Flow: Nonturbulent flow
Linear Viscoelasticity: Viscoelasticity within the

region where stress and strain are linearly related
Loss Modulus: The out-of-phase component of the

shear stress divided by the strain during exposure to
a sinusoidally varying input function

Modulus: A ratio of stress to strain
Newtonian Fluid: A fluid with a linear relationship

between shear stress and shear rate without a yield
srr~s '

Non-Newtonian Fluid: Anv fluid deviating from
Newtonian behavior

Photo of universal testing machine.
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No-Slip: The fluid velocity adjacent to a moving G
boundary has the same velocity as the boundary Go

Oscillatory Test: Dynamic test using a controlled sinu- G'
soidally varying input function of stress or strain GW

Pseudoplastic Sheu-tJUnning h
Rheology: A science studying how all materials J

respond to applied stresses or strains K
Rheogram: A graph showing rheological relationships L
Rheometer:- An instrwnent measuring rheological l.t
pro~M~ ~

Rheopectic: Tune-dependent shear-thickening M
Shear (Strain) Rate: Change in strain with respect to n

time r
Simple Shear. The relative motion of a surface with R

respect to another parallel surface creating a shear ~

.fieldwithin the fluid contained between the surfaces Rb
Simple Shear Approximation: A prediction technique Rt

for shear rate. estimation of fluids within a narrow t
gap t

Steady Shear. A flow field in which the velocity is con-
stant at each location with time U

Steady State: Independent of time E

Storage Modulus: The in-phase component of the Ec
shear stress divided by the strain during exposure to
a sinusoidally varying input function EH

Strain: Relative deformation 1
Stress: Force per unit area 1
Stress Relaxation Test: The decrease of stress within a

material exposed to a constant strain 10

Tension: A force acting in a perpendicular direction l'
away from the body S

Test Fixture: A rheological attachment. sometimes Tl
called a geometry, that shears the sample material Tl·

Thixotropic: Time-dependent shear-thinning e
Torque: A force generating rotation about an axis and

is the product of the force and the perpendicular dis- e
tance to the rotation axis

Torsion: A twisting force applied to a specimen !..L

Viscoelastic: A material having both viscous and elas- ~.I

tic properties o
Viscometer: An instrument measuring viscosity 010

Viscosity: An internal resistance to flow 00

Yield Stress: A minimum stress required for flow to 0"

oc~r w
n

NOMENCLATU RE

shear modulus
shear colJlplex modulus
shear storage modulus
shear loss lJlodulus
height

.~ compliance
consistency coefficient
length
initial length
change in length
totque
flow behavior index
radial distance
radius
initial radius
bob radius
cup radius
time
characteristic time

of material
velocity
nonnal strain
engineering strain

(Cauchy)
. true strain (Hencky)

. shear strain
angle of shear

strain amplitude
shear (strain) rate
phase angle
apparent viscosity
complex viscosity
angle

cone angle

Newtonian viscosity
plastic viscosity
stress
shear stress at the bob
yield stress
stress amplitude
angular velocity
angular velocity

Pa
Pa
Pa
Pa
m
Pa-1
Pasec'l
m
m
m
Nm
unitless
m
m
m
m
m
sec
sec

m sec~1

unitless
unitIess

wlitless
unitless
radians or

degrees
unitless
sec'"
radians
Pa sec
Pa sec
radians or

degrees
radians or

degrees
Pasec
Pa sec
Pa
Pa
P:l
Pa
radians 5ec-1

radians sec-1

SymbQI
A
Ai
De
E
Et

Eo
F

~
area
initial sample area
Deborah number
modulus of elasticity
equilibrium elasticity
initial elasticity
force

~,
m-
m2

unitless
POl
Pa
Pa
N

34.7 STUDY QUESTIONS

1. What is the difference between a shear and normal SlJ'CS5~

2. How is stress different from force?
3. What is the d~finition of apparent Viscosity? "",hen does

the apparent viscosity equal the Newtonian viscosity?
4. Silly Putty'S is a viscoelastic material. .

I. Wh.1t is viscoelasticity?
b. £lCplain the concept of Deborah Number.
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c. \Nhat conditions will the Silly Putty31 respond with a
o- « I? With De» 1?

5. Vegetable oil is Newtonian fluid and catsup is a Bingham
Plastic fluid. What are the differences in flow behavior
and how does it alter the food applications of these fluids?

6. Apple sauce at 26°C may be described by the following
mathematical expression:

565

s. rd~g.. ;..,\. 1980. Linearizarion of relaxation and creep
CUr"-'6 or solid biological materials. Journal of Rheolog'J
:!.·U51.

34.9 APPENDIX-ADVANCED
RHEOLOGICAL METHODS

where Yo is the strain amplitude shown in Fig. 3-l·13A.
The resulting stress is:

34.9.1 Oscillation-Controlled Stress or
Strain Testing

There are a variety of commercial rheometers opera ting
on the basi, principle of applying a shear stress or strain
in oscillation and measuring the respective torque or
deformation and the phase relationship between vis
cous and elastic components. The fundamental princi
ples can be explained based on the patterns shown for
stress and strain in Fig. 34-13. Note that a sinusoidal
oscillation has an amplitude (this is a maximwn level of
stress or strain) and a duration (time it takes to complete
one oscillatory cycle). Duration of a single oscillatory
cycle is called frequency (fin Hz or cycles/sec) or more
precisely reported as radians/sec (oo=2rtf, radians/sec).
With these instruments the operator adjusts the ampli
tude and frequency of the input signal and measures
the responding stress or strain value. Using the exam
ple of a controlled strain instrument, the strain input
function is:

with 5being the phase angle.
The meaning of phase angle can be illustrated

using Fig.34-13A;B. In applying a sinusoidal strain. the
test fixture rotates one direction to a set strain ampli
tude (yr;), then reverses direction and goes to the same
amplitude. At 10the strain is a maximwn and the strain
rate is zero. This position is most sensitive to elastic
properties. When the strain oscillation crosses the start
ing point (zero strain) it is at maximum shear rate or
speed. Because viscosity is the relationship between
shear stress and shear rate, this point is of maximum
sensitivity to viscous behavior (elasticity is not de
tected because there is no strain on the sample), If the
input and response sinusoidal curves superimpose
along the time axis, the angle between the two curves
(0) is zero (Fig. 34-13A), reflecting ideal elastic behav
ior. Pure elastic solids have a phase angle of zero
regarcllessof oscillation frequency, because stress is
related to the magnitude of strain, not the strain rate. If
the curves are shifted such that maximum stress occurs

0' '" Pa
'I • l Zsec

a. Which rheological model is it? Identify the constants, K
and n, with proper units.

Honey at 26°C obeys a Newtonian model:

(J:: 8.9''(

Evaluate the apparent viscosity for apple sauce and
honey at a shear rate of 1.0, 2.3, and 5.6 sec".

b. How do the viscosities compare for each material?
How do the viscosities compare at each shear rate?

c. Describe the importance of multipoint testing.
7. If you were designing a new "chip dip," what type of rhe

ological considerations might you suggest?
8. What are the differences between empirical and funda

mental rheological tests? Becreative and develop two new
empirical tests, such as recording the amount of time
required for spaghetti sauce to drain from a colander.
Then. identify fundamental rheological tests that could be
used to determine similar properties from your empirical
tests. Explain advantages of using fundamental rheologi
cal tests.

ADVANCED aUESTI0NS (SEE SECTION 34.~)

1. Using rheology, explain how to determine the gelation
point temperature. .

2. What is the phase angle for any Newtonian fluid? Why?
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a = aosin(wt - 0)
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Controlled rate instrument showing a response for an ideal (A)elasticand (B) viscous material.

at zero strain, then the phase angle is 90" (Fig. 34-13B),
and the material is considered ideally viscous. Pure
viscous fluids have a phase angle of 90" because that is
the point of maximum strain rate.

Viscoelastic solids and fluids have a phase angle
between 0 and 90". A material with a phase angle
approaching 90" will be dominated by viscous behav
ior; likewise, a sample with a phase angle closer to 0"
will behave more elastically. The phase angle is not a
fixed property; it will vary with the testing frequency.
Recall the concept of the Deborah number. At faster
oscillations, there will be less time for bigger molecules
to relax Or flow and the food will appear to be more
solidlike (i.e., no detectable flow under the conditions
of testing).

34.9.1.1 Oscillation Methods

Instruments are engineered so that the stress or strain
may be controlled while measuring the responding
torque or deformation response. In controlled rate
instruments (controlled strain) a sinusoidal strain
function is applied to the sample. The operator sets the

strain amplitude and frequency and the instrument
measures the responding stress. With controlled stress
instruments a sinusoidal stress function is applied and
the resulting strain is measured. In all testing one sets
the level of stress and strain to be at the maximum sen
sitivity without causing damage to thesample. Tae
goal is to measure within the linear viscoelastic
region. This is the range where stress and strain are
linearly related and the moduli (C-, C: and Gj are
independent of stress or strain (Fig. 34·14). This region
is established by running stress or strain sweeps. b
each case, the respective parameter is increased anc a
modulus is determined. The range where the modulus
is constant is the linear viscoelastic region.

The storage and loss moduli (G'and G1 are para
meters representing the relative degrees of elastic and
viscous behavior of viscoelastic materials. G' is the por
tion inphase, and G "'is the component 90" out-of-phase
with the input strain. Therefore, a sample with a larger
G· component will behave elastically (solidlike), while
a material with a higher G" will be more viscous (fluid
like). The foUowing sections further develop these con
cepts.
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Solution

Entangled Solution

approaches to analyzing stress relaxation data have
been outlined by Nussinovitch et al, (7).

Let us assume that a strain is applied to a material
in compressional extenSion and we record the
decrease (relaxation) of stress. This means that the elas
tic modulus (s~train)is not a constant but a func
tion of time. This is represented as E(t). A modified
Maxwell model can be used to represent stress relax
ation data.

aCt) = E(t) == Er+ (Eo- Er)exp(-t) [38]
'Yemstanl 't

¥lith viscoelastic solids, the stress will eventually
stop decreasing at thepoint where the remaining stress
represents the equilibrium elasticity CoEr}' With vis
coelastic fluids, Er =O. In practice it may be di£6cult to
establish a true Er because the material will continue to
relax for hours, days, and even weeks! An alternative ~
to use an extrapolation procedure to obtain Ee (8) or to
pick a reasonable time for an "apparent" Er

¥lith a modified Maxwell model the material can
be described by three constant factors: initial modulus
(EO> which is the first reading at maximum strain, equi
librium modulus (Er), and relaxation time (t). The
relaxation time constant is the time it takes for the
stress to decay to lIe or 36.8% of its initial value (Fig.
34-18). Since lIe =0.368/ the relaxation time is found
by deten:nining the time corresponding to E = E~ -+- (E(>
- Et ) 0.368. Once these factor are detennined, one can
check how well the model represents the data by com
paring the model with the experimental data. If the 5t
is poor, one should consider more complex models.

Frequency sweeps of three different viscoelas
tic materials.
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34.9.3 Creep-eonstant Stress Testing

Creep tests are like stress relaxation tests but a constant
stress is applied rather than a constant strain. The sim
plest creep test would be to apply a weight on top of a

IDEAl..ELASTIC SCUD

Concepts of stress relaxation testing.

O'----.¥---- --===__~
TIME

r········ -_ -_._ .. ---- -- --.···o ••••••••••;

ior, the stress will be constant and proportional to the
strain. If the material has an ideal viscous behavior, then
the stress will rapidly decay to zero as the material
flows to adjust to the level of strain. Viscoelastic mate
rials show a slow decay to zero for a viscoelastic fluid or
an equilibrium elasticity for a viscoelastic solid. Various
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Concepts of creep testing.~
~

a preset frequency, stress, and maximum strain. A typ
ical experiment would involve applying a stress for a
period of time then having a strain recovery period
which is call a creep recovery test. The creep recovery
test should be as long as the creep test. The degree of
strain recovered is an indication of the elasticity of the
material.

[39J

sample and record the change in shape (strain) over
time, (or example, placing .l book on a cake and mea
suring the deformation o~er time. Conditions should
be set to minimize sample damage and maximize sen
sitivity. Since deformation is a function of time, the test
duration is controlled in creep testing to minimize
sample damage. The general principles are seen in Fig.
34-19. Stress is applied and held constant. YVith elastic
materials the level of strain coincides with the level of
stress and remains constant until the stress is removed,
then returns to zero. Viscous materials flow and the .
strain increases with time. There is no recovery once
the stress is removed and the strain remains at the
highest level. Viscoelastic materials show a combina
tion of the two extremes.

Creep data is reported as J. compliance modulus,
which is stress/strain. The compliance function for a
creep test is:

Note the unit for creep compliance is l/Pa. Controlled
stress rheometers are generally used to conduct creep
tests. There are various approaches but they all require
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35.1 INTRODUCTION

[ll( Pt)-t<;1m ='0 0 ... (I - ¢I) P2

diameter of these droplets typically ranges between 0.1
and leO urn, A system that consists of oil droplets dis
persed in an aqueous phase is called an oil-in-water (or
O/W) emulsion. e.g., mayonnaise, milk, cream, soups,
and sauces. A system that consists of water droplets
dispersed in an oil phase is called a water-in-oil (or
W/0) emulsion. e.g., margarine, butter, and spreads.
The substance within the droplets is refered to as the
dispersed or internal phase, whereas the substance
that makes up the surrounding liquid is called the con
tinuous or external phase. It is also possible to create
multiple emulsions, which can be of either the oil-in
water-in-oil type (O/W/0) or the water-in-oil-in
water type rvv jO/W). The process of converting bulk
oil and bulk water into an emulsion, or of reducing the
size of the droplets in an existing emulsion, is known as
homogenization. In the food industry, homogeniza
tion is usually achieved by applying intense mechani
cal agitation to a liquid using a mechanical device
known as ahomogenizer, e.g., a high pressure valve
homogenizer, an ultrasonic homogenizer, or a coUoid
mill (1--4).

Emulsions are thermodynamically unstable sys
tems because the contact between oil and water mole
cules is energetically unfavorable, and so they tend to
breakdown with time. The preparation of emulsions
that are kinetically stable over a time period that is of
practical use to, the food industry (e.g., a few days,
weeks, months, or years) requires the incorporation of
substances known as emulsifiers and/or thickening
agents. An emulsifier is a surface-active molecule that
adsorbs to the surface of an emulsion droplet to form a
protective coating that prevents the droplets from
aggregating with one another, e.g., an amphiphilic pro
tein, a phospholipid, or a small molecule surfactant. An
emulsifier also reduces the interfacial tension and
therefore facilitates the disruption of emulsion droplets
during homogenization. A thickening agen~ is a sub
stance that increases the viscosity of the continuous
phase and therefore slows down the movement of the
droplets, e.g., many polysaccharides.

where:

35.1.3 Emulsion Properties

The concentration of droplets in an emulsion is usually
described by the dispersed phase volume fraction, 9,
which is equal to the volume of emulsion droplets (Yo)
divided by the total volume of emulsion (Ve): $ =
VD/Ve. In some situations. it is more convenient to
express the composition of an emulsion in terms of the
dispersed phase mass fraction ($m),which is related to
ell by the following equation:


It

Phase
inversion

•

..- 1 ....-

Flocculation Coalescence

Major mechanisms of emulsion instability.

Stable
Emulsion

Creaming
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35.1.1 Importance of Emulsions in Foods

A great many food products exist .either partl~.Or
wholly as emulsions, or have been In.an e~ulsif!ed

state sometime during their production, including
milk, cream, mayonnaise, salad dressings, butter, mar
garine, low fat spreads. sauces, soups, coffee whiten
ers, and cream liquors (1-3). The appearance, texture,
and stability of these products depends on their com
position. microstructure, and colloidal interactions
(l-n. Improvement of food quality, red~ction of man
ufacturing costs, development of new tood products,
.md optimization of food processing opera~ons de
pend on the availability of analytical techniques t?
characterize the properties of food emulsions. Analyti
cal techniques are needed for research and develop
merit to identify the major factors that govern the prop
erties of food emulsions, and in quality assurance
laboratories to monitor the properties of foods during
processing. The overall composition of food emulsions
can be analyzed using many of the procedures
described elsewhere in this book. Similarly, their rheo
logical properties can be analyzed using the methods
described in Chapter 34. In this chapter, we concentrate
on those properties that are unique to emulsions,
namely disperse phase volume fraction, droplet size
distribution, droplet charge, physical state of droplets,
emulsion stability, and emulsifier efficiency.

35.1.2 Classifications and Definitions

. An emulsion consists of rwo immiscible liquids (oil
and water), with one of the liquids dispersed as small
spherical droplets in the other (Fig. 35-1). In foods, the
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I\lm =dispersed phase mass fraction
I\l = dispersed phase volume fraction

PI=continuous phase densitv
P2 =dispersed phase density'

When the.d~ities.of the two phases are equal, the
mass fraction 15 equivalent to the volume fraction.

Many of the most important quality attributes of
emulsion-based food products an! governed by the size
of the droplets they contain, and so it is important for
food. scientists to be able to controL pred.ict, and mea
sure droplet size. All food emulsions contain dropl~

that have a range of different sizes, i.e., they are poly
disperse. Ideally, one would like to know the full parti
cle size distribution, although in many situations it is
only necessary to have an indication of the average
droplet size and the width of thedistribution. The most
useful numbers for desai£.ing a particle size distribu
tion are the mean diameter dand the standard deviation
a:

~ Particle Size Distribution of on Emulsion
~ . Represented In Tabular Form

Histogram.ofparticle size distribution of a typ
ical emulsion. q1j = volume frequency, di =
droplet diameter.

1
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[2]

[3]

d=!.nA/N

0" = v'(Lnj (dj - d)2)/M •

where:

n i =number of droplets with diameter d;
N =total number of droplets

The above mean is often referred to as the mean length
diameter, dv because it represents the swn of the length
of the droplets divided by the total number of droplets.
It is also possible to express the mean droplet size in a
number of other ways to reflect differel\t aspects of an
emulsion, e.g., average surface area or average volume
(5,6). A particle size distribution is usually continuous,
but it can be conveniently presented as a histogram
(Fig, 35-2) or as a table (Table 35-1) by dividing the dis
tribution into a nwnber of size classes and recording
the percentage of droplets in each size class. It should
be stressed that the shape of a particle size distribution
and the value of the mean diameter depends strongly
on the way in which the concentration of droplets in
each size group is represented: a plot of droplet num
ber versus diameter has a different shape to a plot of
droplet volume versus diameter. It is important to
appreciate this fact because analytical instruments that
measure particle size distributions report them in vari
ous ways,

The droplets in many food emulsions are pre
vented from aggregating by use of ionic emulsifiers
that adsorb to their surface and prevent them from
coming dose together because of elecrrostJ.tic repul
sion. The electrical charge on a droplet is characterize::
by its zeta potential (~). II the pH or ionic strength of an
emulsion is altered so that the electrostatic repulsiO:1 is

Midpoint, Droplets with
Size Class flJ.m} a; (J.lm) ~i (%t d<d-.(%f

0.041-0.054 0.048 0.00 0.00
0.054-0.071 0.063 0.12 O.CO
0.071-0.094 0.082 0.71 O. i2
0.094-0.123 0.108 2.48 0.83
0.123-0.161 0.142 4.79 3.31
0.161-0.211 0.186 7.62 8.10
0.211-0.277 0.244 11.2 15.70
0.277-0.354 0.320 17.56 26.92
0.354-0.477 0.420 22.33 4~.~8

0.477-0.626 0.551 19.76 66.e~

0.626-0.821 0.723 9.52 .8S.0;
0.B21-1.077 0.949 3.21 9:;.59
1.077-1.414 1.245 1.03 96.8i
1,414-1.855 1.634 0.17 se.es
1.855-2.433 2.144 0,00 1CO.CO

'4>; is the volume percentage or oropets in the supurateo ~jze

class.
2Thecummulati'le sue distribution represents the percenl,,:e c:
oreorets below a certain size. -

reduced below some critical level. the droplets aggn"
gate. The tendency for droplet aggregation to occur in
many oil-in-water emulsions is governed by thc.r
physical state due to partial coalescence (see next sec
tion). Extensive droplet aggregation causes a drama tic
increase in emulsion viscosity, and may even lead to
complete emulsion breakdown. Consequentlv, it is
important for food analysts to have experimental tech
niques to quantify t.'1e electrical charge and physical
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state of emulsion droplets, and to determine the degree
of droplet aggregation.

35.1.4 Emulsion Stability

There are a number of physicochemical mechanisms
responsible for the breakdown of food emulsions, the
most important being creaming/sedimentation, floc
culation, coalescence, partial coalescence, and phase
inversion (Fig. 35-1).Creaming is the process in which
droplets move upwards because of gravity because
they have a lower density than the surrounding liquid.
Sedimentation is the process in which droplets move
downwards due to gravity because they have a higher
,!t!nsity than the surrounding liquid. Flocculation is
the process in which two or more droplets "stick"
together to form an aggregate in which the droplets
retain their individual integrity. Coalescence is the
process in which two or more droplets merge together
to form a single larger droplet. Partial coalescence is
the process in which two or more partly crystalline
droplets merge together to form a single irregularly
shaped aggregate due to the penetration of a solid fat
crystal from one droplet into a region of liquid oil in
another droplet. Phase inversion is the process in
whic:h. an oil-in-water emulsion changes to a water-m
oil emulsion, or vice versa. Partial coalescence and
phase inversion are an integral part of many food pro
cessing operations, such as the production of butter,
margarine, and whipped. cream. Generally, the term
emulsion stability refers to its ability to resist changes
in its physicochemical properties with time. Neverthe
less, it is always important to be dear about which
mechanism is responsible for the instability.

