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Prefaceto the Third Edition

More than a decade has passed since the publication of the second edition of Food Chemistry, so the appropriateness of an
updated version should be gpparent. The purposes of the book remain unchanged: it is primarily atextbook for upper division
undergraduates and beginning graduate students who have sound backgroundsin organic chemistry and biochemistry, and is
secondarily areference book. Information on food andysisisintentionaly absent, except where its presencefitslogicaly with
the topic under discussion. As atextbook for undergraduates, it is designed to serve asthe basis of atwo-semester course on
food chemistry with the assumption that the instructor will make sdlective reading assignments as deemed appropriate. Individua
chaptersin the book should be useful asthe basis of graduate-level courses on specialized topicsin food chemistry.

Thethird edition differsin several important respects from the second. The chapters prepared by first-time contributors are
totally new. These cover such topics as proteins, dispersons, enzymes, vitamins, minerals, anima tissues, toxicants, and
pigments. Chapters by contributors to the second edition have been thoroughly revised. For example, in the chapter “Water and
Ice,” amgjor addition dealswith molecular mobility and glass trangtion phenomena. The result isabook that is more than 60%
new, has greatly improved graphics, and is better focused on materia that is unique to food chemistry.

Chapters have been added on the topics of digpersons and minerds. In the second edition, treatment of dispersons was
accomplished in the chapters“Lipids,” “Proteins,” and “ Carbohydrates,” and minerals were covered in the chapter “Vitamins
and Minerds.” Although this was organizationaly sound, the result was superficia trestment of dispersonsand minerds. The
new chapters on these topics provide depth of coverage that is more consistent with the remainder of the book. Associated with
these changesis achapter, written by anew contributor, that is now devoted solely to vitamins. It ismy belief that this chapter
represents the first complete, in-depth treatise on vitamins with an emphasis on food chemistry.

| would be remiss not to thank the contributors for their hard work and tolerance of my sometimes severe editoria oversight.
They have produced abook that is of first-rate quality. After twenty years and two previous editions, | am findly satisfied that all
major topics are covered appropriately with regard to breadth and depth of coverage, and that a proper focus on reactions
pertaining specificaly to foods has been achieved. Thisfocus successfully dis-
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tinguishes food chemistry from biochemistry in the same sense that biochemistry is distinct from, yet till dependent on, organic
chemidlry.

Although I have planned and edited this edition with great care, minor errors are inevitable, especialy in thefirgt printing. If these
are discovered, | would very much gppreciate hearing from you so that corrections can be effected promptly.

OWEN R. FENNEMA
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Prefaceto the Second Edition

Congderable time has passed since publication of the favorably received first edition so anew edition seems appropriate. The
purpose of the book remains unchanged—it isintended to serve as atextbook for upper division undergraduates or beginning
graduate students who have sound backgroundsin organic chemistry and biochemistry, and to provide insight to researchers
interested in food chemistry. Although the book is most suitable for atwo-semester course on food chemidtry, it can be adapted
to aone-semester course by specifying selective reading assignments. It should aso be noted that severa chapters are of
aufficient length and depth to be useful as primary source materidsfor graduate-level specidty courses.

This edition has the same organization asthefirgt, but differs substantialy in other ways. The chapters on carbohydrates, lipids,
proteins, flavors, and milk and the concluding chapter have new authors and are, therefore, entirely new. The chapter on food
dispersions has been deleted and the materia distributed at appropriate locationsin other chapters. The remaining chapters,
without exception, have been substantially modified, and the index has been greetly expanded, including the addition of a
chemicd index. Furthermore, this edition, in contrast to thefirgt, is more heavily weighted in the direction of subject matter that is
unique to food chemigtry, i.e., thereisless overlap with materials covered in standard biochemistry courses. Thus the book has
undergone mgor remodeling and refinement, and | am indebted to the various authorsfor their fine contributions and for their
tolerance of my sometimes severe editoria guidance.

This book, in my opinion, provides comprehensive coverage of the subject of food chemigtry with the same depth and
thoroughnessthat is characteristic of the better quaity introductory textbooks on organic chemistry and biochemistry. This, |
believe, isadgnificant achievement that reflects adesirable maturation of thefield of food chemigtry.