35.2 TESTING EMULSIFIER EFFICIENCY

One of the most important decisions that a food manu
facturer must make when developing an emulsion
based food product is the selection of the most appro
priate emulsifier. A huge number of emulsifiers are
available as ingredients in foods, and each has its own
unique properties and optimum range of applications.
The efficiency of an emulsifier is governed by a num
ber of its characteristics, including the minimum
amount required to produce a stable emulsion; its abil
ity to prevent droplets hom aggregating over time; ~e
speed at which it adsorbs to the d.roplet ~urface. during
homogenization; and the interfaoal tension, thickness,
and viscoelasticity of the interfacial membrane. The~e
characteristics depend on the nature of the food In

which the emulsifier is present, e,g., pH, ionicstrength,
ion type, ingredient in~eractions, t7mperature, and
mechanical agitation. It IS there~0.re unportant t,o ~est
emulsifier efficiency under condlhons that are similar
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to t:':"se found in the actual food product in which it is
goi:':~ to be used (7), A nwnber of procedures cam
rnonly used to test emulsifier efficiency are discussed
belcw,

35.2.1 Emulsifying Capacity

It is often important for a food manufacturer to know
the minimum amount of an emulsifier that can be used
to create a stable emulsion. The emulsifying capacity
of a water-soluble emulsifier is defined as the maxi
mum amount of oil that can be dispersed in an aqueous
solution containing a specific amount of the emulsifier
without the emulsion breaking down or inverting to a
water-in-oil emulsion (7). Experimentally, it is deter
mined by placing an aqueous emulsifier solution into a
vessel and continuously agitating using a high-speed
blender as sma.llvolumes of oil are titrated into the ves
sel. The endpoint of the titration occurs when the emul
sion breaks down or inverts, which can be determined
by optical, viscosity, or electrical conductivity mea
surements. The greater the volume of oil that can be
incorporated into an emulsion before it breaks down,
the higher the emulsifying capacity. Although this test
is widely used to characterize emulsifiers, it has a num
ber of drawbacks that limit its application as a standard
procedure. The results of the test depend on the type of
blender or homogenizer used, the rate at which the oil
is titrated. into the vessel, the method used to deter
mine the endpoint, the initial concentration of emulsi
fier used, and the temperature at which the test is car
ried out. The emulsifying capacity therefore should be
regarded as a qualitative index, which depends on the
specific conditions used to carry out the test.

A more reliable means of characterizing the mini
mum amount of emulsifier required to form an emul
sion is to measure the surface load (rsJ, which corre
sponds to the mass of emulsifier required to cover a
unit area of droplet surface. A stable emulsion is pre
pared by homogenizing knO\'II\ amounts of oil, water,
and emulsifier. The mass of emulsifier adsorbed to the
surface of the droplets per unit volume of emulsion
(C3d...md/kg m-3) is equal to the initial emulsifier con
centration minus that remaining in the aqueous phase
after homogenization (which is determined by cen
trifuging the emulsion to remove the droplets and then
analyzing the serum). The total droplet surface area
covered by the adsorbed emulsifier (5) is given by (5):

HI

where:

$ "" dispersed phase volume fraction
V~ "" emulsion volume
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d =volume-surface mean droplet diameter

Thus the surface load can be calculated (typically a
fewmgm-:!):

A knowledge of the surface load enables one to calcu
late the minimum amount of emulsifier required to
prepare an emulsion containing droplets of a given
size. In practice, excess emu1si.6er is needed because it
does not all adsorb to the surface of the droplets during
homogenization.

[6]

35.2.3 SUrface and Interfacial Tension

One of the most valuable means of obtaining informa
tion about the characteristics of an emulsifier is to mea
sure the reduction in surface tension when it adsorbs to
an interface. Surface tension measurements can be
used to determine the kinetics ofemulsifier adsorption,
the packing of emulsifier molecules at an interface, crit
ical micelle concentrations, surface pressW'eS, and
competitive adsorption (1-4). Sunace tension (yJ is
defined as the amount of energy (M) required to
increase the surface area between a fluid and a gas
(e.g., air and water) by an amount M:

[5]rs =Cadsorilecl Vel5

The excess surface concentration is equal to the
amount of emulsifier at the surface (over and above
that which would be present if the molecule were not
surface active) divided by the surface area, and is thus
related to the surface load mentioned in the previous
section. r is determined from the slope of the initial
part of a plot of surface tension versus log concentra-

By analogy, the interfacial tension (Yi) is defined as the
amount of energy required to Increase the interfacial
area between two immlsicblefluids (e.g., oil and
water). The origin of surface and interfacial tensions is
the imbalance of molecular interactions across an inter
face (5, 6). For example, molecular interactions be
tween oil and water are thermodynamically unfavor
able because of the hydrophobic effect, and so energy
must be supplied to increase the contact area between
these molecules. The origin of the hydrophobic effect is
the fact that the introduction of a nonpolar molecule
into water causes alterations in the interactions and
structural organization of the water that is energeti
cally unfavorable (5).

Emulsifiers reduce the tension at an interface by
"shielding" the unfavorable molecular interactions
across it. The dependence of the surface tension on
bulk emulsifier concentration for a typical nonionic
surfactant is illustrated in Fig. 35-3. Initially, the surface
tension decreases linearly with the logarithm of emul
sifier concentration (x), by an amount that depends
on the excess surface concentration (F) of the emuls.
fier:

35.2.2 Emulsion Stability Index

An efficient emulsifier produces an emulsion in which
there is no visible separation of the oil and water
phases with time. Phase separation may not become
visible to the human eye for a long time, even though
some emulsion breakdown has occurred. Conse
quently, it is important to have analytical tests that can
be used to detect the initial stages of emulsion break
down, so that their long-term stability can be pre
dicted. One widely used test is to centrifuge an emul
sion at a given speed and time and observe the amount
of creaming and/or oil separation that occurs (7). This
test can be used to predict the stability of an emulsion
to creaming using relatively low centrifuge speeds, or
to coalescence by using speeds that are high enough to
rupture the interfacial membranes. The greater the
degree of creaming or oil separation that occurs, the
greater is the instability of an emulsion, and the less
efficient is the emulsifier. Although this test is widely
used and can be carried out fairly rapidly, it does have
a number of important limitations: the rate of creaming
or coalescence in a centrifugal field may not be a good
indication of emulsion instability under normal stor
age conditions, and it does not take into account chem
ical or biochemical reactions that might alter emulsion
stability over extended periods.

A more quantitative method of determining emul
sifier efficiency is to measure the change in the particle
size distribution of an emulsion with time using one of
the analytical techniques discussed in section 35.3. An
efficient emulsifier produces emulsions in which the
particle size distribution does not change over time,
whereas a poor emulsifier produces emulsions in
which the particle size increases due to coalescence
and/or flocculation. The kinetics of emulsion stability
can be established by measuring the rate at which the
particle size increases with time. These tests should be
carried out under similar conditions as found in the
final product, e.g., pH. ionic strength, composition,
temperature, etc.

___1 (.-.!L)
r - RT \ S In(x)

where:

R =gas constant
T =absolute temperature
Y. = surface tension
:r =emulsifier concentration
B=indicates a differential

[7J
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d = volume-surface mean droplet diameter

Thus the surface load can be calculated (typically a
few mgm-:!):

[5]

A knowledge of the surface load enables one to calcu
late the minimum amount of emulsifier required to
prepare an emulsion containing droplets of a given
size. In practice, excess emulsifier isneed.ed because it
does not all adsorb to the surface of the droplets during
homogeniza tion.
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35.2.3 Surface and Interfacial Tension

One of the most valuable means of obtaining informa
tion about the characteristics ofan emulsmer is to mea
sure the reduction in surface tension when it adsorbs to
an interface. Surface tension measurements can be
used to determine the kinetics ofemulsifier adsorption,
the packing of emulsifier molecules at an interface, crit
ical micelle concentrations, surface pressures, and
competitive adsorption (1-4). Surface tension (yJ is
defined as the amount of energy (M) required to
increase the surface area between a fluid and a gas
(e.g., air and water) by an amount M:

[6]

The excess surface concentration is equal to the
amount of emulsifier at the surface (over and above
that which would be present if the molecule were not
surface active) divided by the surface area, and is thus
related to the surface load mentioned in the previous
section. r is determined from the slope of the initial
part of a plot of surface tension versus log concentra-

By analogy, the interfacial tension (Yi) is defined as the
amount of energy required to increase the interfacial
area between two immisicble,t1uids (e.g., oil and
water). The origin of surface and interfacial tensions is
the imbalance of molecular interactions across an inter
face (5, 6). For example, molecular interactions be
tween oil and water are thermodynamically urifavor
able because of the hydrophobic effect, and so energy
must be supplied to increase the contact area between
these molecules. The origin of the hydrophobic effect is
the fact that the introduction of a nonpolar molecule
into water causes alterations in the interactions and
structural organization of the water that is energeti
cally unfavorable (5).

Emulsifiers reduce the tension at an interface bv
"shielding" the unfavorable molecular inte.!actior~
across it. The dependence of the surface tension on
bulk emulsifier concentration for a typical nonionic
surfactant is illustrated in Fig. 35-3. Initially, the surface
tension decreases linearly with the logarithm of emul
sifier concentration (x), by an amount that depends
on the excess surface concentration (F) of the emuls>
fier:

35.2.2 Emulsion Stability Index

An efficient emulsifier produces an emulsion in which
there is no visible separation of the oil and water
phases with time. Phase separation may not become
visible to the human eye for a long time, even though
some emulsion breakdown has occurred. Conse
quently, it is important to have analytical tests that can
be used to detect the initial stages of emulsion break
down, so that their long-term stability can be pre
dicted.. One Widely used test is to centrifuge an emul
sion at a given speed and time and observe the amount
of creaming and/or oil separation that occurs (7). This
test can be used to predict the stability of an emulsion
to creaming using relatively low centrifuge speeds, or
to coalescence by using speeds that are high enough to
rupture the interfacial membranes. The greater the
degree of creaming or oil separation that occurs, the
greater is the instability of an emulsion, and the less
efficient is the emulsifier. Although this test is Widely
used and can be carried out fairly rapidly, it does have
a number of important limitations: the rate of creaming
or coalescence in a centrifugal field may not be a good
indication of emulsion instability under normal stor
age conditions, and it does not take into account chem
ical or biochemical reactions that might alter emulsion
stability over extended periods,

A more quantitative method of determining emul
sifier efficiency is to measure the change in the particle
size distribution of an emulsion with time using one of
the analytical techniques discussed in section 35.3. An
efficient emulsifier produces emulsions in which the
particle size distribution does not change over time,
whereas a poor emulsifier produces emulsions in
which the particle size increases due to coalescence
and/or flocculation. The kinetics of emulsion stability
can be established by measuring the rate at which the
particle size increases wi th time. These tests should be
carried out under similar conditions as found in the
final product, e.g., pH, ionic strength, composition,
temperature, etc,

___1 (~)
r - RT \ 0 in(x)

where:

R = gas constant
T =absolute temperature
Ys =surface tension
:c = emulsifier concentration
0= indicates a differential

[7J
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~feasurements of the dependence of surface tension on bulk emulsifier concentration provide valuable informa
tion about an emulsifier. GvlC = critical micelle concentration, it =s~face pressure.

tion (Fig. 35-3). Above a certain bulk surfactant con
centration, the surface becomes saturated with ernulsi
fier molecules "and the surface tension tends to a con
stant value. This concentration corresponds to the
critical micelle concentration (C\IC) of the surfactant:
below this concentration the surfactant molecules exist
predominantly as monomers, whereas above it they
form micelles (Fig. 35-3). The decrease of surface ten
sion below the original value (when no emulsifier is
adsorbed) is known as the surface pressure, n. ~Vben
a surface becomes saturated with emulsifier, there is a
maximum surface pressure (11",",,,) that can be
achieved, which depends on the emulsifier type. nus
value governs the stability of emulsion droplets to dis
ruption when they are mechanically agitated: the
higher nm..... the less stable the droplets are to dis~p

tion. Measurements of the dependence of the surrace
tension on bulk emulsifier concentration can therefore
provide infonnation about F, n",a.- and CMC.

Surface and interfacial tensions are measured

using analytical instruments called surface or interfa
cial timsiometers. Different types of tensiometer are
available that vary according to the design of the
instrument; whether surface tension, interfacial ten
sion or both can be measured; and whether measure
ments are static or dynamic, Static measurements are
carried out on surfaces or interfaces that are at equilib
rium, whereas dynamic measurements are carried out
on systems that are not at equilibrium. Dynamic mea
surements are particularly useful for monitoring the
kinetics of emulsifier adsorption. A number of the most
important types of tensiometer are listed in Table 35-2.
The Wilhelmy plate method is one of the most widel v
used in the food industry, and only it will be consid
ered here. Descriptions of the other types of tensiome
ter can be found elsewhere (S).

The liquid to be analyzed is placed in a ther
mostated beaker (Fig. 35-1). A thin platinum-irridium
plate, which is attach:d to a sensitive force rneasurinz
device, is positioned so that the bottom edge of th~
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~. Summary of Instrumenf$ Used to.Measure
~ Surface and Interfacial Tensions

Surface Tension

Equilibrium
Du Nouyring
Wilhelmy plate
Pendant drop
Sessile drop
Spinning drop
Capillary rise

Dynamic
Maximum bubble pressue
Oscillating jet
Drop volume
Surface waves

Liquid climbs
up plate due to y,

Interfacial Tension

Du Nouyring
Wilhelmy plate
Pendant drop
Sessile drop
Spinning drop

Drop volume
Pendant drop
Spinning drop

t Force, F

Plate

The same technique can be used to measure interfacial
tensions, but in this case the plate is positioned at the
interface between the oil and water phases, and a cor
rection has to be mad&for the bouyancy of the plate.

35.2.4 Interfacial Rheology

The rate of droplet coalescence in many emulsions de
pends on the rheological properties of the interfacial
membrane that surrounds the droplets. Interfacial rhe
ology is the two-dimensional equivalent of bulk rheol
ogy (Chapter34), and consequently many of the princi
ples and concepts are directly analogous. An interface
can be viscous, elastic, or viscoelastic depending on the
type, concentration, and interactions of the molecules
present. Two types of deformation are particularly
important at an interface: shear and dilitation (9). The
shear behavior characterizes the resistance to the move
ment of interfacial regions past one another, without
there being any change in the interfacial area. Dilata
tion refers to the resistance to the expansion or contrac
tion of the interfacial area. Interfacial shear behavior is
often characterized using an instrument analogous to
the concentric cylinder technique used to analyze bulk
materials (Chapter 34). The sample is placed in a ther
mostatted dish, and a thin disk is placed in the plane of
the interface that separates the two phases (Fig. 35--5).
The dish is rotated and the torque on the disk is mea
sured, Interfacial dilatational behavior can be deter
mined by measuring the change in surface tension as
the interfacial area is increased in a controlled manner
(10).

35.3 DROPLET SIZE DISTRIBUTION

Liquid

~
Wilhelmy plate tensionmeter for measuring the

f
' surface tension of liquids, ·f. == surface tension.
'II""

35.3.1 Microscopy

A number of microscopic techniques can be used to
determine the particle size distribution of emulsions

Torque
on wire

plate is tangential to the surface of the liquid. A small
amount of liquid climbs up the side of the plate
because of its surface tension. and exerts a downward
pull On the plate because .of its weight. This weight is
recorded by the force measuring device and is related
to the surface tension by:

Ys = W/P cos e
where:

W == plate weight
P == plate perimeter
e== contact angle between liquid and plate

[Bj

Disk

/
Liquid

Device for measuring
behavior.

Rotating
Dish

interfacial shear
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(II. 12). Optical microscopy utilizes a series of lenses to
direct light through cl specimen and to magnify the
resulting image. The resolution of an optical micro
scope is about 0.5~,which means that it is onlv suit
able for analyzing emulsions with fairly large droplets,
Emulsions containing smaller droplets can be analyzed
using scanning electron microscopy (resolution ""-l
om) or transmission electron microscopy (resolution
"OA nm). Electron microscopes use electron beams,
rather than light beams. to generate an image of an
emulsion. Microscopy offers the most direct means or
determining the particle size distribution of an emul
sion, although it does have a number of IimHations.
The preparation of samples is often rime-consuming
and laborious, and may damage any delicate struc
tures within the emulsion, e.g., Hoes. In addition, a
number of different regions within a sample must be
analyzed to obtain statistically satisfactory data.

35.3~2 Static Light Scattering

Static light scattering techniques are used to deter
mine the size distribution of particles with diameters
between about 0.1 and 1000 !W1, and therefore are suit
able for analyzing most food emulsions (5,13). A dilute
emulsion is placed in a glass cuvette and a laser beam
is directed through it (Fig. 35-6). The laser beam is scat
tered. by the droplets by an amount that depends on
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th...-rr size. which leads to the formation of a character
istl': angular dependence of the intensity of the light
~m.:rgir1g from the emulsion, known as a scattering
p.1tlem. The scattering pattern is detected by an array
of photodiodes located behind the glass cuvette. A
COlllpu~er program calculates the particle size distribu
tioll which gives the best-fit between the measured
sc;'ltt~ringpattern and that predicted by light scattering
theory, ;"'fost light scattering instruments present the
d.ll.l in the form of a table (Table 35-1) or histogram
(fi~. 35-Z). Commercial instruments are fully auto
mated, Simple to use, and provide an analysis of an
emulsion within a few minutes. The major disadvan
tage of this technique is that emulsions must be trans
parent and contain low concentrations of droplets (9 <
0.1 wt %) so that multiple scattering effects are negligi
ble. Most food emulsions therefore must be diluted
considerably prior to analysis, which means the tech
nique is destructive. cannot be used directly for on-line
measurements, and may cause disruption of floccu
latcd droplets.

The mean droplet size of an emulsion can also be
determined by spectroturbidimetric methods. The
emulsion to be analyzed is placed in a cuvette and its
turbidity is measured over a range of wavelengths (typ
ically between 300and 800 nm). The droplet size is then
determined. by finding the best-fit between the experi
mental measurements of turbidity versus wavelength.

Dilute
Emulsion

Detector

Static light scattering technique for determining droplet size distributions of emulsions.
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where:

~
Electrical pulse counting device for measuring

. . particle size disbibunons.
figur.

Emulsion Dr.tWEl ~ + Current

ThroUgh Tube t Measurement

[9J

Droplets
Hole

L_-+-"l--: Electrodes
•

•

• •

P2 = disperse phase density
PI = CC:'ltinuous phase density
'11 = continuous phase viscosity
g = acceleration due to gravity
r =c:oplet radius

volume. The pulse height increases as the size of the
droplets increases, and so the particle sizedistnbution
can be determined by'measuring the height of each
pulse as the droplets pass through the hole (once a cal
ibration has been carried out using a standard of
known particle size). Instruments are easy to use and
can analyze an emulsion sample within a few minutes.
The major limitations of the technique are that emul
sions must be diluted so that only one droplet passes
through a hole at a time, and the droplets must be sus
pended in an electrolyte solution to increase the Inag
nitude of the current between the electrodes. Dilution
of an emulsion in an electrolyte solution can ?romote
flocculation or alter the structure of existing floes and
therefore cause misleading results.

35.3.5 Sedimentation

Sedimentation methods can be used to determine :.'"tc
size distribution of particles between about: nrn and
1 rnm, although a number of different instruments
have to be used to cover the whole of this ranre. Parti
cle size is determined by measuring the: veiocity at
which droplets sediment (or cream) in a graVitational
or centrifugal field. The velocity (v) that an isolated
rigid spherical particle suspended in an ideal liquid
moves due to gravity is given by Stokes equation:

v =2(P2 - p,lgr
9r)1

and those predictedby light scattering theol)'. ~e spec·
troturbimetrie technique can be carried out usmg the
UV-visible spectrophotometen found in most research
laboratories, which may circumnavigate the need to
purchase one of the expensive coaunerciallight scatter
ing instruments mentioned previously.

35.3.3 Dynamic Li ght Scattering

Dynamic light scattering teduriques are used to deter
mine the size distribution of particles with diameters
between about3 run and 3 J.Ul\, and therefore are unsuit
able for analysis ofmany food emulsions, because they
contain larger droplets (5, 13). Even so, it is useful for
deten:nining the size of protein aggregates, surlactant
micelles, and small emulsion droplets. VVhen a laser
beam is reflected from a moving droplet its frequency is
shiftedbyan amount thatdepends on the droplet veloc
ity: the faster the droplet moves, the greater the fre
quency shift. The droplets in an emulsion are in ~ntin.

ual motion because of their thermal energy, with the
smaller droplets moving more rapidly than the larger
ones. Thus the particle size ctistribution can be deter
mined by measuring the frequency shift of a laser beam
reflected from an emulsion. A number of instruments
are available that utilize this principle. including Pho
ton Correlation Spectroscopy and DopplerShift Spec
troscopy (5, 6). A number of these dynamic light scat
tering techniques are capable of analyzing emulsio~

that are fairly concentrated (0 < 30%). Commercial
instruments are available that are easy to use and that
can analyze an emulsion in a few minutes. One of the
major limitations of this technique is that the viscosity
of the aqueous phase must be Newtonian, which may
not be the case for many food emulsions, especially
those that contain thickening agents.

35.3.4 Electrical Pulse Counting

Electrical pulse counting techniques are capable of
determining the size distribution of particles with
diameters b~tweenabout 0.4 and 40011m, and therefore
are suitable for analyzing most food emulsions. The
sample to be analyzed is placed in a beaker that has
two electrodes dipping into it (Fig. 35-7). One of the
electrodes is contained within a glass tube that has a
small hole in it, through which the emulsion is sucked.
When an oil droplet passes through the hole it causes a
decrease in the current between the electrodes because
oil has a significantly lower electrical conductivity than
water. Each time a droplet passes through the hole, the
instrument records a decrease in current t~at it con
verts into an electrical pulse. The instrument controls
the volume of liquid that passes through the hoie and
so the droplet concentration can be determi..,ed by
counting the number of electrical pulses in J known
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The movement of the droplets can be monitored
using a variety of experimental methods, including
visual observation. optical microscopy, ultramicros
copy, light scattering, nuclear magnetic resonance
(NMR), ultrasound, and electrical measurements.~
approach cannot be used to analyze droplets with
diameters smaller than a few micrometers because the
movement of these droplets due to gravity is opposed
by the disorganizing influence of the thermal energy.
This problem can be overcome by applying a cenrrifu
g:ll force to the emulsion to increase the rate at which .
the droplets move through the liquid.

\Vhen an emulsion is placed in a centrifuge and
rotated rapidly, it is subjected to a centrifugal force
which causes droplets that have a lower density than
the surrounding liquid to move inwards (i.e., oil-in
water emulsions), and droplets that have a higher den
sity to move outwards (i.e., water-in-oil emulsions).
The droplet velocity v(x) depends on the angular veloc
ity of the rotor, w, and their distance from the center of
the rotor, ;c. It is convenient to characterize the motion
of the droplets by a sedimentation coefficient (5),
which is independent of rotation speed and droplet
position:

5
- v(x)
- WX

The sedimentation coefficient is determined by mea
suring the position of the droplets in the centrifuge
tube with time, which can be carried out using a vari
ety of methods. including visual observation, X-ray
adsorption, and light scattering (5). The radius (r) of an
isolated spherical particle in a fluid is related to the
sedimentation coefficient by the following equation:

j;g;15r-
- 2(pz-PI)

where:

l'h =continuous phase velocity
5 =sedimentation coefficient

pz=disperse phase density
Pl = continuous phase density

Commercial instruments are capable of measuring the
full particle size distribution of emulsions by analyzing
the velocity of a large number of droplets. This tech
nique is capable of highly accurate measurements; nev
ertheless, it is often tim~onsuming to carry out, can
only be used to analyze dilute emulsions, and requires
that the droplets be suspended in a Newtonian liquid.

35.3.6 Emerging Technologies

Most of the traditional methods of determining particle
sizedistributions require that the emulsion be prepared
in some way prior to analysis. Recently, a number of
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analytical techniques have been developed that can be
used to measure the particle size distribution of emul
sions that are concentrated and optically opaque with
out the need of any form of sample preparation, e.g.,
ultrascnics.elecrroacoustics, dielectrics. and mm. Par
ticle sizing instruments based on ultrasonic andelec
troacoustic spectroscopy are commercially available for
analyzing concentrated emulsions. Ultrasonic spec
troscopy relies on thefact that the seattering of high-fre
quency sound waves from an emulsion depends on the
size of the droplets it contains (14), whereas electro
acoustic spectroscopy relies on the fact that the move
men t of charged particles in an electric field depends on
their size (5). L'J}.,1R (15)and dielectric spectroscopy (16)
techniques have been developed to analyze concen
trated emulsions, but commercial instruments are not
yet available. Analytical instruments based on these
emerging technologies will be particularly suitable for
on-line determination of the particle size distribution of
food emulsions. .

35.4 DISPERSE PHASE VOLUME FRACTION

The concentration of droplets in an emulsion can be
determined using many of the standard analytic31
met....rods covered elsewhere in this book. e.g., the oil
content can be determined by solvent extraction or
nonsolvent extraction techniques (Chapter 13) or the
water content can be determined by evaporation, dis
tillation, or chemical techniques (Chapter 8). Many of
these techniques are labor intensive, time consuming,
and destructive, and so are unsuitable for rapid quality
assurance tests. One of the simplest nondestructive
methods of determining the disperse phase volume
fraction (¢) of an emulsion is to measure its density
(P=ulsion)' and the density of the continuous (Pl) and
dispersed (p:z) phases:

41 =PtmuLcjon - PI

P2 - PI

The density of an emulsion can be measured using a
variety of different experimental techniques, including
density bottles, hydrometers, and oscillating U-rube
devices (17).

The disperse phase volume fraction also can be
measured using many of the techniques used to deter
mine droplet size distributions. Static light scattering
and electrical pulse counting techniques can be used to
determine disperse phase volume fractions in dilute
emulsions (9.< 0.1%), whereas dynamic light scatter
ing, ultrasonic, electroacoustic. dielectric. and l\,'}y[R

techniques can be used to analyze much more concen
trated emulsions. All of these techniques rely on there
being a measureable c.hange in some physicochemical
property of an emulsio-, as its droplet concentration
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increases, e.g., the intensityof scattered ~ght, the atten
uation of an ultrasonic wave, the amplitude or decay
time of an NMR signal, or the electrical conductivity of
an emulsion.

35.5 DROPLET CRYSTALLINITY

In food emulsions, we are concerned mainly with the
oystallization of fat droplets in oil-in-water emulsions,
rather than water droplets in water-in-oil emulsions.
This is because the aystallization of fat droplets is
more likely to occur at food temperatures and because
it can cause dramatic changes in the stability and tex
ture ofemulsions due to partial coalescence. The phys
ical state of emulsified fats can be monitored using
experimental techniques that utilize differences in the
physicochemical properties of the solid and liquid
phases (e.g., density, compressibility, electrical conduc
tivity, molecular mobility, or packing), or changes asso
ciated with the solid-liquid phase transition (e.g., heat
absorption/release). The physical properties that are of
particular interest to the food scientist are: the final
melting point of the fat; the fraction of fat that is ays
talline at a particular temperature; the morphology,
interactions, and location of the crystals: and the pack
ing of the molecules within the crystals (IS).

The solid fat content (SFC) is the fraction of a fat
that is aystalline at a particular temperature, The vari
ation of the SFC with temperature can be measured
conveniently using a variety of te""'..h.."\iques, including
density measurements, differential scanning calorizne
try, dielectric measurements, nuclear magnetic reso
nance, ultrasonic velocity measurements, and electron
spin resonance (18). The technique used in a particular
experiment depends on the equipment available, the
information required, and the nature of the sample
being analyzed. Information about the location of crys
tals within an emulsion droplet and their morphology
can be studied by polarized light microscopy or by
electron microscopy depending on the size of the crys
tals.

The packing of the molecules in the crystals can be
determined by techniques that utilize the scattering or
adsorption of radiation. X-ray diffraction and small
angle neutron scattering have been used to determine
the long and short spacings of the molecules in fat crys
tals. Infrared and Raman spectroscopy have been used
to obtain information about molecular packing via its
effect on the vibration of certain chemical groups in fat
molecules. Each polymorphic [ann has a unique spec
trum that can be used to identify it. The polymorphic
form of fnt crystals also can be identified by measuring
the temperature at which phase transitions occur and
the amount of heat absorbed/released using differen
tial scanning calorimetry (DSC) OrciIferenbl thermal
analysis (DTA) (Chapter 36).
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35.6 DROPLET CHARGE

35.6.1 Electrophoresis

The emulsion to be analyzed is placed in a measure
ment cell and a static electric field E is applied across it
via a pair of electrodes, which causes any charged
emulsion droplets to move toward the oppositely
charged electrode (Fig. 35-8). The sign of the droplet
charge is deduced from the direction theymove. When
an electric field is applied across an emulsion the
droplets accelerate until they reach a constant velocity
(v), where the electrical pulling force is exactly bal·
anced by· the viscous drag force exerted by the sur
rounding liquid. This velocity (v) depends on droplet
charge, and therefore can be used to provide informa
tion about the zeta potential (;):

;=~
E¥R

where:

" == viscosity of surrounding liquid
E == static electric field
Eo == dielectric constant of a vacuum.
ER == relative dielectric constant of surrounding

liquid

This equation is suitable for fairly large droplets, and in
general a more complex expression is needed to inter
pret the data (.5, 6). Particle velocity is determined
experimentally by measuring the distance they move
in a known time, or the time taken to move a known
distance. The motion of the particles can be monitored
using a number of methods, including optical micro
scopy and light scattering (5, 6).

35.6.2 Laser Interference Electrophoresis

A more sophisticated way of measuring the zeta poten
tial of emulsion droplets is to use laser interference
electrophoresis. Two coherent beams of light are made
to intersect at a particular position within a measure
ment cell so that they form an interference pattern con
sisting of regions of low and high light intensity (5,6).
The charged emulsion droplets are made to move
through the interference pattern by applying an elec
me field across the cell. As the droplets move across the
interference pattern they scatter light in the bright
regions, but not in the dark regions. The [aster a droplet
moves through the interference pattern. the greater the
f;eq:.Jcncy oi Hie intensity fluctuations. By analyzing
the frequency of Liese fluctuations it is possible to
determine the particle velocity, which can then be
rcJatc~ to the zeta potential (e.g., using Equation (9)).
The slsn of the charge on the particles is ascertained
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Microscope

o
Anode.1....---.:..- .:....- Cathode

Negatively charged
droplets

Electrophoretic mobility cell for measuring the zeta potential of emulsion droplets.

from the direction they move in the electric field. Com
mercial instruments based on this principle also are
capable of measuring droplet size distributions (from 3
run to 3 um) using a dynamic light scattering tech
nique. Consequently, it is possible to determine the
droplet size and charge using a single instrument,
which is extremely valuable for predicting the stability
and bulk physicochemical properties of food emul
sions.

Charged Counter
Droplet ions

ecce OJ ))))
- Pressure

Wave

ER =~~tive dielectric constant of surrounding liq

~ =zeta potential
w = angular frequency of alternating electrical

field
r = droplet radius

11 =con~uous phase viscosity
p =co.nnm:ousphase density
G =a.runction ~at varies from 1 at low frequen

cies to 0 at high frequencies

Electrodes

/

Ultrasonic
Transducer

Emulsion

Electroacoustic technique for measuring the
zeta potential and size distribution of charged
emulsion droplets.

\

(14]

Eo = dielectric constant of a vacuum

35.6.3 Electroacoustics

Recently, analytical instruments based on electro
acoustics have become commercially available for
measuring the zeta potential of emulsion droplets (5,
6). The sample to be analyzed is placed in a measure
ment cell and an alternating electrical field is applied
across it via a pair or electrodes. This causes any
charged droplets to move backwards and forwards in
response to the alternating electric field (FIg.35-9). An
oscillating droplet generates a pressure wave, with the
same frequency as the electric field, which is detected
by an ultrasonic transducer. The amplitude of the pres
sure wave received bv the transducer is known as the
electrokinetic sonic ~mplitude (£SA) and is propor
tional to the dynamic mobility, !Jod' of the droplets,
which is related to their zeta potential and size:

where:
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The frequency dependence of G is associated with
the phase Jag between the alternating electrical field
and the oscillatingp~wave generated by the ~ar·
tides because of the particle inertia. At low frequenaes,
the particles move in-phase with the electri: field, ~d
so the dynamic mobility is equal to the static mobility
(i.e., G = 1):

[15]

At extremely high frequencies, the electric field
alternates so quickly that the particles have no time to
respond and therefore remain sta tionary, Under these
circumstances no ultrasonic pressure wave is gener
ated by the particles (i.e., G = 0). The transition from the
low- to high-frequency regions OCCUl'S at a characteris
tic relaxation frequency C!>R that is related to the size of
the particles, decreasing as the size (inertia) of the par
ticles increases. The droplet size distribution therefore
can be determined by measuring the frequency depen
dence of the dynamic mobility, whereas the zeta poten
tial is determined. by measuring the dynamic mobility
at low frequencies (where it is independent of droplet
size). Thus it is possible to determine both the size and
zeta potential of droplets using a single instrument.
The major advantage of the electroacoustic technique
is that it can be applied to concentrated emulsions {4l5
30%) without the need for sample dilution. Neverthe
less, it can be used only to analyze emulsions that con
tain droplets that are charged and that have a signifi
cant density dilference to the surrounding liquid.

35.7 EMULSION STABILITY

35.7.1 Creaming/Sedimentation

The simplest method of determining the stability of an
emulsion to creaming is to store it for a given time and
then measure the height of the interface between the
opaque creamed layer (containing droplets) and the
transparent serum layer (devoid of droplets) using a
ruler. The main li..rutations of this technique are: (1) it
may be necessary to wait for a long time before cream
ing is observable, (2) the serum layer may not be trans
parent, and (3) it does not give any details of the distri
bution of droplets within the creamed layer. The
creaining rate can be enhanced using accelerated
creaming tests. The emulsion is placed in a transparent
tube and centrifuged at a fixed speed for a given time.
and then the height of the creamed layer is measured
using a ruler. A number of analytical techniques have
been developed to provide details of the spatial distri
bution of droplets in emulsions. Dilute emulsions can
be analyzed by pouring an emulsion into a tall trans'
parent test tube and measuring the transmittance <In';
reflection of a light beam directed at it as a func:ion 0:

sample height. The creaming profile of conce,,:ralcCl
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emulsions can be determined by making ultrasonic,
NlvrR,or dielectric measurements as a function of sam
pleheighL

35.7.2 Droplet Aggregation

Droplet aggregation occurs due to a variety of physi
cochemical processes that lead to flocculation, coales
cence, and partial coalescence (section 35.1.4). The
extent of droplet aggregation can be ascertained by
measuring the change in the particle size distribution
of an emulsion with time using one of the analytical
techniques mentioned in section 35.3. One of the most
important facts to establish is whether the increase in
droplet size is due to flocculation or coalscence, The
most direct method of distinguishing between floccu
lation and coalescence it to observe the emulsion using
optical or electron microscopy. In concentrated emul
sions it may be difficult to ascertain whether droplets
are flocculated or just in close contact. In addition, sam
ple preparation may promote flocculation or alter floc
structure and therefore cause misleading results. The
degree of flocculation of protein-stabilized emulsions
often can be established by adding a water-soluble sur
factant (such. as 1% Tween 20) to the aqueous phase.
The surfactant is more swface-active than the protein
and displaces it from the interface, causing any floes to
be disrupted. The particle size distribution is measured
before and after the addition of the surfactant. If the
droplets were flocculated there is a decrease in droplet
size, but if they were coalesced the size remains the
same. If there is extensive crosslinking of the proteins
at the droplet interface due to disulfide bond forma
tion, it may be necessary to add mercaptoethanol with
the surfactant. A more indirect method of distinguish
ing between flocculation and coalescence is to measure
the rheology of an emulsion, there being a dramatic
increase in the viscosity of an emulsion when t:lf:'
droplets flocculate, but little change when they coa
lesce.

35.7.3 Phase Inversion

The conversion of an emulsion from an oil-in-water to
a water-in-oil state can be monitored by a number of
different techniques. Electrical measurements are com
monly used for this purpose because there is a dra
matic decrease in electrical conductivity when an oil·
in-water emulsion inverts to a water-in-oil emulsion.
Phase inversion can also be monitored by measuring
the change in the viscosity of an emulsion.

35.6 SUMMARY

The most important properties of emulsion-based food
products are the emulsifier efficiency; droplet size dis
tribution, disperse phase volume fraction, zeta poten-
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rial. and physical state. These colloidal properties
largely detennine bulk physicochemical properties of
foods, such as appear;mce, texture, and stability. A
wide variety of analytical techniques are available to
characterize the properties of food emulsions. M.m~ of
the most important of these techniques ha:ve been
reviewed in this chapter. The efficiency of an emulsifier
can be established by either empirical or quantitative
tests. Droplet size distributions can be determined by
optical microscopy, static and dynamic light scattering,
electrical pulse counting, and sedimentation tech
niques. Disperse phase volume fraction can be deter
mined by many of the same techniques, as well as by
density measurements. Droplet crystallinity can be
determined by dilatometry, differential therrnal analy
sis, differential scanning calorimetry, NNlR, and ultra
sonics. The electrical charge on emulsion droplets can
be determined by electrophoresis or electroacoustics.
The technique chosen for a particular application
depends on the equipment available, the nature of the
emulsion, and the cost of purchasing and running the
equipment. It should be noted that there are a large
number of additional analytical techniques that are
used often in research and development laboratories
and empirical tests that are used in industry that could
not be covered in this chapter.

35.9 STUDY QUESTIONS

1. You are working for a large food company that is devel
oping a new emulsion-based food product. The company
finds that an oil-rich layer is fanning on top of the product
after a few days. Which experimental techniques ",:,ould
you use to try to identify and solve this problem?

2. Describe how differential scanning calorimetry (Chapter
36) could be used to monitor the crvstallizarion of fat
droplets in an oil-in-water emulsion. ~d the type of ther
mograms you might expect to see when the emulsion was
cooled and heated. .

3. l,Vhat are the advantages of using a density measurement,
rather than solvent extraction. to determine the disperse
phase volume fraction of an emulsion?

.1. Discuss the advantages and disadvantages of the different
methods that can be used to determine the droplet size
distribution of emulsions.

5. How would you distinguish between flocculation and
coalescence of drople:s in an oil-in-water emulsion stabi
lized by a milk protein?

6. a. What is emulsion stability?
b. Describe the major physicochemical processes that

cause emulsion ins:ability.
I. What experimental cests would you use to determine

which emulsifying ingredient would be most suitable for
a particular food product?

S. Calculate the minimum droplet size that can be obtained
by homogenizing 10 g of oil, 89 g of water. and 1g of ernul
sifter, assuming that the emulsifier has a surface load of 2
mg m-: and the oil has a density of 9CO kg mol.
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36.1 INTRODUCTION

Thermal analysis is a broad tenn that encompasses
numerous techniques that measure chemical or physi
cal changes of a substance as a sample is subjected to a
controlled temperature program over time. Food prod
ucts or food components are chemically complex mix
tures. They may include small molecules such as sug
ars with dextro or levorota tory forms, and the chemical
properties. solubilities, and reactivities can be quite
different in their different forms. Sometimes the mole
cular constituents can form different phases in water at
different water contents and temperatures. An exam
pie would be the micellar states of surfactants. Other
constituents are natural polymers, such as amylose and
amylopectin from starch, or actin and myosin from
muscle tissue.

The ultimate chemical change that can be moni
tored in a food system by thermal analysis is the total
combustion of a product in order to determine its min
eral and caloric contents. This is usually determined by
bomb calorimetry and is achieved by uncontrolled
heating of the material in an O2 atmosphere once this
material is ignited.

Over a desired temperature range, various meth
ods of thermal analysis can measure:

1. Temperatures of transition (temperature when
a phase change or chemical reaction begins,
reaches a peak, or ends)

2. Heat capacity changes
3. Weight losses or gains
4. Energies of transition or enthalpic changes (MI)
5. Dimensional or volumetric changes
6. Viscoelastic or mechanical property changes

during phase changes or reactions
7. Changes in electrical polarization
8. Evolved gases

The most popular modem thermal analysis tech
niques are those that dynamically follow .(asequence
00 physicochemical changes that a substance under
goes during heating or cooling. Differential scanning
calorimetry (DSC), differential thermal analysis
(DTA), and thermogravimetric analysis (TGA) are
three common dynamic thermoanalytical techniques,
More recently, thermomechanical analysis (ThfA) and
dynamic mechanical thermal analysis (DMTA) have
been developed as well. There are specialized forms of
DSC, such as polarization DSC. that are considered to
be beyond the scope of this chapter and are mentioned
to alert the reader to their existence.

TGA measures changes in the weight of a sample
as a function of temperature; both losses and gains can
occur. ThIA measures changes in penetration (soft
ness/hardness), extension, expansion. or contraction
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of oJ soJmple as a function of temperature. DMTA mea
sures the mechanical properties of a substance, e.g .• the
viscous or elastic moduli. These properties are affected
by polymer chain movement at a fixed or changing
temperature. With proper instrumentation. tile tech
nique can be •very sensitive. Such measurements are
important in studies where maintaining or losing
rigidity is important.

DTA and OSC have been the most commonly used
methods of thermal analysis in food science. They mea
sure the differential temperature or heat flow to or
from a sample versus a reference material, and this is
displayed as a function of temperature or time. These
techniques can differentiate between two types of ther
mal events: endothermic (taking up heat) and exother
mic (giving off heat). Because DSC and DTA are used
very commonly in thermal analysis of foods, the
remainder of this chapter will focus mainly on these
techniques (especially DSC).

36.2 PRINCIPLES AND PROCEDURES

36.2.1 General Principle of Calorimetry

Calorimetry involves the measurement of temperature
or heat, more specifically,the determination of the tem
pera rure and/or the quantity of heat absorbed or gi.....en
off when a definite amount of material undergoes a
specific chemical or physicochemical change. Chemi
cal changes in foods are indicated by the following
energy transformations:

1. Oxidation is accompanied by a net amount of
heat being released during a temperature rise in
the sample. These are called exothermic reac
tions.