OWEN R. FENNEMA
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Prefaceto the First Edition

For many years, an acute need has existed for afood chemistry textbook that is suitable for food science studentswith
backgroundsin organic chemistry and biochemistry. Thisbook is designed primarily to fill the aforementioned need, and
secondarily, to serve as areference source for personsinvolved in food research, food product development, quality assurance,
food processing, and in other activities related to the food industry.

Careful thought was given to the number of contributors selected for thiswork, and a decision was made to use different authors
for dmost every chapter. Although involvement of many authors resultsin potential hazards with respect to uneven coverage,
differing philosophies, unwarranted duplication, and inadvertent omission of important materids, this approach was deemed
necessary to enable the many facets of food chemistry to be covered at a depth adequate for the primary audience. Sincel am
acutely aware of the above pitfalls, care has been taken to minimize them, and | believe the end product, consdering it isafirst
edition, isredly quite satisfying—except perhaps for the somewhat generous length. If the readers concur with my judgment, |
will be pleased but unsurprised, since abook prepared by such outstanding personnel can hardly fail, unless of course the editor
mismanagesthe taent.

Organization of the book is quite ssmple and | hope appropriate. Covered in sequence are major congtituents of food, minor
condtituents of food, food dispersions, edible animal tissues, edible fluids of anima origin, edible plant tissues and interactions
among food congtituents—the intent being to progress from smple to more complex systems. Complete coverage of dl aspects
of food chemistry, of course, has not been attempted. It is hoped, however, that the topics of greatest importance have been
treated adequately. In order to help achieve this objective, emphasis has been given to broadly based principlesthat apply to
many foods.

Figures and tables have been used liberdly in the beief that this approach facilitates understanding of the subject matter
presented. The number of references cited should be adequate to permit easy access to additiona information.

To all readers| extend an invitation to report errors that no doubt have escaped my attention, and to offer suggestions for
improvements that can be incorporated in future (hopefuly) editions.

Since enjoyment isan unlikely reader response to this book, the best | can hope for isthat readerswill find it enlightening and
well suited for itsintended purpose.

OWEN R. FENNEMA
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1
I ntroduction to Food Chemistry

Owen R. Fennema

University of Wisconsn—Madison, Madison, Wisconsin

Steven R. Tannenbaum

Massachusetts I nstitute of Technology, Cambridge, M assachusetts
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Processing of Food

1.4. Societal Role of Food Chemists 13
1.4.1. Why Should Food Chemists Become Involved in Societal 13
| ssues?
1.4.2. Typesof Involvement 13

References 15

1.1 What isFood Chemistry?

Concern about food exigts throughout the world, but the aspects of concern differ with location. In underdevel oped regions of
the world, the bulk of the population isinvolved in food production, yet attainment of adequate amounts and kinds of basic
nutrients remains an ever-present problem. In developed regions of the world, food production is highly mechanized and only a
small fraction of the population isinvolved in this activity. Food is available in abundance, much of it is processed, and the use of
chemica additivesis common. In these fortunate locdlities, concerns about food relate mainly to cost, quality, variety,
convenience, and the effects of processing and added chemica's on wholesomeness and nutritive value. All of these concernsfall
within the realm of food science—a science that deal s with the physical, chemical, and biologica properties of foods asthey
relate to stability, cost, qudity, processing, safety, nutritive value, wholesomeness, and convenience.