2. Hydrolysis is characterized by little or no heat
evolution. Reactions are almost isothermic.

3. Reduction is accompanied by a net amount of
heat absorbed during a temperature rise. Reac
tions are endothermic (energy is taken up by
tile sample).

Physicochemical changes give rise to thermal tran
sitions that can be summarized as:

L Endothermic events that are caused by physical
ra ther than chemical changes
a. An endotherm over a narrow temperature

range is indicath'e of crystalline rearrange
ment, crystalline melting (heat of fusion), or
solid state transitions for pure materials.

b. A broad transition is indicative or events that
relate to dehydration, temperature-depen
dentP~ behavior. or polymer melt.

2. ~otheIIIUC transitions that relate to processes
Without decomposition can be caused by a



590 Part V • Physical Properties of Foods

Heat flow is represented in either calories/sec or watts:

T(DC) =[T("F) - 3::j x 5/9; [ll
T(K) =T{DC) .;- 273.16

The first three types of transitions often are called first
order, while the last is called second order.

The net amount of heat absorbed or released by a
sample can be measured quantitatively in a calorime
ter. Units of thermal energy include:

36.2.2 Dynamic Thermal Analyzers

Dynamic thermal analyzers are special calorimeters
(e.g. DSCs, DTAs), in which a test sample and an inert
material are used. Both test and reference samples arc
heated or cooled at the same time under identical con
ditions. The temperature of the test sample will be
either higher or lower than that of the reference, de
pending on whether the reaction or change is net
exothermic or endothermic. respectively. If no differ
ence in tempera lure exists between test sample and re:
erence, then an isothermal state exists. Even when a
nearly isothermal stare exists. a small temperature dif
ferential between test sample and reference may indi
cate slight differences L-1 heat capacity and thermal
conductivity or differences in the weight and density
of the two materials. Thus, dynamic thermal ano11ysis

can monitor a property change over a temperature
range. Such changes can include phase transitions,
molecular conformational changes, interactions with
other constituents, or pyrolytic degradation.

As mentioned earlier, until recently the most com
mon dynamic thermal analyzers used in food science
were differential- analyzers such as DSCs and DTAs.
Therefore, it is important to explain the differences
between them, as well as the type of data each one can
deliver.

Standardization of DSC and DTA nomenclature
began in 1965 with the International Confederation
for Thermal Analysis (leTA). lCfA also developed a
set of standards with well characterized melting tem
peratures, such as indium, melts, and heat capadties,
such as sapphire crystals. These were used to calibrate
thermal analysis equipment, and the United States
National Bureau of Standards (now called the National
Institute of Standards and Technology) began market
ing these standards in 1971. IcrA has defined OTA as
"a technique for recording the difference in tempera
ture between a substance and reference materiaJ
against either time or temperature as the two speci
mens are subjected to identical temperature regimes in
an environment heated or cooled at a controlled rate
{1)." The data are obtained as a thermogram with an
ordinate axis in temperature difference (.11) between
sample and reference materials. The abscissa is time or
tempera ture, A downward peak is an endotherm,
while an upward peak is an exotherm. Athough this is
the ICTA's recommendation to record data, one often
sees the thermograrns inverted. Therefore. care must
be taken to determine whether a downward peak is
endothermic or exothermic,

The amount of heat or energy that is absorbed or
evolved during a physical or chemical change can be
calculated from the area between the curve and a.'"l
appropriate baseline. In DTA, because there may be
slight differences Li heat capacity and thermal condur
riviry between sample and reference as they are heated,
the resulting thermograms may show slight changes in
!:iT, even though there is not a physical or chemical
change occurring. Therefore, the DTA cannot be used
to obtain heat capacity data directly. Sometimes, a cali
bration constant can be used as a function of tempera
ture with the use of computerized transformations to
achieve such information.

The ICTA definition of DSC is "a technique ior
recording the energy necessary to establish a zero tem
perature difference between a substance and a teiet
ence material against either time or temperature. as the
two specimens are subjected to identical temperature
r£.'~imp.s in an environment heated or cooled at a con
trolled rate (l)." Based on this definition. one can see
that the sample and the reference cells must have sep
u;: ~L' heating elements and temperature sensors. To
r"'~;fi(;:ln L":(' same temperature between sample and

[1]

[3]1 watt = 1 joule/sec
= 0.2388 calorie/sec

1 cal/g =1.8 Btu/lb
=0.001 kcal (Cal)/g
= 4.186 J/g

Temperature is measured in oF. DC. or K:

decrease in enthalpy of a phase or chemical sys
tem.
a. Narrow exotherms can result from crystal

lization (ordering or free:z.ing) of a metastable
system. whether undereooled organic, inor
ganic, amorphous polymer or liquid, or
annealing of stored energy resulting from
mechanical stress.

b. Broad exotherms em result from solid-solid
phase transitions, chemiaJ. reactions. poly
merization, or curing of polymers.

3. Exothennic events that relate to decomposition
can be narrow or broad, depending on kinetic
behavior.

4. Step changes in the heat flow of a material that
can be seen simply as a small change in heat
capacity (change in the baseline) with no well
defined peak being produced. This behavior is
characteristic of glass transitions.
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reference, the resistance of the temperature sensor
must be changed to influence the rate by which heat is
suppUed to the sample and reference, respectively. The
DSC curve represents, on the ordinate axis, the rate of
energy absorption (heat flow) by the sample relative to
the reference. Like for DTA, the abscissa is time or tem
perature. The heat capacity of the sample will alge
braically add to the rate of the heat flow for the
endothermic or exothermic process being monitored.

In Fig. 36-1 are found the schematics of the tem
perature sensors and resistance heat sources in the
sample and reference areas of calorimeters (2). The first
OTA was made by Rebert-Austen in 1899,It took about
50 years to design a practical OTA and determine that
a DTA peak gave a direct measure of the heat required
to affect a physicochemical change in a material (3).

The general design of the classical OTA can be
found in Fig. 36-1a, in which the thermocouples are
embedded in the sample and a single heat source is
used.' Boersma (4) modified the classical OTA. The dif
ferences can be seen in Fig. 36-1b, where the thermo
couples are embedded in the blocks containing the
sample and reference cells, but still having one heater.

In 1964, Perkin-Elmer introduced. the first commer
cial DSC (5). The sample and reference areas can be
seen schematically in Fig. 36-1c. This technique
involves recording the difference in energy flux neces
sary to establish a zero temperature difference
between a substance and reference material against
either time or temperature when both are heated. and
cooled. The heating or cooling takes place at a con
trolled rate. Separate heating and temperature sensing
devices are used to attain this (usually temperature
sensitive resistors control the rate of heat flow). The

exact rates that the heat is supplied to the sample and
reference areas, to achieve a given heJting rate, depend
on the heat capacities of the sample and reference.

Proponents of DSC or OTA analyses argue as to the
relative advantages of one over the other, although with
updated instrumentation containing microprocessors.
computerized transfonnationscan be made to give sirn
ilar data. DTAs ideally cover wider temperature ranges, .
while DSCs are better at very low heating rates. In favor
of DSC, one instrument constant can be used across
all temperatures since sample and reference are main
tained at the same temperature, To calculate enthalpy
changes from OTA data, a calibration constant is
needed, which is a function of temperature and is influ
enced by the heat capacities of the sample and reference
materials. The temperature of transition can be accu
rately determined. by OTA. For DSC, the temperature
and enthalpy (M[) of transition can be directly mea
sured since two heaters, for sample and reference,
maintain 'equal temperature. The rate of differential
heat input (dH/dt) plotted versus temperature or time
can be monitored for the whole transition. The remain
der of this chapter will primarily describe the DSC
instrumentation and applications.

36.2.3 Differential Scanning Calorimeters

For proper use of a DSC, it is important that the exper
imental conditions be standardized for each series of
experiments. The following are some of the conditions
that influence instrument output:

1. Sample pan size, material, and its resistance to
corrosion

PI
lellSO'SRs

SLllqle neat sou,ce

(Ill Clau,col 0 r A (bJ'B~,srna'OrA

ei osc

Schematics of typical configurations in differential thermal analyzers: (a) classical differential thermal analvzer
(OTA), (b) Boersma DTA. (c) differential scanning calorimeter analyzer (DSC). (From (2), used with permission.
Courtesy of Perkin-Elmer Corporation. Norwalk, cr.]
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2. Heating rate of scan
3. Placement of sample pan inside sample holder
4. Furnace atmosphere
5. Size and shape ofthe furnace

The following sample properties can aHect instru
mentoutput

1. Weight (sample size)
2. Layer thickness in pan
3. Particle size
4. Packing
5. Thermal conductivity
6. Heat capacity
7. Placement of sample inside sample pan

Togather, interpret, and calculate the proper onset,
peak, and end temperatures and heat of transition, as
well as the heat capacity of the sample, the inst:ri.unent
must be calibrated with the aforementioned well-char
acterized standards, such as indium. Indium has a tJH
of fusion of 28.4 JIg, m.p.156.64"C (6,7). This informa
tion can be used to calculate the cahbration constant of
the instrument from the following equation:

KR = Mfindium x Windi um / A indiwn [4]

where:

KR :: calibration constant at a given scan
rate, R

6.Hind iurn =enthalphy per gram of the heat of
fusion for indium

Windiwn = weight of indium in the sample pa.'")
A:::: area of indium heat of fusion peak for

the weight of indium used on the DSC
used

Then the enthalpy of sample is:

llHs.ampl~:::: (KR)(As.amrk)/V;s.aml'l~ [5J

where:

"' ...mple =area of the transition peak for the sam
ple at scan rate R

Ws.ampl~ =weight of the sample

In this way, the area under the peak for an unknown
transition can be used to calculate the t!AH of the tran
sition, since in DSC work the area does not include the
heat capacity.

The usual sample size (6-12 mg} can be placed in
either small (up to 20 mg) volatile or nonvolatile sam
ple pans (usually sealed volatile sample pans are used
in food science work) or stainless steel capsules that
can withstand high-pressure buiJdup inside them,
such as that caused by the volatilization of water. The
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high.p~sure capsule can accommodate larger sample
sizes (up to 45 mg), Volatile sample pans (often called
hermetic pans) are used most commonly with food.
samples and are made .of aluminum. They come with
lids that areaiInped (cold sealed) with a special tool to
ensure a good seal. The internal pressure that volatile
sample holders can withstand is only two to three
atmospheres. The high-pressure capsules often are
stainless steel and can withstand up to 30 atmospheres
pressure. Care should be taken in the use of high-pres
sure capsules because they can injure the operator or
instrument sample holder assembly (thermal head) if
they explode.

The heating rate should be slow enough to obtain
distinct and reproducible peaks for each transition.
Commonly, scans are from 1 to 10 degrees/min. The
apparent temperature of the transition is influenced by
the sample size: due to thermal lag. If the sample is
much greater than 20 mg, or if the sample pan does not
have good thermal contact with the holder that is
touching the heater, uniform thermal conductivity may
not take place. This will result in nonreproducible data.
In addition, if the entire assembly is dirty,'the data may
be indicative not of the sample but of the contaminants.

Since DSCs measure heat flow, larger samples and
faster heating rates will give larger signals. However,
too large samples and too fast heating rates also
broaden transitions. In general, it is best to use the min
imum sample size and slowest heating rate that is prac
ticable to give the desired resolution of transitions a..ad
thermal data.

In actual practice, DSC thermograms can become
quite complex, ......rith many thermal events occurring at
the same time. A recent addition to DSC instrumenta
tion available to the researcher that addresses this
complexity is the modulated differential scan:.i:'b
calorimeterP' r.vIDscr~) (8,9). The MDSC cycles, cr
modulates. L.'Le temperature in a sinusoidal-mar.ncr
while the net temperature increases at a specified ra:e.
The result is Ll.;.:;t reversible and irreversible thC::;-,i.~

changes can be separated. For example, glass t: ansi
tions, which are reversible, can be separated from :;t:',I,"

irreversible effects. such as gelatinization. recrvsu lJ:.~:;

tion, and protein denaturation. An example ~f the usc
of MDSC is shown later (Fig. 36-14).

Once the scan is completed, the remaining prob
lem is the proper interpretation of the data obtained.

36.2.4 Data Interpretation

The following examples of DSC heating curves.
adopted trO;;\ the Perkin-Elmer instruction manual fer
the DSC-2 (l0). shah' differences due to changes in heat
capacity (Cpl and the peak thermal transitions, FiS'........e
36-2A shows no change in heat capacity across the
transition; Fig. 36-28 shows a broad transition (where
the baseline may not be fla t); Fig, 36-2C shows a transi-
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Stylized curves one might find in differential
scanning calorimetry (DSC) scans. (A) Curve
with no change in heat capacity, (8) a broad
transition (baseline may not be flat), (C) a tran-
sition with a concomitant changein heatcapac
ity, (D) heat capacity change during a glass
transition, (E) the effect ofan increase in sampie
size (dashed line) on the transition, (F) compar
ison of a primary thermogram and it; first
derivative (dashed line). [Adapted from (10).
Courtesy of Perkin-Elmer Corporation. Nor
walk,cr.]

tion with a change in heat capacity; Fig. 36-20 shows a
change in heat capacity during a glass transition, and
defines its transition temperature (some researchers
report the onset temperature as for other transitions);
Fig. 36-2Eshows how an increase in sample size affects
the transition peak temperature (hence it is better to
report onset temperature): Fig. ~2Fcompares a pri
mary thermogram with its fust derivative (dashed
curve). Some researchers use the first derivative CUI''"e
to better interpret onset, peak, and end temperatures.

Figure 36-3 is a composite stylized set of thermal
output. The directions of the endothermic and exother
mic heat flows are labeled on the v-axis, and the tem
perature increases from left to right. This output can be
interpreted as a rise due to the heat capacity (Cp) of the
sample as the scan starts from the isothermal state, fol
lowed by a ~C due to a glass transition, an exothennic
crystallization~then a broad endothermic peak due to
temperature-dependent phase changes, and ending
with a return to isothermal conditions.

One major controversy in the interpretation of DSC
curves relates to the onset temperature, the meaning of
the peak temperature, and the determination of the
baseline. Figure 36-4 shows a stylized thermal peak
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that might result from a DSC heating scan. ICT:\.
defines the area under the curve as ABCA. An open
question is whether the onset temperature is at A or O.

. One author of this chapter (TIVS) prefers to report the
extr3polated onset temperature (O) instead of the first
devia non from the baseline (A). The precise value
would depend on whether there is a sharp versus a
broad transition, or whether there is a single transition.
The peak temperature for melts has been interpreted as
the point when all the material has melted. However, it
has been shown from other types of measurements that
the peak temperature does not indicate either the max
imum rate or the end of the transition being monitored.

Most researchers agree onset temperature is more
significant than peak temperature, since peak temper
ature is greatly influenced by scan rate and sample size
and does not always relate to a specific physical
change. Although one may report peak temperatures
to compare to other reports, onset temperaturesshould
be used to interpret data.

36.3 APPLICATIONS

DSC is widely applied in the food industry to interpret
water, starch, protein, lipid, and carbohydrate interac
tions. There will be numerous studies in thisarea, and
a few examples are given below.

The amount of freezable versus nonfreezable water
in the system can be evaluated. Figure 36--5 shows an
example of the ice-melting endotherm and how it is
affected by the presence of starch, after gelatinization
has taken place (11). The larger the ice-melting endo
therm, the greater the amount of freezable water in the
system. As would be expected, the endotherm for pure
ice is larger than thatof ice in the presence of starch after
gelatinization. Also, there might be a shift in the onset
temperature due to the presence of increasing amounts
of water-soluble solutes.

Starches can be studied in many different ways by
DSC. The influences of the amount of water, type of
starch, and other components present with the starch
have been studied extensively for the last.20 years.
Examples of the enthalpyof potato starch gelatinization
as a function of percent moisture can be found in Fig. 36
6 (12). One can see from Fig. 36-6 that as the volume
fraction of moisture goes below 0.81, the original peak
decreases and a shoulder develops. The shoulder is
shifted to higher temperatures as it becomes the main
peak. Finally, the enthalpy of the higher temperature
endotherm decreases as the water content of the sample
is further reduced.

An example of using OSC to study glass transi
tions of wheat starch can be seen in Fig. 36--7, from the
work .of Zeleznak and"Hoseney (13). In thermograms
of native wheat starch at I.-arious water contents below
30%, one can see onset temperature (Tl) shifting to
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A set of then:naI transitions as they might appear when a sample is heated. [From(10), used with permission. Cour
tesy of Perkin-Elmer Corporation, Norwalk, cr.]

higher temperatures with decreasing water content,
and glass transitions (Tg) can be seen readily above
20°C, below 20.1% water content.

Chemical modification affects the gelatinization of
native starches, as can be seen from Fig. 36-8, in which
waxy and normal com starches were phosphorylated,
octenylsuccinyla ted. hydroxypropylated, acety la ted,
Or quaternary ammoniated "(14). In addition, com
starch gelatinization can be delayed by addition of dif
ferent concentrations of sucrose, as seen from the work
of Johnson et al. (15) in Fig. 36-9.

Polymorphism of mono- and triglycerides has
been recognized for many years. Such molecules play
an important role in the functionality of emulsifiers in
foods. Generally, triglycerides have been sho ....rn to
exist in an a, ~, and Wforms. Within those categories,

-40 -20 0 20
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Thennograms of ice melting in the presence of
different amounts starch. [From (ll), used WiL".
permission. I
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one can find polymorphic forms. The physical and
thermodynamic behavior identifies the various poly'
morphic forms. For example, Simpson and Hagemann
(16) have shown that tristearin can exist in an o.,~, and
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A

lEMPERATUR.E

A stylized thennal peak indicating possible
ways to report thermal transition temperature
(A -+ D).
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Thermognrns of wheat starch and the glass
transition at different percentages of water.
[From(13), used with pennission.]
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WI' W2- From Fig. 36-10, one can see that tristearin,
when heated, gives different DSC curves. An exother
mic reaction takes place during its conversion from the
cr. to the 13 phase at 5S"C:However, WI and W2 convert
to the ~ phase at 64"C differently. The ~'2 shows a small
endothermic peak at 61=C prior to the phase change at
64"C, while the ~\ does not. If the triglyceride is all in
the 13 phase prior to heating, no conversion is seen by
DSC. Therefore, Simpson and Hagemann could not
show a DSC scan for the 13 form during heating.

Emulsifier phase changes can be studied by DSC
either alone or in the presence of other components
(17). In Fig. 36-11, one can see sa turated monoglyceride
transitions without water or sucrose (Fig. 36-11a); in
the presence of 42% sucrose solution (Fig.36·11b);and
in the presence of pure water (Fig. 3-11c). Figure 3~
11a', b', and c' are rescans of Fig. 36-1la. b, and c after
cooling.

Meat SCientists use OSC to study the thermal
denaturation of muscle. An example of such an appli
cation can be seen in Fig. 36-12 in which post-rigor beef
and cod muscle differ in their thermograms (5). The

~
~

The processofpotatostarchgelatinization with
d.i.£ferent volume fractions of water. [From (12),
used with permission. Reprinted from Bicpoly
mers, 1.W. Donovan. Copyright <e 1979. [ohn
Wiley &: Sons,Inc. Reprinted by permission of
John Wiley &:Sons,Inc.]

three peaks refer to denaturation of the head, tail, and
a flexible region of myosin. These denaturation are
strongly influenced by ionic strength and other factors.

DSC can be used also to compose the phase dia
gram for a solute-solvent system. This is done by mea
suring the types and temperatures of transitions of var
ious compositions of a system. For most food systems,
however, even Simple two-component systems, such
as sucrose-water, give transitions that are dependent
on heatinglcooling rate. Thus the diagram that is com
posed is often called a "state" diagram (18), indicating
that we are observing only one state of the system for
these experimental conditions. Nonetheless, such state
diagrams are useful for guiding the food scientist in
areas such as spray-drying, freeze-drying, caking, soft
ening, extrusion, etc. An example of using such data is
shown in Fig. 36-13, in which the DSC (and glass tran
sitions) of grapes with various water concentrations
are shown. Figure 36-14 shows the resulting state dia
gram of the grape system.

The use of modulated DSC (MDSC) is shown in
Fig. 36-15 for a low moisture polydextrose sample (19).
A reversible glass transition is dearly separated from
other thermal events, making this a useful technique to
understand complex thennograms.

Further applications of DSC to food research can
be found in numerous articles. Biliaderis has published
a review that gives numerous examples of interest to
food scientists (20).
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Glass transitions of grape previously equili
brated at different water activities at 25°C.
[From (18). Reprinted from MM. saand A.M.
Sereno, "Glass transitions and state diagrams
for typical natural fruits and vegetables." Ther
mochimica Acta 246:285-297, with kind permis
sion from Elsevier Science-Nt. Sara Burger
hartstraat 25; 1055 KV Amsterdam, The
Netherlands.]
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36.5 STUDY QUESTIONS

related research are given in this chapter. The applica
tion examples include water, starch, protein, lipid, and
carbohydrate transfonnations and interactions.
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1. Mackenzie. R.c. 1969.Nomenclature in thermal analvsis.
Talanfa 16:1217-1230. .

1. What types of Wormation can you obtain from thermal
analysis work? What types of thennal analyzers might
you use for each of the thermal analvses listed in the text?

2. Define differential scanning calorim~ttyand how it differs
from differential thermal analvsis,

3. The glass transition tempera~ (transformation from the
glassy to rubbery state) of a food material .isneeded for an
extruded produetso that the operator of the extruder can
set the operating temperature most efficiently. Sketch
what the DSC ClJJ"'e of this .material C'light look like.

4. What sample constraints are needed to optimize DSC or
DTAsignals?

5. How could you quant:!), the arnount of e:1e:-gy required
for a molecule to undergo a thermal transition?

6. Starches are often characterized by observing the viscosity
behavior of a starch slurry as the temperature is increased.
Explain how this is a fonn of thermal analysis.

7. You have a mixture of a fat (]O%), protein (5<:;'), and water
(85%).Sketch what type of DSC curve you might obtain if
you scanned from -~C to 120"C. and explain why that
curve might be obtained.
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Chapter 37 • Color Analysis

37.1 INTRODUCTION

The three major aspects of food acceptance are color,
flavor, and texture. Many colorimetrists believe that
color is the most important because if a product does
not look right, a consumer may never get to judge the
other two aspects. Regardless, color is one of many
aspects of appearance such as gloss, particle size, phys
ical state, background, illumination, etc., but it may
well be the most important.

Color judgments data back to antiquity because of
the obvious impact of colored scenes and objects in his
tory. The psychological importance of color led to the
development of many visual systems of characterizing
color. With the development of the sciences of physics
and electronics, it became possible to develop instru
mentation to duplicate the color responses of the hu
man eye. Research in vision physiology demonstrated
that the human eye could theoretically differentiate
between 10,000,000 colors, and instrument makers
considered this to be unfair competition. The develop
ment of electronics has made it possible to develop a
wide array of colors. For example, fashion designers
have sophisticated methods for reconstructing and re
touching photographs. For the color aspects alone they
can generate a theoretical 16,000,000 colors. But, obvi
ously, many of these are below the threshold of visual
discrimination of the human eye.

Color. is not a physical attribute such as melting
point or particle size. Rather, it is one portion of the
input Signals to the brain that reacts to produce the per
ception of appearance. Color, as seen by the eye, is an
interpretation by the brain of the character of light
coming from an object. It is possible to define color in a
purely physical sense in terms of the physical attrib
utes of the food, but this approach has serious limita
tions when we try to use color measurement as a re
search or quality control tool in food processing or
merchandising. A more satisfactory approach is to
define color in a physical sense as objectively as possi
ble and Interpret the output in terms of how the eye
sees color.

The measurement of color in foods today is a
mature science and we can easily measure the color of
almost anything. Thls chapter is devoted to the acqui
sition, understanding, and use of relevant color data
for food products.

37.2 PHYSIOLOGICAL BASIS OF COLOR

It is possible to estimate rigorously the physical stimuli
received by the human eye, but unfortunately this is
not true for physiological reactions. The initial stimuli
by which we perceive color have been well described
and documented in the early literature (1-3). In brief,
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the eye has two types of sensitive cells in the retina, the
rods and the cones (4). The rods are sensitive to light
ness and darkness and the cones to color. There are
three types of cones within the retina, one sensitive to
red, another to green, and the third to blue. It has been
known for over a hundred years that there had to be
three types but only recently has it been possible to
demonstrate it anatomically. Even more recently. at
least nine genes were demonstrated to control the for
mation of the cones and two produce slightly different
ted-sensitive cones; thus it is likely that individuals dif
fer in the way they see color. But the differences must
be small because in 1931 an international group called
the Commission Intemationale d'Eclairage (CIE) was
able to define a "standard observer." Essentially it was
the average response of 92% of the population with
normal color vision. The variations in individual
responses were remarkably small in view of the varia
tion in individual responses in taste and smell. The
cones send a signal to the brain that sets up a response
in terms of opposing pairs. One pair is red-green and
the other is blue-yellow, and this is why we have indio
viduals who are red-green or blue-yellow color blind.
There are no individuals who are blue-green or rcd
yellow color blind.

The interpretation ·of sign..l1s to the brain is a very
complex phenomenon and is influenced by a variety of
psychological aspects. One such aspect is color con
stancy, since a sheet of white paper looks white in
bright sunlight and also when it is under the green
leaves of a tree. The physical stimuli in each case are
obviously quite different, but the brain knows that the
paper should be white and draws on its experience. A
second aspect occurs when a large expanse of color
appears brighter than the same color in a small area.
One needs only to paint a whole wall of a room and see
how different it appears from a small color chip in the
paint store. There are many examples of this type of
interpretation of color by the human brain..The old
adage "I believe what I see" is interesting but unfortu
nately not always true since it is a simple matter to fool
the human eye. Aclassic example shows a triangle with
three right angles. This is obviously impossible and it
is only when we see a view from another angle do we
realize that the sides of the triangle do not meet in
space. In this situation the brain was not given suffi
cient information to make a correct judgement. But the
brain will make a judgment, based on available infor
mation, which may, or may not, be correct.

37.3 DEVELOPMENT OF COLOR SYSTEMS

Colorsystems are ways to describe color. Such systems
include verbal or numerical designaations for visual
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matching ofcolors, and 'mathematical terms used with
instrumentation.

37.3.1 Visual Systems

Historically color has been estimated visually and a
number of well designed and well researched color
atlases have been produced (5, 6). The most well
known are the Munsell System, Hungarian Coloroid
System, the German DIN System, the Inter Society
Color Council/National Bureau of Standards System,
the Argentinian Villalobos Color Atlas, the Natural
Color System, and the Ostvald System, In terms of food
applications in the United States, the Munsell System
is probably the best known. Munsell was a Boston
artist who wanted to teach his students about color
rendition. He realized, as did others before him, that
color was three-dimensional. This aspectmay be visu
alized by referring to a citrus orange fruit. The core up
the center may be likened to Munsell Value V (repre
senting lightness or darkness). Each section around
the circw:nIerence may be Munsell H (for hue) such as
red, green, blue, etc. The distance from the core to the
edge may be Munsell C (for chroma) and refers to the
intensity of color. The HVC parameters are shown in a
vertical slice through the solid (Fig. 37-1) and a hori
zontal slice (Fig. 37-2).

The Munsell color atlas contains 1225 colored
chips each with a numerical designation. The chips are
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A vertical section through the yellow-purple
blue plane of the Munsell color system solid.
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A horizontal section through the Munsell color
system solid at Value 5.

normally 5/8 by 7/8 inches in size but samples of any
size up to 81/2 by 111/2 are available (7). A number of
specialized arrays also are available for color speci.6ca
tion of materials such as hair, skin, soil, grass seed,
rocks, textiles, insulated wire, and cable (3), and A.SA.
(American Standards Association) safety colors, etc.
"""hen a color is specified by its Munsell designation,
the color is unambiguous.

The designation of the color of a food by visual
comparison with chips from a visual color solid is very
appealing, since it is simple, convenient, and easy to
understand. Many specialized color standards of paint,
plastic, or glass are available for use as food sta...ndards
(3,7), and a number of companies have adopted this
approach for food quality pwposes. For example; the
official l,;SDA grading system for tomato juice employs
spinning discs of a specific Munsell designation to
describe the color grades (7). Glass color standards are
available {or sugar products. Plastic color standards
are available for a large number of commodities such
as lima beans, peas, apple butter, peanut butter, orange
juice, canned mushrooms, peaches, sauerkraut, sal
man, pimento, etc.

The glass and plastic color standards have been
VC:'\' successful, bl:t obviously are available in a limited
number of colors. Painted paper chips, such as the
Munsell system. are available in a much wider range of
colors. but even these are limited. They are fragile and
may change with use. The visual color standards also
have another problem in that they are tiring and some
times tedious. Colors that fall between existing stan
dards are sometimes difficult to convey to other indi-
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viduals. These are the main reasons why instrumental
methods have been so ~ppealing.

37.3.2 Spectrophotometric Approaches

37.3.2.1 Historical Development

The early instrumental methods for color measure
ment are based on transmission or reflection spectro
photometry (6, 8). The concepts were based on research
by the physiologists who developed the responses of
the cones in the human eye in terms of the visible spec
trum. They were able to do this in a manner easily
reproducible in the laboratory today. Three projectors
are required, with a red, green, or blue filter in front of
the lens (Fig. 37-3). The resultant red, green, or blue
light beams are focused on a screen such that they
overlap over half a circle. The other half is illuminated
by another projector or by spectrally pure light from a
prism or grating such that the observer can see both
halves of the circle on the screen simultaneously, Each
projector is equipped with a rheostat to vary the
amount of light from each of the red, green, and blue
sources. By varying the amount of light, the observer
can determine the amounts of red, blue, and green
required to match almost any spectral color. Therefore
we can define spectral color in terms of the amounts of
red, green, and blue (RGB) (7). We can set up an equi
lateral triangle with one of the RGB stimuli at each cor
ner, as shown in the diagram on the right in Fig. 37-4.
Figure 37-4 also shows the RGB diagram as a right
angled triangle in the diagram on the left, Figure 37~5
shows the RGB diagram in more detail. In this case, the
amount of blue is obtained by subtracting the amount
of red and green from unity. Every point within the tri
angle represents a color and can be specified mathe
matically by the amount of red, green, and blue. Unfor
tunately, red, green, and blue arenot particularly good
stimuli to use, since not all colors can be matched with
them. The early researchers were asked to choose a set
of coordinates that would be more appropriate and
they chose XYZ. They cannot be reproduced in the lab
oratory since they are only. mathematical concepts. U
one wants a crude visual reference, one can think of X
asred, Yas green, and Z as blue. The relative positions
in space for red, green, atld blue and X, Y, Z are shown
in Fig. 37-4. The X, Y, and Z coordinates were selected
for a number of mathematical advantages that are
beyond the scope ofthis. chapter (9).

37.3.2.2 The Standard Observer

U we take the red, green, and blue data for the spectral
colors, transform them to X,Y.and Z coordinates, and
plot the responses of the human cones against wave-
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The spectrum colors plotted on x, y coordi
nates.
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37.3.3 TristimuJus Colorimetry

Thc definition of the standard observer led to the
development of colorimeters designed to duplicate the
response of the human eye. The concept is very simple
(Fig. 37-8). One needs a light source; three glass filters
with transmittance spectra that duplicate the X. Y. and
Z curves; and a photocell. With this arrangement. one

The spectrum plotted on an x, y diagram is shown in
Fig. 37-7. The color solid is actually a solid, not a plane,
with the lightness function perpendicular to the plane
of the paper. Figure 37·7 also illustrates another popu
lar way of presenting color data. The point of intersec
tion of a line from the coordinates of white light (I =
0.333, Y=0.333) through the point to the edge of the
solid is the dominent wavelength of the color. The rel
ative distance from white light is the purity of the color,

The early spectrophotometers provided a reflection
or transmission spectrum and the XYZ data had !(i be
calculated by hand. This was very tedious so mechani
cal integrators were developed that were later replaced
by electronic integrators. However, these instruments
were usually complicated and expensive and this facil
itatcd the development of tristimulus colorimeters.

(4)

y
y= x+y+z

Zz=----
X+¥+Z

X
;r=---=-

x+y+z

C [1)X= R EidI

C -d [2)y= REy y

C [3)Z = R E'Zd=

The standard observer curves relationship
between the response of the human eye,
defined as the standard observer curves (i. y,
Z),and the visible spectnun.

length (Fig. 37--6), we have the responses of the human
eye to color. These curves were standardized in 1932
and were called the CIE I, y, : standard observer
curves. They made it possible to calculate color coordi
nates from spectrophotometric data.

37.3.2.3 The CIE System

Color data can be calculated from a reflection curve, or
a transmission curve, from a sample by integrating the
area under the curve in terms of the light >source and
the standard observer curves.

where:

R =the sample spectrum
E = the source light spectrum

:t. y, z=the standard observer curves.

The XYZ data usually are plotted as r, y, z coordinates,
where:
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can get an XYZ reading tha t represen ts the color of the
sa mp le. All tristimulus colorimeters today dep end on
this principle with individual refinements in ph otocell
resp onse, s tabili ty, sens itivity, and reproducibility
(Figs. 37-9 and 37-10). How ever, in sp ite of the similar 
ity in concept, they do not all use the same units. It is
possible to use a number of different filter-photocell
co m binations as w ell as different axes in color space
and even different color so lids . [A color solid refers to
a three-d ime nsional sp ace bounded by physical (color
chips) limits o r mathema tical concepts. Color space
refers to the space within a co lorso lid.] However, some
stand ardiza tion is dev elo ping and iour instrumen tal
colo r sy s tems seem to be gaining in popularity.

One of the instrumen tal co lor sys tems is the CIE
XYZ syst em an d a second is the Judd-Hunter L ab
so lid (Fig. 37-11). The latter represents a color soli d,
w here L = lightness or dar kness , ~.1 = redness, -a =
greenness. +b = yellown ess and -b = bluen ess. A third

O-Black

The Judd-Hunter colorsolid.

scale is known as the CIELAB system with parameters
L" " ' . A fourth scale is the CIELCH sys tem with para
meters L· C·H·. The second and third systems were
dev elo ped primarily to produce a syste m that was vise 
ally more uniform thro ughou t the whole color solid.
The fourth is a po lar system wi th primary em phas is on
color toleran ces. (Another svstem called ClEL UV was
designed primarily for use ";'ith lighting an d television
and has no t found much ap plication wi th foods.)

Regard less of the particular ins trumen t. or the
mathematics of the color system invol ved, the limiting
factor is. the ~g~nuity of the operator in getting a rep
resentanve Signal from the food in ques tion and inter-
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pret:ing it in terms of color. The data are empirical, but
nonetheless useful for characterization, process con
tro~ quality control, purchase specifications, etc.

37.3.4 Specialized Colorimeters

The success ofthe tristimulus colorimeters led to a great
expansion in research on color measurement as well as
the manufaeture of a number of cUH~t colorimeters.
Color data were now easilyand quiclc1y obtained with
relatively inexpensive instrumentation. The time scale
coincided with the development of statistical quality
control (SQC) concepts for production control Unfor
tunately, SQC charts were two-dimensional and color
data came in three dimensions. Requests developed for
rationales to reduce colordata to oneor two dimensions
and a series of specialized instruments were developed.
One of the earliest was the tomato colorimeter (10)
designed to measure the color of raw tomato juice. The
impetus for the development of this instrument was for
incentive payments for growers to deliver more highly
colored tomatoes to the processors.

The development of the tomato colorimeter pro
vides an interesting model Samples of tomatoes repre
senting the range of commercial samples were graded
by USDA inspectors into grades A, B, and culls. The
juice then was extracted from the tomatoes and mea
sured on a tristimulus colorimeter. A relationship then
was established between the grader's decision for the
raw tomatoes and the color of the juice. In effect,
the equation representing how the graders visualized
the color of the tomatoes was established in color
space. In this application, tomato color (TC) was repre
sented by:

This instrument became known as the USDA Tomato
Colorimeter. It proved to be a useful instrument and it
was soon modified to read the color of processed
tomato juice according to the equation:

The same approach was used to develop the Citrus
Colorimeter to measure the color of orange juice. Spe
cialized instruments were developed for honey, sugar,
tea, apples, cranberries salmon, wine, internal color of
pork and beef, etc. (11). It may be stretching a point to
say that all the inst:ruments measured color as such,
since they were all concerned with the general aspect of

TC = 2000 cos elL

where:

a
cos e= 2 ' 1/2(a + if)

The Lab units are in the [udd-Huriter system

Color Score =bUG

[5J

[6]

quality, but color was a major factor. The proliferation
of specialized. instruments led to some dissatisfaction
since, for example, suppliers did not want a roomful of
specialized equipment-.Another approach gained in
popularity. When the original data from a sample are
collected in spectrophotometric or tristimulus units, it
can be read out in any desired units by a simple micro
processor in the unit or the software of a computer. For
example, the scales for raw and processed tomato juice
can be read from the same instrument with an extra cir
cuit. This trend has discouraged the accumulation of
data in other than fundamental units such as the four
listed previously.

The design of instruments to measure color has
come full circle. The first instruments were spec
trophotometers but the labor in calculation was so high
that the tristimulus colorimeters were developed. Then
the development of electronic calculation became so
efficient that the labor of calculation ceased. to be a fac
tor. Today most of the color measuring instruments are
speetrophotometers. Current instrumentation ranges
from .relatively simple instruments with a variety of
exposure and measuring heads for different applica
tions to sophisticated spectrophotometers coupled
with a computer. The latter can generate data in four
viewing systems, reflectance from 400 to 700 run, seven
color scales, lS specialized scales, six illuminants,and
actually any conceivable memory and readout desired.
All instruments use computerized feedback to mini
mize drift and light source fluctuations. The measure
ment of color may be a mature science but the ingenu
ity of the operator is still required to measure samples
such that meaningful data can be obtained.

37.4 MANIPULATION OF DATA

36.4.1 Presentation of Samples

Nearly all of the general purpose instruments todav
are designed to maximize the collection of light 1:'0:;
the sample. The relationships between the light sign;:!
and the interpretations of color by the brain haw been
standardized for ideal situations for both major mode:',
of measurement, namely perfect transmittancy and
complete reflectance, Unfortunately most foods lie
between the two ideals and both transmit and absorb
light. nus lends some empiricism to the data. Figure
37-12 shows a typical presentation for a food sample
for measurement by reflection. Light enters from the:
source beambelow and some light is reflected from the
glass swface into the measuring port of the instrument.
Some of the Light enters the sample and is scattered.
Part of the scattered light is. reflected back into the mea
suring port, but some escapes through the sides of the
cell. Light entering the sample is usually both partially
scattered and absorbed, and the instrument measures
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Diagram showing the interaction. of a light
source with a sample to produce a signal.

the light that emerges back into the measu,ring p~r:' It
is obvious that the instrument response 15 empirical
but it is usually reproducible for a given situa~~z:. .

Turbid solutions may show less reproduobility In

color measurements since the turbidity may not be uni
form or reproducible. The problems with light scatter
ing and absorption can be handled by the Kubelka
Munk equations (9, 12) but they have not bee~

accepted to any extent by the food industry. The Part:4

des couldbe filtered out prior to measurement but this
would change the visual appearance of the product.
The simplest approach to obtain a reproducible read
ing is to measure the color by reflectance from the bot
tom of a cell filled to infinite thickness such that any
increase in depth of sample does not chan?e ~e read
ing. This does not correct for the problems In light scat
tering and absorption but it usually assures a repro
ducible and empirical reading. With granular samples,
it is important that the size of the particles be st~

dardized since usuallv small particles appear whiter
than larger particles. 'With samples that sho,~ direc
tional differences, such as strands of spaghetti, some
judgment is required to determine whether the san:ple
should be measured parallel to the strands, or at n~t
angles.or both. With this situation, instrum~nts .W1th
large area illumination in a circular nondirecticnel
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mode would be the method of choice. Some samples
may show textured differences when the position of
the sample is rotated and this situation requires judg
ment about how the data will be used. One overall con
cept is to try to measure the color in a manner as dose
as possible to the way that the consumer sees the food.

37.4.2 Interpretation of Data

Interpretation of color with the visual systems is fairly
straightforw-ard. For example, the Munsell system has
a gray sheet with a cutout the same size as a color chip.
The sample can be placed beside the cutout in the MW1
sell book of color chips, under standardized lighting,
and moved until a color match is found. The gray sheet
removes the influence of the background.

Interpretation of data from instrument systems is
more difficult. Theearly researchers set up the XYZ sys
tem for mathematical convenience and, given the XYZ
cordinates of a color, it is difficult to visualize the color.
Also, the discernible visual difference between two col
ors differed in size depending on the position in the
color solid. These were the two major factors behind the
development, and subsequent popularity, of the Lab
system. A color with l.a 1;cordinates is easy to visualize
and more uniform throughout the color space. The
OELAB solid was even better. The early researchers
programmed a computer to generate a color solid visu
ally equidistant throughout the solid and it looked like
a badly rumpled felt ha t. Perfection may not be possible
but the later color systems come close.

There is tendency of some researchers to publish
color data as the actual three coordinates and do an
analysis of variance on each of the three parameters.
1bis approach is not recommended because an analy
sis of variance assumes that the components are inde
pendent variables. Actually they are not independent
since both a and b depend on L A better approach
would be to calculate theta (9). Theta is the angle that a
line joining the point in Hunter space with the origin
makes with the horizontal axis (Fig. 37·13). A evalue
equal to zero would be a red. color and eequal to 90 and
180 would be yellow and green, respectively. Theta. as
a measure of hue, can be interpreted visually and.
together with L, can be used in an analysis of variance.
Chroma also maybe calculated by the equation:

{7]

37.4.3 Reduction of Data

Reduction of data has received considerable attention
in the quality control area since very few statistical qual
ity control procedures are setup to handle th.ree-dimen
sional data. The most accurate way to reduce the nurn-
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low, blue, or green area. A single-point reading in the
red region for a red beverage may well correlate with
the overall color reading. Sometimes a ratio of two
points is useful.as, for example, the ratio 546/640 nm
was used as the basis for redness in to'matces for gnd
ing purposes. There are many examples of the use of
ratios for color purposes in a manner similar to that for
chemical analyses (7) (see also Chapter 19). The single
point "'abridged" spectrophotometers have the advan
tages of simplicity and ruggedness but the readings
cannot be transformed into fundamental units. The
possible success of a single-point reading probably can
be predicted nom a reflection, or transmission, curve
but each case should be judged on its own merits.