Food scienceis an interdisciplinary subject involving primarily bacteriology, chemidry,
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biology, and engineering. Food chemistry, amgjor aspect of food science, deas with the composition and properties of food
and the chemica changesit undergoes during handling, processing, and storage. Food chemistry isintimately related to
chemisgtry, biochemistry, physiologica chemistry, botany, zoology, and molecular biology. Thefood chemist relies heavily on
knowledge of the aforementioned sciences to effectively study and control biologica substances as sources of human food.
Knowledge of the innate properties of biologica substances and mastery of the means of manipulating them are common
interests of both food chemists and biologica scientists. The primary interests of biologica scientistsinclude reproduction,
growth, and changes that biologica substances undergo under environmenta conditions that are compatible or marginaly
compatible with life. To the contrary, food chemists are concerned primarily with biological substancesthat are dead or dying
(postharvest physiology of plants and postmortem physiology of muscle) and changes they undergo when exposed to avery
wide range of environmental conditions. For example, conditions suitable for sustaining residua life processes are of concernto
food chemists during the marketing of fresh fruits and vegetabl es, whereas conditions incompatible with life processes are of
major interest when long-term preservation of food is attempted. In addition, food chemists are concerned with the chemical
properties of disrupted food tissues (flour, fruit and vegetable juices, isolated and modified congtituents, and manufactured
foods), single-cdl sources of food (eggs and microorganisms), and one mgjor biologica fluid, milk. In summary, food chemists
have much in common with biologica scientists, yet they dso have intereststhat are distinctly different and are of the utmost
importance to humankind.

1.2 Higtory of Food Chemistry

The origins of food chemistry are obscure, and details of its history have not yet been rigoroudy studied and recorded. Thisis
not surprising, sSince food chemistry did not acquire aclear identity until the twentieth century and its history is deeply entangled
with that of agricultura chemistry for which historical documentation is not consdered exhaustive [5,14]. Thus, thefollowing
brief excurdgon into the history of food chemigtry isincomplete and selective. Nonetheless, available information is sufficient to
indicate when, where, and why certain key eventsin food chemistry occurred, and to relate some of these eventsto mgor
changesin the wholesomeness of the food supply since the early 1800s.

Although the origin of food chemigtry, in asense, extendsto antiquity, the most significant discoveries, aswe judge them today,
began in thelate 1700s. The best accounts of devel opments during this period are those of Filby [12] and Browne [5], and
these sources have been relied upon for much of the information presented here.

During the period of 17801850 a number of famous chemists made important discoveries, many of which related directly or
indirectly to the chemistry of food. The works of Schedle, Lavoisier, de Saussure, Gay-L ussac, Thenard, Davy, Berzdlius,
Thomson, Beaumont, and Liebig contain the origins of modern food chemistry. Some may question whether these scientidts,
whose most famous discoveries bear little relationship to food chemistry, deserve recognition as mgor figuresin the origins of
modern food chemistry. Although it isadmittedly difficult to categorize early scientists as chemigts, bacteriologists, or food
chemidts, it isrelatively easy to determine whether agiven scientist made substantia contributionsto agiven field of science.
From the following brief examplesit isclearly evident that many of these scientists studied foods intensively and made
discoveries of such fundamenta importance to food chemistry that exclusion of their contributions from any historical account of
food chemistry would be inappropriate.

Carl Wilhelm Schedle (1742—-1786), a Swedish pharmacist, was one of the greatest
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chemigs of al time. In addition to his more famous discoveries of chlorine, glycerol, and oxygen (3 years before Priestly, but
unpublished), he isolated and studied the properties of lactose (1780), prepared mucic acid by oxidation of lactic acid (1780),
devised ameans of preserving vinegar by means of heat (1782, well in advance of Appert's“discovery”), isolated citric acid
from lemon juice (1784) and gooseberries (1785), isolated malic acid from apples (1785), and tested 20 common fruits for the
presence of citric, malic, and tartaric acids (1785). Hisisolation of various new chemical compounds from plant and animal
substances is considered the beginning of accurate anadytical research in agricultural and food chemistry.

The French chemist Antoine Laurent Lavoiser (1743-1794) wasingrumenta in the fina regjection of the phlogiston theory and
in formulating the principles of modern chemistry. With respect to food chemistry, he established the fundamenta principles of
combustion organic analysis, he was the first to show that the process of fermentation could be expressed as a balanced
equation, he made thefirgt attempt to determine the elemental composition of acohol (1784), and he presented one of the first
papers (1786) on organic acids of various fruits.

(Nicolas) Théodore de Saussure (1767-1845), a French chemist, did much to formalize and clarify the principles of agricultura
and food chemigtry provided by Lavoisier. He aso studied CO. and O: changes during plant respiration (1840), studied the
minera contents of plants by ashing, and made the first accurate dementa analysis of alcohol (1807).