37.5 COLOR TOLERANCES

l
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~lI~pses in color space representing the sensi
tiVity of the human eye to various colors. The
larger the ellipse, the more sensitive is the eye.
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One of the most useful applications of color data is the
setting of color tolerances for production control, sta
bility. purchase specifications, etc. The color desired is
located in color space and the allowable tolerances are
plotted in one, :w.o, or three dimensions in color space..
Unfortunately 1t 15 not possible to specify a tolerance
that is equally acceptable in all portions of color space
because the eye is more sensitive to some colors. In the
green area (Fig. 37~14), the ellipses are larger than the
blue or red areas, indicating a greater sensitivity. An
ellipse is preferred because it represents ~olors
equidistant visually in all directions around a central
point. Color tolerances may be plotted in threedimen-

Derivation of the hue function efrom a Hunter
Il. bdiagram. Theta is a positive angle from 0 to
360 degrees. . ..'

Wi =: 100 [(lOO - L"] + ao1 + bo2Jl12 IB)

Reppond and Babbitt (15) used the following equation
for whiteness of surimi:

ber of color parameters is probably via a regression
equation. An example of this approach can be taken
from the early work of Wenzel and Huggert (13) on the
color of reconstituted orange juice. The correlation for
reconstituted orange juice between USDA color score
and Hunter readings for Rd (a scale related to L) alone
was -0.815 and for Q alone was 0.909.The correlation of
the USDA color score with R4 and n was -0.927, and of
the USDA color score with Rd, a.and bwas 0.930. It was
obvious that most of the correlation was with the a
value and the inclusion of the other two in a multiple
regression equation would result in some increase in
accuracy. but the authors concluded that it was not
worth the trouble. Similar work with lima beans indi
cated that the L value was the only important parame
ter whereas with tomato juice both aand bwere needed.
With applesauce all three parameters were needed to
predict the subjective quality score. Reduction of data
in terms of indices of fading. or "whiteness" (WI) is well
known in the paper, paint, textile, and plastic industries
and has had some applications to foods. Bolin and Hux
soll (H) used the following equation for lignin forma
tion in abrasion-peeled carrots:

Nearly all foods have a three-dimensional aspect to
their color and the decision to reduce the data to t\ ..-o.
or one, is obviously a value judgment.

Instrumentation is available to measure a singie
point on a re~ection or transmission spectrum and one
instrument gtves a single-point reading in the red, yel-
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The above paragraphs illustrate fairly sophisti
cated methods of specifying color tolerances. Whether
this degree of accuracy is warranted in a given situa
tion will differ with each application. Obviously, there
is a tradeoff between the degree of accuracy, the cost of
obtaining it, and the benefits to be derived from
increased accuracy.

sions as shown in Fig. 37-15. An ellipse is preferred to
a rectangle for color tolerances as shown in Fig. 37-15
where, if the central point is the desired color, the
points c, d, e. andf would be within the tolerance if an
ellipse was used. The point g would be within the tol
erance using a rectangle and outside the tolerance if an
ellipse was used.

The L • C· H* system was developed asa more con
venient way to handle tolerances. It is a polar system
with L· the same as in the L'"a·b· system. The C* value
represents the vector distance from the center of the
color space to the measured color and is a measure of

. chroma (Fig. 37-16). The H" value is a measure of hue
and is calculated in the same manner as 8. The L"C H·
system led to the development of the CMC color toler
ancing system (16), which mathematically defines an
ellipsoid around a standard color with the semiaxes
corresponding to hue, chroma, and lightness. Theellip·
soid, representing the volume of acceptance, automati
cally varies in size and shape depending on its position
in color space. It also allows one to compensate for
changes in sensitivity to lightness. The eye generally
has greater acceptance for shifts in the lightness dimen
sion than in hue orchroma. The tolerance ratio for light
ness to hue or chroma is generally about 2:1. Figure 37
17shows a CMC ellipsoid with a lightness:huelchroma
(l:h/c) ratio weighted at 2:1 and 1.4:1. Usually the
amount ofcolor difference tha t is considered accep table
is defined as a single commercial factor (ef). The cf can
be varied to make the ellipsold as large or as small as
necessary.
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37.6 COLOR MEASUREMENT AS AN
ANALYTICAL TOOL

A color measurement on the cut surface of, for exam
pIe, a sweet potato can be done in a matter of seconds;
thus it is a very attractive saeening tool for plant
breeders attempting to develop cultivars with high
pigment content. Much research attention has been
directed toward this aim and it does work with sweet
potatoes (7). The Hunter a value correlates highly with
the carotenoid content and actually shows more preci
sion than a chemical analysis. The concept works
because ~arotene comprises 80-90% of the total
carotenoids. The procedure does not work with squash
because the carotenoid content is distributed over six
or more carotenoids. To handle colored products con
taining a series of pigments, it would be necessary to
set up a regression equation with a' factor for each
important component, The complexities of this ap
proach would suggest that it could be better handled
by chemical analysis (see Chapter 19).

Color measuring instruments have potential as
broad band filter photometers, Analytical instruments
today that depend on absorptivity (See Chapter 26)
usually employ a diffraction grating to obtain a narrow
band of monochromatic light. However, some instru
ments USe a glass filter that produces a narrow,
medium, or broad transmission band, depending on
the application. When the beam profile of the filter
closely matches the profile of the chemical, the filter
photometers can be very effective. Figure 37-18 shows
the sensitivity of the eye to white light. Note tile simi
larity of the curve representing the cones to the y func
tion in Fig. 37-6_ nus is not a coincidence since the Y
coordinate was chosen such that all the lwninosity
would be in the Yparameter. This means that an instru
ment that can generate a Yor L reading can function as
a broad band filter photometer, Actually it includes the

whole visible spectrum with a peak in the area of great
est sensitivity of the human eye. With samples that are
primarily light or dark, the Y or L reading should func
tion better than an absorptimeter based on a single
wavelength. But there also may be a desire to use the a
and bscales as indications of pigment content (17). Fig
ure 37-19shows a plot of L, a and b against concentra
tion of cyanidin-3-g1ucoside (Cn-3-G), a common red
pigment. The plots of both a and b show maxima
between 0.2 and 5 mg of pigment. In these areas of con
fusion (17), it is difficult to tell where one is on the pig
ment scale. Eagerman et ala(18,19) listed 11color scales
and theyall showed areas of confusion. The change in
direction is sometimes confusing to newcomers and it
is because the calculations for Q and b are tied into the
L value. These areas of confusion can be removed by
simply expanding the L scale, and a number of scale
expansions have been suggested primarily for use with
dark beverages. It is possible also to improve the pre
diction of pigment content from colorimetric data by
linearizing the a or b scale. Figure 37-20 shows the a
scale linearized for Cn-3-G. The equation needed to
calculate the a value for Cn-3-G is:

lOOX
y1.60-0.5

Instrument responses for three other colorants, FD&C
Red No.1, FD&C Red No.2, and FD&C Yellow No.6,
also are plotted using the same scale modlcanon as for
Cn-3-G. Note that there are no areas of confusion, but a
scale linearized for Cn·3-G is not quite linear for the
others. Similar scale calculations for Q and b can be gen
erated for any simple colorant or mixtures of colorants.
In view of the complexities with a and b, a reader mig.ht
be convinced that it would be simpler to use a simple
absorptimeter.

10
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37.7 SUMMARY

Color can be defined as the interpretation by the brain
of a light signal coming from a sample. The light signal
enters the eye and impinges on the retina which has
two types of light-sensitive cells. The rods are sensitive
to lightness_ or darkness and the cones are sensitive to
color. There are three types of cones: one sensitive to
red light, another to blue, and the third to green. The
responses of the three types of cones, for an average
observer, to the spectral colors has been defined as the
standard observer curves. The measurement of color
depends on integrating the area under a reflection
curve, or a transmission curve, in terms of the standard
observer curves and the spectrum. of the illuminant
light. The data can be expressed in terms of the coordi
nates of a color solid. Color representation isa three
dimensional concept and a number of color systems
have been suggested. Probably the best known in the
paint, plastic, and textile industries is the CIE XYZ sys
tem, but the Lab, CIEUB, and CIELCH systems are
receiving increased attention in these industries. VVith
instrwnental color measurement of foods, the Lab and
the CIELAB systems have received the most accep
tance. There also are a number of three-dimensional
visual color atlases, of which the best known in the
food area in the United States is the Munsell system.

When one is asked to "measure the color," what is
really meant is to locate the coordinates of the color in
three-dimensional space in a color solid. nus can be
done in three ways: visually by comparison with the
chips in a color atlas, instnunentally by integrating the
area under a curve, or by tristimulus colorimetry. A
tristimulus colorimeter employs three glass filters
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whose transmission curves duplicate the standard
observer curves. A reading from each filter serves to 1<>
care a point in color space. Coordinates in any of the
three types of approaches serve to identify unambigu
owly the color of a sample provided th;t the sample
shows complete reflectance or complete transmittance.
But usually food samples both transmit and absorb
light energy. This may introduce some empiricism but
it can be minimized by careful attention to sample pre
sention. A number of instruments and mathematical
equations have been developed to reduce the three
parameters of color to two or one. There is some loss in
accuracy with reduction in data but the tradeoff in
terms of benefit and cost of data manipulation is J.

value judgment.
Color data in the food industry has been used in 01

variety of ways such O1S color tolerance specifications
for purchase of ingredients and packages. process con
trol, product stability, and overall consumer accept
ability.

37.8 STUDY QUESTIONS

1. Describe the Munsell color system.
Z. Define the "Standard observer" curves. How were they

developed?
3. Describe how the CIE XYZ system was developed.
4. W'hat do you understand by the term CIELAB?
5. ¥lhat do you understand by the term "tristimuJus col

orimetry?"
6. Describe how a color tolerance can be set up in the Lab

system.
7. Give an example of "reduction of data." Why is it some

times desirable?
8. Can a tristimulus instrument for measuring color be used

as a chemical absorptimeter? II so, how?
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Add-base equilibria, 103
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nutritional availability, 273,274
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comparison of methods, 148
contamination during assay, 144
content of foods, 143, 144
de1initions,143
importance of analysis, 143
insoluble, 147, 148
methods of determination, 143-148,436

dry ashing, 143, 145, 146,436
dishes, 145
for elemental analyses, 436
furnaces, 145
losses during, 145, H6
modified procedun.'S, 145. 146
preparation of sample, 143-145
principles, 145
procedures, 145, 146
temperanue,l45

low-temperature plasma ashing, 143, 147
.applications, 147
instrumentation, 14i .
principles, 147
procedures, 147

microwave ashing, 147
wet ashing, 143, 146-147, 436

for elemental analysis, 436
materials, 146
precautions, 146
principles, 146
procedures, 146, 1·1;'

sample preparation, 14.:1-145
soluble, 147, 1-18

Assaymethods, general, 7-9
selection, 7-9
standard methods. s...~ Sl.mdard methods
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atomization, 428
cw"bration. 431,438

sensitivity check, 438
standards, 438

comparison to inductively mupled plasma - atomic emis-
sion spectroscopy, 440,441

energy transitions in atcnns, 427,428
flame, 428-430
pphite furnace, 430
interfen!nces,438,439

nonspect:ra.I, 438, 439
ionization. 439, 440
solute volatilization, 439
transport. 438,439

spectraL 438
absorption of source radiation, 438
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principles, 427-430
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applications, 436
flame, 433
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principles, 434
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principles, 434
procedures, 438
reagents, 436
standards, 437

Atomization, 428
Automation. Set: Ccmputers.Jaboratory automation
Autosamplers. 90, 316, 512
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Babcock method, fat analysis, 210
Bacteria. in microbiological assays

amino acid availability, 274
drug residues, 324. 325
vitamiN,~2S6
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Beer's law, 158, 243,400,401,417,430,437,516
Beta-glucan" 169, 181
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Bidnchoninic: acid method. proteins, 23
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protein quality, 268-270, 274
vitamins, 284

Biochemical oxygen demand, 381
Biologic:al value, proteins, 269, 270
Biosensors, 363, 364
Biuret method, proteins, 242
Brix,24, 112.133,184
8rix/acid ratio, 24, 112
Bronsted-Lowry theory, 103
Buffering, 101, 107,108

Calculations
ash, 145
chromatographic parameters, 501-504, 541
dilution, 102. 163
fat, 206-210, 212
fiber, 194-196
moisture, "125
neuaalizationreaction.101-103
protein, 241
vitamins, 286-290
titratable acidity, 115

Calorie content, 44
Caffeine, 520
Calorimetry, 590-597. Set also Thermal analysis
Calorimeters, 590-597
Capillary electrophoresis, 259-261
Capillary isoelectric focusing, 261
Carbohydrates, 169-198. 5« also individual carbohydrates

by name
beta-glucan, 169, 181
calculation by difference. 169
Carrez treatment, 179
cellulose. 170, 179, 183, 184, 191, 193, 196,197
classification, 169, 170
content in foods, 169-171
extraction, 171, 172
gums, 181-183. 191, 192
hemicellulose, 170,179.184,191,193
hydrocolloids, 181, 183, 191, 192
importance. 169
methods of analysis, 169-198

chemical, for monosaccharides and oligosaccharides,
172-181,361

dinitrosali~lic acid. 173, 174
enz:7natic,178-181,361
Lane-Eynon, 1i4
Munson and Walker, 174
Somogyi-Nelson, 173
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phenol-sulfuric acid. In. 173
reducing sugars. 173, 174

chromatographic, 174-178
gas chromatography, 17~178

derivatization,176-173
detection, 177
hydrolyzates of polysaccharides, 178
neutral sugars, 177

high-performance liquid chromatography, 174-176
detection, 176
stationary phases. 174--176

dietary fiber, 169, 184,191-198
extraction, 171, In. 182, 183
fiber, 169, 184. 191-198
glucose, 170, 171, 179, 180,361
gums, 181-183
hydrocolloids,181-183
microscopy, 184
near-infrared spectroscopy, 184
nuclear magnetic resonance spectroscopy analysis, 469,

4~,474

.pectin, 183, 184
degree of esterification. 184
determination, 183, 184

physical, 184, 185
microscopy, 184. 185
polarimetry, 185
refractive index, 184, 185
specific gravity, 184

hydrometer, 184
pycnometer, 184

spectrometry, 184
removal of interfering compounds in assay, 172, 178
sample preparation, 169, 171, In. 177,178
resistant starch, 179, 191, 197, 198
starch

degree of gelatization, 180
degree of retrogradation, 181
determination, 179, 180
glass transitions, 593-595
resistant, 179, 191, 197. 198

total carbohydrate, 169. 172, 173
monosaccharides, 171-178, 184, 185
oligosaccharides,171-179
pectin

component of dietary fiber, 184, 191, 193
degree of esterification. 184
determination, 179, 183, 184
nature. 183, 191

polysaccharides, 169,170,178-184,191-198
reducing sugars, 173,174
starch

degree of gelatinization. 180, 181
degree of retrogradation, 181
determination, 179, 180
gelatinization, 180, 181, 193, 593-595
glass transitions, 593-595
in foods. 178, 179
methods of analysis, 179-181
problems in fiber determination, 191-193

resistant, 179, 191, 197, 198
retrogradation, 181
therDnogra:ns,593-S96

Carbazole assay, 184, 195
Carotenoids, assay, 296-300
Carrez reagent, 178
Cellulose, 170, 179,183,184,191,193,196,197
Check sample, 7, 8, S25
CJheaUc.Uionization,449
Chemical oxygen demand. 381-383
ChJorophylis, 295, 296
Choices of method, general. 7-9

characteristics, 7
food matrix. 7, 8
objective, 7
validity, 7,9

Cholesterol. 232, 233
Chromatography, 487-547. 5« also individual types
Chromatography, .lpplk3tions

amino acids, 261, 262
antioxidants, 520
aspartame, 520
caibohydIates,174-178,522,529
drug residues, 326, 327
fiber components, 196, 197
lipids, 2»-233,498,520, 522
mycotoxin residues, 321, 322,498
pesticide residues, 309, 314. 315, 498
pigments, 29~302,520
protein separation, 254, 255. 522
vitamins. 286, 287,519, 520, 523

Chromatography, principles. 487-507,541-543
adsorption. 488, 489
affinity, 495-497
extraction, 487
general procedures, 499. 500
gradient elution, 500
historical perspective, 487, 488
ion exchange, 491-494

anion exchangers, 491-194
cation exchangers, 491-494

isocratic elution, 500 .
liquid-liquid. 489-491
paper, 497, 498
partition. 0189-491

bonded supports, 491
coated supports, 490, 491
normal-phase. 489
reversed-phase, 489

qualitative analysis, 500, 501
quantitative analysis, 504-506

externalstandards,505.506
internal standards, 505, 506
peak area, 504. 505
peak height. 504, 505

resolution, 501-504. 541-543
capacity factor, 504
efficiency

height equivalent to a theoretical plate 502 503
541-543 • • ,
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theoretical plates, 502,503, 513, 541
Van Deanter equation, 503. 541

selectivity.503
separation, 501-504.541-543
size exclusion,.493. 495
solid-liquid, 488,489
supietcritical fluid. 506. 507
terminology, 488
thinlay~

lipids, 233
mycotoxinresidues, 321, 322
pesticide residues, 317
principles, 498, 499

Clarifyingagents in carbohydrate determinations. 172.
178

Code of Federal Regulations, 17-29,41-46,49,51
Codex .Alli:nentarius Commission, 6.34
Coefficient of determination, 64
Coefficient of variation, 59
Color.601-611

colorimeters, 604-606
Lovibond, 223
specialized, 606
tristimulus, 604-606

data handling, 606
interpretation, 607
presentation of samples, 606, 6fJ7
reduction, 607, 608

tneas~ent,610

lipids, 223
physiological basis, 601
score, 606
solid, 605
space. 60S, 60S
standard observer ClU"Ve. 603, 604
standards, 602
systems. to desoibe color. 601-6Q.l

speetrophometric approaches, 603
CIE system, 601. 60-1
standard observer, 603. 604

tristimuJus colorimetry, 604-606
visual, 602 .

Munsell System. 602
tolerances, 608, 609

Colorimeter,6Q4-i;06
Colorimetric methods

fat. 213
phosphorus. ISS, 160
titratable acidity. 107-112

Columns
analytical HPlC, 513, 514
capillary.314,536

megabore, 314. 536
microbore.536
normal, 536

guard,513
packed, 314, 535.536
packing procedures, ~99, 500, 5]6
presaturator.513
stationary phases, 174-176.296-302.488-497,514-516.

536

Index

Compute-IS,85-95
automation, 89, 90
data analysis, 88, 89
database management, 87, 92
data display. 88, 89
expertS)'Stems, 94
hardw~, 8>-87

computers. 85
interfaces, 86,87
transdUter5, 85,86

insl%ument interfaces, 87,89, 90
laboratory automation. 89, 90
laboratory infQrmationmanagement system, 87, 92, 465,

518
robotics. 90-92
software, 87,88

da.ta acquisition, 87
interfaces, 87
programs,87

usein analytica1laboratolj', 8S
Concentration units, 101,102,109
Conductivity

acid-base titrations. 101-112
detector for gas chromatography, 314, 539,540
detector for HPLC, 517
tnoisture analysis. 131, 132

Confidence interval, 59, 50, 79
Conjugated add, 108
Conjugated base. 101, 108
Correlation coefficient, 63, 64
Creaming, 575,584
Crude fiber. 5« Fiber, crude

Daily Value, 42
Dataevaluation. 57-68

errors, 58,60,61.64,65
in color analysis, 60~8
measures of central tendency, 57
reliability of analysis, 57-62

absolute error, 60
accuracy. 57. 50, 61
coefficient of variation. S9
confidence interval. 59,60
detection limit, 61,62
precision,5S-¢O
Q.tesf,67
Q-value,67
range. 58
relative error, 50, 61
sensitivity, 61, 62
sources of error. 61
specifidty,61
standard deviation, 58, 59
standard error of the mean, 60
r-test, 6O,iS, i9
t-value, 60,79
Z value, 59

reporting results. 65-6i
rejecting data, 67
rounding off numbers, 66, 67
significant figures, 65, 66
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standard curves
applications

general, 402-404, 410, ~37
specific, 155-160

coefficient of determination, 64
confidence intervals, 64, 65
correlation coefficient, 63, 64
errors. 64, 65
linear regression, 62. 6J
plotting curve. 62, 6J

Defect action level. 369
Denaturation of proteins, 254, 595. 597
Densimetry. 132, 133, 1M
Del".sity

definitions, 132. 184
fat determination, 213
hydrometers, 132, 133, 184
liquids, 132, 133, 184
pycnometers, 132, 1M
solids, 133
Westphal balance, 133

Derivatization
carbohydrate analysis, 176-178
GC analysis, 532, 533
HPLCanalysis, 176,518
lipid analysis, 230
pesticide residues, 313, 314

Detection limit, 61, 62
Detectors

atomic absorption spectroscopy, 433
atomic emission spectroscopy, 434-436
gas chromatography, 177,314,536-541
hlgh-perfonnance liquid chromatography, 176, 315,

516-518
infrared-spectroscopy, 416, 420
UV-visible spectroscopy. 406, 407

Detergent. methods of analysis
fat, 211
fiber, 193

Dextrins,361
Dextinizing activity, 363
Dialysis, 256
Dielectric methods

fat. 213
moisture, 131

Dietary fiber. See Fiber, dietary
Dietary supplements, 17, 18
Differential sca.ruting calorimetry. See Thennal analysis
Differential thermal analysis, 582, 589-591. Set also Thermal

analysis
Digestibility, proteins. 270-273. See also Protein quality
Dilatometry,225
Dilatation, S78
Distillation methods. SeeMoisture. distillation methods
Droplet size, 471, 575,57/3-581. ss,l .

Drug residues, 324-327
occurrences, 324
quantitative chemical analysis. 325-327
screening assays, 324. 325

Dry ashing, 143. US. 146,436. See also Ash, methods of
determination
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Drying methods. See Moisture
Dry m.1tter. in food, 121, 125
Dye-binding methods, proteins, 244, 245
Dynamic mechanical therm.:l1 analysis, 589. Se«alsoThermal

analysis
Dynamic thermal analysis, 590, 591. See also Thermal analy

sis

EDTA complexometric titration, mineral determination. 155,
156

Effluent composition, 27-29
Electrical methods, moisture determination, 131
Electroacoustics. 583,584
Electrode potential, 104-107, 160
Electrodes

combination, 106,107
enzyme, 363. 36-l
gJS-sensing. 159
glass. 106, 158,159
indicator, 106
ion selective. 158-162
reference, 106
saturated calomel, 106
silver-silver chloride, 106
solid-state, 159

Electromagnetic radiation, 389-391
Electron impact ionization. 446
Electron paramagnetic resonance, 457
Electron spin resonance, 457, 464, 473-476. See also Nuclear

magnetic resonance
Electrophoresis

applications. 2513-260.582. S83
capillary, 259-261
immuno.338
isoelectric focusing, 258, 259
laser interference, 582,583
mobility calculations. 258
molecular weight estimation, 258. 259
native. 257
polyacrylamide gel, 257,258
sodium dodecyl sulfate. 257.258·
two-dimensional, 259

Elemental analysis, 143-162, 427-441. ~e alsoMinerals,
determination

ELISA. See Enzyme-linked ia'Ununosorbent assay
Emission of radiation, 395, 396
Emission spectrum, 428
Emulsifiers, Set! Emulsion. emulsifier
Emulsions,573-58S

classification, 573
dispersive phase, 581, 582

volume fraction,58l. 582
coalescence, 575. 576. 578, 584
creaming, 575. 584
dilatation, 578
droplet charge methods. 582-584

electroaCoustics, 583, 584
electrophoresis, 582
laser interference electrophoresis, 582, S83

droplet crystallinity, 582 .
droplet size diStribution, methods of analysis, 578
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dynamic light scattering, 580
electrical pulse counting., 580
emezging technologies, 581
miaoscopy, 578,S79
sedeme:ntation, 580, 581
static light scattering, 579,S80

emu1sifieJ;. efficiency, methods 01analysis,57~578
emulsifying capacity, 575, 576
emulsion stability index, 576
interface rheology. 578
surface and interfacial tension, 576-578

emulsifier phase changes, 594. 595 .
fioculation, 575,576,584
importance,. S'73
interfacial tension, 576-578
nuclearmagneticresonance analysis, 581
phase invemon, 575,584
properties, 5'73-575
sediJnentation, 575, 580, 581, 584
shear, 578
stability, 575, 584

index, 576
mechanisms of breakdown, 575
methods 01 analysis, 584

aeaming, 584
droplet aggregation, S84
phase inversion, 584
sedimentation, 584

surface tension, 576-578
tensiometers, S'Tl,578
zeta potential, 574, 582, SS3

Endpoint
colorUnebric, 109, 155-158
equivalence point, 109
phe:nolpthalein.109

Energy states of matter. See Spectroscopy
Energy level transitions. Ste Spectroscopy
Enthalpy, 591, 592
Environmental Protection Agency,17, 18,25-27,307
Enzymatic methods

as analytical aids, 193-197,271-273,289
fiber analysis, 193-197
protein hydrolysis, 271-273
vitamin assays, 289

biosensors,363,36-1
electrodes, 363,364
enzyme activity assays, 362,363

alkaline phosphatase, 362,363
alpha-amylase, 363
lipoxygenase,362
peroxidase, 362
rennct,363

immobilized enzymes, 363, 364
substrate detennination, 170. 178-181,360-362

carbohydrate analysis, 178-181,361
endpoint method, 360
glucose, 179, 180,361
malic acid, 362
monosaccharides, 178, 179
monosaccharide derivatives, 179
oligosaccharides, 179
polysaccharides, 178-181

sample preparation, 178, 360
starch, 179-181,361
sulfite, 360, 361
total change,360

Enzyme,351-364
activity. 354-358

affectedby, 354-358
activators, 357, 358
enzyme concentration, 354, 355
inhibitors, ~"7, 358

irreversible, 358
reversible,358

pH, 357
substrate concentration, 355
temperature, 355, 356

assays. Set Enzymatic methods
coupled reactions, 178, 359
methods of measurement, 358, 359
order of reactions, 353
reaction rate, 351-358

electrodes, 363, 364
immunoassays, 333-336,339,341-345
kinetics, 351-354

Enzyme immunoassays. SeelIru:nunoassays
Enzyme-linked inununosorbent assay, 333-336,339,

341-345,376
Equivalent weight, 101, 102, 112
Error, data, 58,60, 61, 64, 65
Ethylene oxide, 544, 545
Expert systems, 92, 94
External standards, 315, 505,506
Extraction

accelerated solvent, 208-210,313
batch,487
continuous, 487
countercurrent, 487
lipids,192,204-212,221
microwave-assisted solvent, 313
monosaccharides, 171, 172
nonsolvent, 210, 211
oligosaccharides, 171, 172
partition coefficient, .;89
pesticides, 311-313
pol ysaccha rides, 179-183
solid phase, 313, 532

microext:-action,313
solvent, 192,204-210,212, 221,532
superaiticaJ fluid, 208, 209

Extractor types, 206-210
Extraneous matter. 369-376

definition, 369-370
filth,369,372,374,375
methods of analysis, 369-376

comparison of methods, 375
filth in shelled nuts, 371, 372
foreign matter in spices and condiments. 371
immunoassavs.376
insect infesr;tion of wheat, 372-374
light filth in flour, 374, 375
microscopy, 376
objectivityIsubjectivity, 370, 371
x-ray radiography, 375, 376

Indel(
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regulations. 369
deled action levels. 369
Federa] Food. Drug. and Cosmetic Act. 369
Good Manufacturing Practices, 369

sample preparation. 3iD-375

Fall.i11g number method. 363
Fats. S~t lipids
FOIt substitutes. 219,230
Fatty acids. Sa lipids
Fiber, 169, 184. 191-198

acid detergent, 193
crude. 193
dietary, 169. 184, 191-198

components, 184,191,192
defirUtion,I84,191

importance in diet, 169.191
insoluble fiber. 169, Is.&, 193-197
methods of analysis, 191-198

chemical, 19~197
. applications.197

Englyst-Cwnmings procedure. 196,197
comparison of methods, 197
gravicne~c, 193-195

applications, 195
crude fiber. 193
detergent methods, 193-195

acid detergent fiber, 193
neutral detergent fiber, 193

insoluble, 19J-195
soluble, 193-195
total, 193-198

sample preparation, 192, 193
neutral detergent, 193
resistant starch, 179, 191, 197,198
soluble fiber. 169,184. 193-197
total, 191-198

Filth. Stt Extraneous matter
FiXed acidity. 109
AocuJation, 575. 576,584 .
Flour

fat. 205,208
extraneous matter, 374.375

Fluorescence microscopy, 184, 226, 227, 261. 262,376
Fluorescence spectroscopy

c:alibration curve, 410
detector, 517
emission beam, 409
excitation beam, 409
quantwn efficiency, 410
vitamin analysis, 287-290

Fluoroimml.U'\oassays,334
Folate. 284-286
Folin-Ciocalteau phenol reagent. 2,u
Food additives, 17
Food analysis, general. 5-12

necessity, 5
standard methods. Stt Standard methods
steps in analysis, 6, 7
types of samples. 6

Food and Drug Administration, 6, 17-19,21,24-27,29-32,
35, 41-52. 169, 268, 307, 308, 340, 345, 369
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Food Chemic3ls Codex, 10. 3S
Food composition. Sa Specifications
Feed, Drug, a..nd Cosmetic Act, 17,26,302,369
Food dyes, assay,302
Food pathogens, 345
Foreign matter. Sit Extraneous matter
Food Safety Inspection Service, 22.41, 42,44,46.49,51,52,

324,345
Foss-Let fat determination method, 213
Fourier transform

g:lSchromatography, 541
infrared, 416, 417
ion cyclotrons, 446
nuclear magnetic resonance. 462. 465-469

Free latty acids, :::4, 225
Freezing point, 135, 136

Gas chromatography, 529-5-lS
applications

carbohydrates, 176-178,529
cholesteroL 232,2JJ
drug residues, 326,327
fiber components. 196-197
flavors. 529
lipids. 230-233, 529
mycotoxin residues. 322
packaging materials, 544
pesticides residues, 309,314, 315
spices, 544, 545
stereoisomer separation. 544, 545

columns, 314, 535,536,537
capillary, 314, SJS,536
megabore, 314, 536
microbo~ S36
packed. 314, 535
solid absorbents, 314. 536
stationary phases, 314, 536. 537

detectors. 177,314,536-541
applications. 177.314. 536-541
electrolytic conductivity, 31-1,539,S40
electron capture, 314, 537-539
flame ionization. 177~ 537, 538
flame photometric, 314,537,539,540
photoionization, 537, 539, .5-W
thermal conductivity. 536-538
thennionic. 314, 540,541

gas supply, S33
hyphenated techrUques, 314,449, 450, 541

atomic emission detector. 341
Fourier traNform infrared, 541
mass spectrometry. 314, 449, 450, 541

injection port, 533,S34
hardware. 533.534
sample injection. 534

isolation of solutes, methods, 311-314,529-533
direct injection. 532
distillation. S30
headspace, 530

adsorbent trap, 530
concentration, 530
cryogenic trap, 530
direct sampling, 530
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solid-phase extrae:tion..313, 532
solvent extraction, 313,532

oven, 534.535
principles, 541-543
sample derivatization. 177,178,230,313, 314, 532. 533
separalion efficiency, 541-543

carrier gas, 541-543
flow rate, 541-543
type, 543

column parameters, 541-543
sample preparation. 176-178, 230, 311-314, 529-533
temperature progrlJNning, S35

Gelatinization. starch. 180,181,193,593-595
Gel filtration. S« Sizeexclusion
Gel permeation. See Size exclusion
General Agreement on Tariffs and Trade, 35
Gerber method. fat analysis, 210,211
Glass electrodes, 106
Glass transitions, 593-595
Glucose, assay, 179, 180,361
Gold.6shmethod, fat analysis, 206
Good. manufacturing practices, 6, 18,34. 46, 369
Government

acts
Agricultural Marketing Act, 22
Dietary Supplement Health and Education Act. 17, 18
Egg Products Inspection Act, 23
Fair Packaging and Labeling Act. 18
Federal Alcohol Aclminist:ration Act, 2S
Federal Insecticide, Fungicide, and Rodenticide Act, 26
Federal Meat Inspection Act, 18
Federal Trade Commission Act, 29
Federal Water Pollution and Control Act. Xl
Food and Drug Act, 17. 41
Food, Drug, and Cosmetic Act, 17, 18.26.41.302,369
Food Quality Protection Act, 18, 26
Humane Saughter Act, 22
Import MilkAet. 18
Imported. Meat Act, 22
Nutrition Labeling and Education Act, 17,41,51,52.

162
POultry Products Inspection Act, 18
Public Health Service Act, 18
Safe Drinking Water Act, Xl
U. S. Grain Standards Act, 22

agencies, bureaus, departments
Bureau of Alcohol, Tobacco and Firearms, 24,25
Bureau of Consumer Protection, 29
Department of Health and Human Services, 17
Environmental Protection Agency,24-28, 307
Federal Trade Commission. 29, 30
Food and Drug Administration, 6,17-19,21,24-27,

29-32,35,41-52.169,268,307,308,340,345.369
National Bureau of Standards. 5« Nationallnstitute of

Standards and Technology
National Conference on Weights and Measures, 33
Nationallnstitute of Standards and Technology, 34
National Marine Fisheries Service. 23, 24
National Oceanic and Atmospheric Administration, 23.

24
U.S. Customs Service, 28, 29

US. Drpartment of Agriculture, 17, 21-24, 29-33,35, 41,
43,46,49,51,52,307,324,333.345

US. Department of Commerce, 23
US. Deparunent of Treasury, 25

amendments
Color Additives Amendment, 17;302
Delaney Cause, 17,26
Food Additives Amendment, 17
Miller Pesticide Amendment, 17

inspection programs
dairy products, 30-32
egg products, 23
fruits, 23
grains, 22
mandatory. 22
meat, 22,23
milk, 30-32
other products, 23
poultry, 22, 23
seafood, 23,24
shellfish, 32
vegetables, 23
voluntary. 22, 23

programs and services
Dairy Quality Program, 31
Federal Grain Inspection Service, 22
Food Safety and Inspection Service, 22,41-44.,46,49,

51,52,345
Fruit and Vegetable Program, 23
Grain Inspection, Packers and Stockyard Administra-

tion, 22
Interstate Milk Shippers Program, 31·
Meat Poultry Inspection Program, 22
Poultry Program, 23
National Marine Fisheries Service, 31
National Shellfish Sanitation Program, 32

regulations. 5« alsoGovernment acts, amendments
advertising, 29.30
alcoholic beverages. 24, 25
Code of Federal Regulations, 17-29,41-46,49,51
drinking water, 27
effluent composition, 27, 28
extraneous matter, 369
fishery products, 2.3.24
fruits, 23
Good Manufacturing Practice Regulations, 6, 18,3-4,46.

369
Harmonized Tariff Schedules of the U.S., 29.30
imported goods, 28,29
labeling

alcoholic beverages, 24, 25
dairy products, 30-32
ingredient. 52
milk. 30-32
minerals. 162
nucition.6.8,41-52.169,268

caloric content, 4-l
compliance, 44, 46
DailyValue. 42
exernptions, 43. 44
fonnat. 4.2. 43



health claims, 51, 52
methods of analysis, 46, 26S
national wUformity and preemptions, 51
nutrient content claims, ~51
Nutrition Labeling and Education Act, 17, 41, 31,

32.162
protein quility, 4-4, 268
rounding rules, 4-4
total carbchydrate, 169

meat and poultry, 22. 2J
milk, 30-32

GradeA,31
GradeB,32
manufacturing grade, 31.32

nutritional quality, IS
Pasteurized MilleOrdinance, 31
pesticide residues, 26. 307. SeealsoPesticide residues
sheWish,32
vegetables, 23

standards, 18-23
fill, 19 .
grades,n,n

dairy products, 30-32
eggs,23
fishery products, Z3
fruits, 23
grain, 22
meat, 22, 23
mille,30-32
other products, 23
poultry, 22, 23
rabbits, 23
vegetables, 23

identity. 18-21
quality. 19,20

Gratings, monochromator,406
Gravimetric analysis

fiber determination, 193-195·
mineral determination, 154, 155

Grinding
dry materials, 80
moist materials, BO
samples for moisture analysis, 121, 122
samples forfat analysis, 205

Gums, 170, 181-183, 192

Handbooks
Fishery Products Inspection Manual, 23
Grain Inspection Handbook, 22
Laboratory Methods for Egg Products, 33
Meat and Poultry Inspection Manual, 22
National Institute of Standards and Technology Hand

book, 34
Pesticide Analytical Manual, 26, 308, 309

Hazard Analysis Critical Control Point, 6, 18,333,345
Health claims, 51, 52
Heat capacity, 592, 593
Heating curves, 592-597
Hemicellulose, 170, 179, 18-,&, 191, 193
Henderson-Hasselbach equation, 108, 109
Hexanal, 127, 228
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High-performance liquid chromatography, 511-525
applications

amine acids, 261, 262
antioxidants. 520
aspartame, 520 .
caffeine, 520
carbohydrates, 174-176,519,520,521,522
drug residues, 326,327
inorgarUC ions, 521
lipids, 230, 520,522
molecular weight estimation, 522
mycotoxin residues, 322, 498
organic adds. 521
pesticide residues, 315
phenolic compounds, 520
pigments, 295-302, 520
proteins, 255, 520,521
sulfites,521
vitamins, 286,287,519,520,523

. column hardware, 512-514
analytical 513, 514
guard column, 513
presaturator column, 513

column packing materials, 174-176, 315, 514-516
carbohydrate analysis, 174-176
pesticide residue analysis, 315
polymeric, 515, 516

macroporous, 515, 516
microporeus, 513

silica-based. 174-176, 514, 515
bonded phases, 514
pellicular packing, 514.515
porous silica, 514

data evaluation, 518
detectors, 176, 315, 516-518

amperometric, 176, 517
chemilwninescent nitrogen, 518
conductivity, 517
electrochemical, 176, 517
fluorescence, 315, 517
light scattering, 517
mass, 517
pulsed amperometric, 176
radioactive, 517
refractive index, 176,517
transport. 517,518
ultraviolet-visible absorption, 176,315,516

fixed wavelength, 516
diode-array, 516
variable wavelength, 516

viscosity, 517
deve1oping a separation, 523
gradient elution, 52J
hyphenated techniques mass spectrometry, 431-453, 518
injector, 512
autosampl~, 512
loop-type injection valves, 512

isocratic elution. 523
pre<olumn derivatization, 518
post~olumn derivatization. 176,518
pump. 511,512
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health claims, 51, 52
methods of analysis, 46, 268
national Wliformity and preemptions, 51
nutrient content claims, ~51
Nutrition Labeling and Education Act, 17, 41. 31,

52.162
protein quility. 44. 268
rounding rules. 44
total carbohydt'3te, 169

meat and poultry, 22. 23
milk.~32

Grade A, 31
Grade B.32
manufacturing grade, 31.32

nutritional quality, 13
Pasteurized MilleOrdinance. 31
pesticide residues, 26, 307. SeealsoPesticide residues
sheUIish,32
vegetables. 23

standards, 18-23
fill, 19
grades,U,23

dairy products, 30-32
eggs. 23
fishery products, 23
fruits, 23
graitt,22
meat, 22,23
milk, 30-32
other products, 23
poultry, 22, 2.3
rabbits, 23
vegetables, 23

identity. 18-22
quality. 19,20

Gratings, monochromator. -!O6
Gravimetric analysis

fiber determination, 193-195·
mineral determination, 154, 155

Grinding
dry materials, 80
moist materials, 80
samples for moisture analysis, 121, 122
samples for fat analysis, 205

Gums, 170, 181-183, 192

Handbooks
Fishery Products Inspection Manual, 23
Grain Inspection Handbook, 22
Laboratory Methods for Egg Products, 33
Meat and Poultry Inspection Manual, 22
National Institute of Standards and Technology Hand

book, 34
Pesticide Analytical Manual, 26, 308, 309

Hazard Analysis Critical Control Point, 6, 18,333,345
Health claims, 51, 52
Heat capacity, 592, 593
Heating curves, 592-597
Hemicellulose, 110, 179, 184, 191, 193
Henderson-Hasselbach equation, 108, 109
Hexanal, 227, 228
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High-performance liquid chromatography, 511-525
applications

amino acids, 261, 262
antioxidants, 520
aspartame, 520
caffeine. 520
carbohydrates, 174-176.519,520.521,522
drug residues, 326,327
inorgarUcions,521
lipids,Z30,520,522
molecular weight estimation, 522
mycotoxin residues, 322. 498
organic adds. 521
pesticide residues, 315
phenolic compounds. 520
pigments, 295-302, 520
proteins, 255, 520,522
sulfites,521
vitamins, 286,287,519,520,523

column hardware, 512-514
analytical 513, 514
guard column. 513
presaturator column, 513

column packing materials, 174-176, 315, 514-516
carbohydrate analysis, 174-176
pesticide residue analysis,315
polymeric, 515, 516

macroporous, 515, 516
microporous.515

silica-based, 174--176, 514, 515
bonded phases, 514
pellicular packing, 514,515
porous silica, SU

data evaluation, 518
detectors, 176, 315, 516-518

amperometric, 176, 517
chemilwninescent nitrogen, 518
conductivity,517
electrochemical, 176, 517
fluorescence. 315, 517
light scattering, 517
mass, 517
pulsed amperometric, 176
radioactive, 517
refractive index, 176,517
transport, 517,518
ultraviolet-visible absorption, 176,315,516

fixed wavelength,516
diode-array, 516
variable wavelength. 516

viscosity. 517
developing a separation. 523
gradient elution. 523
hyphenated techniques mass spectrometry, 451-453, 518
injector, 512

autosamplftS,512
loop-type injection valves, 512

isocratic elution. 523
pre-column derivatization. 518
post~olumn derivatization, 176,518
pump. 511,512
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quantitation" S23-S25
recorder/data system, 518
samplepreparation. 523, 524
separation modes. 174-176, 261.262,518-523

affinity.522,S23
metal chelate. 523

ion exchange. 114, 115. 261. 262,S2~522
ion chromatography. 521

nonnal phase, 174, 115,285-287,518,519
reversed phase, 175, 176,296,299-302,519,520 .
sizeexclusion, S22

with massspectrometry, 451, 453,518
Hollow cathode lamp, 431
Homogenization. 573
Hydrocolloids, 181-183, 191-193
Hydrogenation. oils, 223
HydIOlysis

methods of starch determination, 180,181
of lipids, 224, 226
of pectins, 184
of proteins to amino acids, 261

HydIOlytic rancidity, 225
Hydrometry, 132, 133, 184. See alsoMoisture, physical meth-

ods
Hyphenated techniques, 449-454,518,541

Ice melting, 593, 594
Immobilized enzymes, 363, 364
llnmunoaffinity columns, 323, 324
Immunoassays, 333-345

appUcations,316,322,323,344,345,376
allergens, 333, 345
extraneous matter, 376
food pathogens, 345
mycotoxin residues, 322, 323, 345
pesticide residues, 316

definitions, 333, 334
methodology, 334-339

agglutination, 336
hemagglutination. 336, 337
latex agglutination, 337

development, 339-342
electrophoresis, 338
enzyrne,334,344,345

competitive. 336
direct, 336
indirect. 336

sandwich, 334-336
fluoro,334

immunoaffinity columns, 323, 324
immunodiffusion. 337. 338
double diffusion, 337, 338
immunoelectrophoresis. 338
rocket immunoelectrophoresis, 338
single radial, 337

isotopic, 334
method validation, 3-U-W
nonisotopic,334-336
quantitative precipitin 338. 339
radio, 334
validation, 342-34-;

Immunoelectrophoresis, 338
Inductively coupled plasma. See Atomic emission spec

troscopy
Infraredspeet:roseopy, 415-424

applications-
carbohydrates, 184
fat. 213, 423
mid-intraced,-135, 213, 417
moisture, 135,423
near-infrared, 135, 184,213, 246,247,422,423
protein, 246,247,423
sugar,42J
wheat hardness, 423

mid-infrared
applications, 135, 213

absorption bands, 417,418
presentation of spectra, 417
qualitative, 417
quantitative, 417-419

instrumentation, 416,417
dispersive, 416
Fourier transforms, 416, 417
sample handling, 417

near-infrared
absorption bands, 419, 420
applications, 135, 184, 213, 246, 247, 422, 423
calibration, 422
diffuse reflectance measurements, 419
instrumentation, 419-421
principles, .n9
qualitative analysis, 422
quantitative methods, 421, 422

principles, 415
frequency of vibration, 415
infrared radiation, 415
molecular vibrstions, 415

sample handling, 417
In-line analyses, 135,423
Insoluble fiber. &e Fiber, insoluble
Internal standards, 177,261,315
International Organization for Standardization, 35, 457
International standards and policies

Codex Alimentarius Commission, 6,34,35
International Organization for Standardization, 35, 457
others, 35

Iodine value, oils, 223
Ion chromatography, 521
lon-exchange chromatography

anion exchangers, 174,491-494
applications. 174.175. 254, 255, 261, 262, 521, 522
cation exchangers, 175.491-494
HPLC, 174,176,261,262,52~522
principles. 254, 255,491-493

Ion selective electrodes, 158-162
activit)', 159. l60
applications, 161,162
calibration curves, 160
electrodes, 1sa, 159
equivalence point of titration, 160,161
standard addition, 161

lsoelectric focusing.. 258. 259

Index
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lsoelectric point, 253, 258
lscelectric precipitation, 253

Joint F,.)"O/WHO Expert Committee on Food Additives, 35

KJr[ Fischer titration, 130.131. $<!t: also Moisture
Kieldah] method, proteins, 239-241

LIbeling. 5« Government, regulations,
Laboratory automation. Sl!~ Computers. laboratory automa

tion
Labcratcry inIonnation management system. 89, 92, 465,

518
Lactometers, 132
Lane-Eynon method, 17~

Ligutd, affinity chromatography. 255, 495, 496
Light. St:e Spectroscopy
Light scattering. 579.5S0
Lignin, 18-1, 192. 193
Limit dextrin, 363
Linear regression. 62, 63
Lineweaver-Burk. 353,354

plot, 353, 354
formula, 353

Lipids,203-214,219-223
analyses of lipid fractions, 230-233

cholesterol content, 232, 234
gas chromatography, 230-233, 529
thin-layer chromatography, 233

antioxidants, 221, 228,229
characterization, methods, 219-232

acid value, 224, zzs
cloud point. 222, 223
cold test, 222
color, Lovibond,223
consistency. 22S
fat substitutes. 219,230
fatty acid composition, 230-232
fire point, 222
flash point, 222
free fatty acids, 2201, 225
hexanal, '227,228
iodine value, 223
melting point. 222
polar conponents, 226
refractive index, 222
sample preparation. 221
saponification number, 224
smoke point. 222
solid fat content, 225
soUd fat index, 225
trans isomer faty adds. 231. 232

choice of methods, 214.219
cholesterol, 132, 233
classification. 203,219

compcund, 203
derived. 203
monoW\saturated.219
polyunsaturated, 219
saturated,219
simple,203
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color. tovibond. 223
comparison of methods, 2H. 219
consistency, 225
content in foods, 203,204
defirUtions, 203.219
di1.J.toaletry,225
droplet size. 471,575,57&-581,58-1:
extraction, 192,205-212,211
f3t substitutes. 219, 230
tt3ctionation.230-232
high performance liquid chromatography analysis. 230,

520,522
importance of analysis, 203, 219
in dairy products, 207. 208. 210. 211
in flour, 208
in processed meats, 212
monounsaturated fat, 219
nuclear magnetic resonance analysis, 212. 213. 466, 4n.

474
oxidation, 226-230

evaluating present status, 226-228
anisidine value, 227
fluorescence microscopy, 226, 227
hexanal,227,228
peroxide value, '127
sample preparation, '127
thiobarbituric add test, 228
totox value, 227

evaluating stability.~230
active oxygen method, 229

oil stability index, 229
oxygen bomb, 229, 230

Schaal oven test, 229
phase transitions, 594-596
polar components, 226
polyunsaturated fatty acids, 219, 232
randdity, 224-230

hydrolytic, 224
oxidative, 226-230

saturated fat, 219
solid fal content, 212, 225, 466, 582
solid fat index, 225
solvent extraction, 205-210, 212
total content. methods. 203-214,466

instrumental methods, 212-214
colorimetric, 213
density measurement, 213
dielectric, 213
Foss-let, 213, 214
infrared, 213
Milko-Tester, 213
NMR, [ow resolution, ziz, 213, 466
ultrasonic, 213
x-ray absorption, 213

nonsolvent wet extraction, 210-212
Babcock, 210
detergent. 211
Gerber. 210, 211
refractive index. 211. 212

solvent extraction. 205-210
accelerated. 20&-210
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Goldfish, 206
Mojonnier. 207,208
sample preparation. 205,206
solid-phase, 221
solvent selection. 206
Soxhlet.206, 207
superaitical fluid, 208, 209

trans isomer fatty acids, 231
Upoxygaase, assay, 362
Liquid-liquid chromatography, 489491. 5« tdso Column

chromoatography
Lovibond method, 223
Lowry method, proteins, 242-243
Low temperature plasma ashing, 143, 147. See alsoAsh,

methods of determination
Lysine, availability, 275, 276

Magicangle spinning, 467-489
Magnetic: resonance. Sr.l. Nuclear magnetic resonance
Malic acid, assay, 362
Massanalyzers, 446,447
Mass specb:ometry (MS), 445-454

applications, 230, 314, 453, 454
gas chromatography. MS, 230, 314, 449, 450, 541
instrumentation. 445--447
irlterfaces,451-453
interpretation of mass spectra, 447-449
ionization. 445, 446
liquid chromatography - MS, 451-453, 518
mass analyzers, 446,447
sample introduction, 445

Matrix, food, 7, 8
Measures of central tendency. Su Data evaluation
Metal chelate affinity chromatography, 523
Melting point of lipids, 222
Methods of analysis. Su Assay methods or Standard meth-

ods
Michaelisconstant, 352, 353
Michaelis-Menten equation, 353
Microbiological assays

drug residues, 324,325
protein quality, 274
vitamins, 284, 2B5

MicroKjeldaht proteins, 240
Microscopy

carbohydrate analysis, 18-1.
emulsions, 578, 579
extraneous matter, 376
lipid oxidation analysis, 216, 227
protein analysis, 261, 262

Mid-infrared spectroscopy, 135, 213, 416-419. Seealso
Infrared spectroscopy

Milko-Tester; (at determination method, 213
Minerals, 1.j.~162, 427441. 5~r. alsoAsh

content in foods, 1-13, 14t 153, 154
determina tion

atomic absorption spectroscopy. 427--,133. 436--4-11
atomic emission spectroscopy, 427, 433--t41
atomic emission spectroscopy - inductively couple

plasrna,427,433-441
colorimetric methods, 158

comparison of methods, 162,440,441
dry ashiIlg, 143,. 145,146,436
EDTA complexornetric titration, 155, 156
gravimetric analysis, 154.155
interlettntes, 154,438-440
ion selective electrodes, 15S-162
low-temperature plasma ashing, 143, 147
microwave ashiJ'Ig, 147
precipitation titration. 156--159

Mohr titration. 156-1SS
Volhard titration, 157-159

redox reactions,156
sample preparation. 143-145, 154, 436
wet ashing. 143,146,147,436

importance in diet, 143
Modulated diBerenti.al scanning ca1orim~.erT"',592, 595
Moisture, 121-131

basis for reporting results, 121
comparison of methods, 137

intended purpose, 137
nature of sample, 137
principles, 137

content offoods, 121, 122
distillation methods, 128-130

elimination of errors, 129, 130
receiver tubes, 129
solvents, 128, 129
types. 128, 129

drying methods, 122-128
calculations, 125
decomposition. 123
ovens,122,125-128

forced draft, 123,125-127
infrared, 128
nti~wave,127,128

rapid moisture analyzer, 128
vacuum, 125-127

pans, 124,125
handling. 125
types, 125

removal of moisture. 123
surface crust formation, 125
temperature control, 123-125

fonns in foods, 121
adsorbed,121
free, 121
water of hydration, 121

ice melting. 593, 594
importance of assay,121
Karl Fischer titration method, 130, 131

applications, 130
endpoints, 130
reactions, 130
reagents. 130. 131
sources of error. 131

nuclear magnetic resonance imaging. 4i2, 474
physical methods. 131-136

electrical, 131
conductiVity, 131, 132
dielectric, 131

freezing point, 135, 136

Index
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hydrometry, 132,133,185
hydrometer, 132, 133, 155

alcoholometer, 133
Baume, 133
Brix, 133, 185
lactometer, 132
Twaddell, 133

pycnometer, 132. 135
Westphal balance, 133

infrared,l35
refnctometry, 1n-135, 185

refractive index, 13-1, 135, 185
refractometer, 133-135, 185

sample collection, 121, 122
total solids, 121, 125

Mojonnier method, fat analysis, 2ff7, 208
Molarity, 101, 102
Molecular energy levels. 391-393
Molecular exclusion. See Size exclusion
Monochromator, 4Q.H06. 416. 419, 433, 435, 516
Monosaccharides, 171-178, 1M, 135. Sl!ealso Carbohydrates,

methods of analysis
Munson-Walker method, 174
Mycotoxin residues, 317-324

methods of analysis, 321-324
biochemical, 322

immWloaffinity separations, 323, 324
UrunWlOassayS, 322,323

chemical screening, 321
quantitative chemical, 321, 322

occurrence, 317, 318
sampling. 318, 320, 321

Myoglobins, assay, 301,302

Near-infrared spectroscopy, 419--U3. See"also Infrared spec-
troscopy

Nemst equation, IDS, 160
Nessler colorimetric method, proteins, 2U
Net protein utilization. 2~270
Neutral detergent fiber, 193
Neutralization reactions, 101-103
Newtonian fluids, 555-557
Niacin, 284.28S
Ninhydrin method, proteins, 245
Non-Newtonian fluids, 536, 55i
Nonprotein-N compounds, 246, 247

amino acids, 261,262
separation from protein. 246, 247

Normality, 101, 102
Normal-phase chromatography, 174, 175,489,518,519
Nuclear magnetic resonance (N!'vlR).212, 213, 457-476, 581

applications
electron spin resonance. 476
emulsions, 581
high resolution, 468,469
lipid analysis. 212,213.466, 4il
magnetic resonance imaging. 471, 4n
pulsed field gradient, 471

electron paramagnetic resonance, 457
electron spin resonance. 457, 464, 413-176
frequency domain, 212. 213
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Fourier transform, 465-469
high resolution, 464, 466--169
instrumentation

electron spin resonance, 474. 475
high resolutiEln. 468
pulsed-field gradient, 471
magnetic resonance imaging. 4n
relaxometry,~6

low-resolution, 212
magic angle spinning, 467-469
magnetic resonance imaging.. 457, 464, 471-473
principles, 457-t63
pulsed, 212
pulsed-field gradient, 46-1, 469-471
pulse-Fourier transform, 466-469
relaxometry, 212, 213.4~6
sample requirements, 463
time domain low resolution, 212

Nutrient content claims, 46--51
Nutrition labeling. Set Government, regulations, labeling
Nutritional value of proteins. See Protein quality "

Oils. Sl!tLipids,
Oil stability index, 229
Otigosaccharides. Set Carbohydrates
On-line analyses, 135, 423
Organic acids, 102, 108,362,521
Ovens. 5« Moisture, drying methods
Oxidation, lipid, 226-230
Oxygen bomb, 229,230
Oxygen demand. 381-384

biochemical oxygen demand, 381-383
chemical oxygen demand, 381-383
comparison of methods. 382,383
sampling and handling, 383
total organic carbon, 382,.383

Packaging material volatiles, S+l
Paper chromatogTaphy, 497498
Partition chromatography. Sa Chromatography principles
Pectin. ~tCarbohydrates
Peroxidase, assay, 362
Peroxide value, 227
Pesticide residues. 17,24-27,32,307-327

methods of analysis, 307-327
automated chromatography, 314
~~errUcalconfUTnation,314

gaschromatography, 309, 314, 315
columns. 314
detectors, 314

high-performance liquid chromatography, 315
imcnunoassays,316
multiresidue,309
qualitative. 310
quantitative, 311-316
quantitation, 315,316
sample, 310-314

cleanup, 312. 313
derivatization,313,31~

extraction, 311, 312
handling, 311
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preparation, 311
single residue, 309, 310
thin-layer chromatography, 3'17

occurrence. 3ff1, 308
pesticid~ usage, 307-309
regulatiqns, 17. 24-27.32, 307. 308

other raw agricultural commodities, 25-27
seafood. 24
shellfish. 32
tolerance levels. 24. 26, 27, 3Oi,308

safety.328
types. 26, 27,30B

pH. 101, 103-107
acid-base equilibria. 103
activity coefficient. 103. 104
applications, 103, 107
meter, 103-107

calibration, 107
~ectn>des,I06, 107
operation, 107

principles, 103-106
Phase inversion, 575, 584
Phase transitions, 594-596
Phenol-sulfuric acid method, 172-173
Photomultiplier tube, 406, 433, 435.
Phototube, 406
Physical methods

color, 601-611
emulsions, 573-585
rheology, 553-569
thermal analysis, 589-598

Pigments, 295-303
distribution. 295
importance, 295
handling. 295
methods of analysis, 295-303. 520

anthocyaruns, 300-301
betaiains,301
carotenoids, 29~300
ciUorophylls,295,296
myoglobins. 301, 302
synthetic food dyes. 302

storage, 295
Planck's constant, 391, 415, 428
Polarimetry. 185
Polyacrylamide gel electrophoresis. 257.258
Polysaccharides. 169, 170. 178-184. 191-198.5,( also Carbo-

hydrates. methods of analysis
Polyunsaturated fatty acids, 219, 232
Potentiometer, 104
Potentiometry, 104-109. Seealso pH and Ion-selective elec

trades
Precipitation titration, mineral determination

Mohr, 15~158
Volhard.157-159

Precipitin reactions, 338, 339
Precision. analyses. 58-60.73
Preparation of samples. Sir Sample. preparation
Protein. 5« Proteins
Protein digestibility-corrected amino acid score. 44, 267. 270.

271

Index

Protein effidency ratio, 44, 247, 267-269
Protein needs, 2h7, 269
Protein. quality,.w, '267-276

amino add avwbility, 273, 274
in tritro.274
in T1ivo, 274
miaobiologicaI. 274

amino acid scoring patterns
amino acid score. 44.270
caleu.lated.proteinelfidency ratio, 271;273
disaiminate calculated protein efficiency ratio, 271
essential amino acid index, 271
protein di~tibility-correctedamino acid score, 267,

270,m
digestibility

corrected amino add score. 44, 267, 270, 271
in tritra. 272, 273

pH-shift, 272,. 273
pH-stat,273
immobilized digestive enzyme. 273

in TlitJo, 271-273
apparent. 272
true. 272

estimates of protein needs, 235,236
growthtechniques, 268,269

net protein ratio. 269
protein efficiency ratio, 44,267-269

lysine. availablity,275.276
dye binding, 275, 276
enzymatic, 275
l-fiuoro-2.4-dinitrobenzene, 2.75
trinitrobenzenesulphonic acid. 275

nitrogen balance techniques. 268-270
biological value, 269,270
net protein utilization, 270

regu1ation5,44.,267,268
sulfur-eontaining amino acids, availability, 276

Proteins, 239-279
amino add analysis, 261. 262
amino adds in. 267
classification. 239
content in foods, 239,240
importance of analysis, 239
methods of analysis, 239-247

bicinchoninic acid, 243
biuret, 242
comparison of, 247
Dumas, 246
dye binding, 244, 245

anionic dye. 244. 245
Bradford method, 245

infrared, 2~, 247
Kjeldahl,239-241
Lowry,242.243
Nessler colorimetric, 241
Ninhydrin. 245 .
nitrogen combustion. 246
phenol teagent. 241
selection of. 247
turbidimetric,. 246
ultraviolet 280 nrn absorption. 243. 244
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robotic drive mechanisms, 91
sensors, 91

systems integration. 92, 94
Rocket immunoelectrophoresis, 338
Roese-Gottlieb method, fat determination, 20, 2(17
Rounding rules

analytical data, 66, 67
nutrition labeling, 44, 45

Salting out proteins, 253
Sampler types,7S-77
Samples, 6, 73, 19-81. See also individual food constituents

preparation, 79-81
contamination, 81
enzymatic inactivation, SO, 81
grinding, 80
lipid protection, 81
microbial growth, 81
size reduction, 79,80.

types, 73
Sampling

mycotoxins,75,318-321
nutrition labeling, 44, 46
pestidde residues, 311
plans, 73-75
problems, 79, 318-321
procedures, 73-79
selection of procedure, 73---75

factors affecting choice, 74
risks, 75

size, 78, 79
statistical considerations. 78. 79

Saponi£ication number. oils. 224
Scanning electron microscopy. 184. 3i6. 579
Schaaloven test, oils, 229
Screening tests in food analysis. 310,321. 324.325
Sedimentation. 575, 580. 581,584
Selection. assay methods, 7-9
Sensitivity, analyses, 61. 62.344. 438
Shear. 5« Rheology
Significant figures, 65. 66
Size-exclusion chromatography

applications. 256,257. 495,522
fractionation range. 495
hydrophobia media, 495
hydrophilic gels, 495
molecular weight estimation, 256,257

Slip melting point. 222
Solid fat content. 225, 466. 582
Solid fat index. 225
Solid-phase extraction, 313,532
Solubility criteria for lipids. 203
Soluble fiber. Su Fiber. soluble
Solvent extraction

lipids, 205-210,212
GC analysis, 532
pesticides. 311-313

Solvent fractionation. proteins, 253. 2.S4
Somogyi-Nelson method,l73
Soxhlet method. fat analysis, 206, 207
Specific gravity, 132, 133,184

Speci.6cations,32,33
Commercial Item Descriptions, 33
Commodity Specifications. 33
Federal Speciiications, 32, 33
Mili~·33.

Purchase Product Desaiption. 33
USDASpecifications. 33

Specificity,analyses, 61,343,344
Spectroscop~386-4Bl

absorption. basis of quantitation
absorbanct, 399, 400
Beer's law, 158, 243, 400,401,417,430,437,516
molu absorptivity, 400
reference cell, 400
transmittance, 399, 400

calibration curves,62.0.65;402-.4Q4
energy level transitions, 394-396, 427, 428

absorption. 394,395, 427, 428
emission, 395,396,427, 428
resonance line, 428.
resonance transition. 428

energy states of matter. 391-396
levels, 391-394

electronic, 391, 392
nuclear, 393, 394
rotational. 393
transitions, 394-396

absorption of radiation, 394, 395
emission of radiation, M5, 396

vibrational, 392
quantum nature, 391

errors. 401
instrumentation, UV-visible, 401-408

cells,401,402
detectors. 406, 407
light SOUl'C'eS. 404
monochromators. 404-406

.instrument design, 407, 408
double-beam, 407, 408
sUlgle-beatn,407,408

light, 389-391
interferences, 390, 391
properties.3S9,390
terminology. 390

sample preparation, 401
types,~81

atomic absorption, 427-133. 436-Hl
atomic emission. 427, 433-441
fluorescence,395.40B-410
infrared, 415-42.3

mid-, 135,213,416-419
near-, 135. 184, 213. 246, 247, 419-4.23

mass. 445--154
nuclear magnetic resonance, ,157--476
ultraviolet. 399-408
visible, 399-tOB

UV-visible.399-408
wavelength selection, 402

Spices
extraneous matter, 371
fumigant. 544.545
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