Joseph Louis Gay-L ussac (1778-1850) and Louis-Jacques Thenard (1777-1857) devised in 1811 the first method to
determine percentages of carbon, hydrogen, and nitrogen in dry vegetable substances.

The English chemist Sir Humphrey Davy (1778-1829) in the years 1807 and 1808 isolated the elementsK, Na, Ba, Sr, Ca,
and Mg. His contributionsto agricultural and food chemistry came largely through his books on agricultural chemistry, of which
the first (1813) was Elements of Agriculture Chemistry, in a Course of Lectures for the Board of Agriculture [8]. His

books served to organize and clarify knowledge existing at that time. In the first edition he stated,

All the different parts of plants are capable of being decomposed into a few elements. Their uses as food, or for the purpose of the arts,
depend upon compound arrangements of these elements, which are capable of being produced either from their organized parts, or from
the juices they contain; and the examination of the nature of these substances is an essential part of agricultural chemistry.

In thefifth edition he stated that plants are usualy composed of only seven or eight elements, and that [9] “the most essentid
vegetable substances consst of hydrogen, carbon, and oxygen in different proportion, generadly adone, but in some few cases
combined with azote [nitrogen]” (p. 121).

The works of the Swedish chemist Jons Jacob Berzelius (1779-1848) and the Scottish chemist Thomas Thomson (1773-1852)
resulted in the beginnings of organic formulas, “without which organic analysis would be atrackless desert and food andyssan
endlesstask” [12]. Berzelius determined the elemental components of about 2000 compounds, thereby verifying the law of
definite proportions. He aso devised ameans of accurately determining the water content of organic substances, adeficiency in
the method of Gay-L ussac and Thenard. Moreover, Thomson showed that laws governing the composition of inorganic
substances apply equaly well to organic substances, a point of immense importance.

In abook entitled Considérations génerales sur |' analyse organique et sur ses applications [6], Michel Eugene Chevreul
(1786-1889), a French chemi4t, listed the elements known to exist at that timein organic substances (O, Cl, I,N, S, P, C, S,
H, Al, Mg, Ca, Na, K, Mn, Fe) and cited the processes then available for organic analysis: (a) extraction with aneutral solvent,
such aswater, acohol, or agueous ether, (b) dow didtillation, or fractiona ditillation,
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(c) seam didtillation, (d) passing the substance through atube heated to incandescence, and (€) andysis with oxygen. Chevreul
was apioneer in the analysis of organic substances, and his classic research on the composition of animal fat led to the discovery
and naming of stearic and oleic acids.

Dr. William Beaumont (1785-1853), an American Army surgeon stationed at Fort Mackinac, Mich., performed classic
experiments on gastric digestion that destroyed the concept existing from the time of Hippocrates that food contained asingle
nutritive component. His experiments were performed during the period 1825-1833 on a Canadian, Alexis &t. Martin, whose
musket wound afforded direct access to the scomach interior, thereby enabling food to be introduced and subsequently
examined for digestive changes|[4].

Among his many notable accomplishments, Justus von Liebig (1803-1873) showed in 1837 that acetaldehyde occursas an
intermediate between acohol and acetic acid during fermentation of vinegar. In 1842 he classified foods as either nitrogenous
(vegetablefibrin, abumin, casain, and animal flesh and blood) or nonnitrogenous (fats, carbohydrates, and a coholic beverages).
Although this classification isnot correct in severa respects, it served to distinguish important differences among various foods.
He dso perfected methods for the quantitative analysis of organic substances, especialy by combustion, and he published in
1847 what is apparently the first book on food chemistry, Researches on the Chemistry of Food [18]. Included in this book
are accounts of his research on the water-soluble congtituents of muscle (cregtine, creatinine, sarcosine, inosinic acid, lactic acid,
efc.).

It isinteresting that the developments just reviewed paralleled the beginning of serious and widespread adulteration of food, and
it isno exaggeration to Sate that the need to detect impuritiesin food was amaor stimulus for the development of andytica
chemistry in generd and andytical food chemigtry in particular. Unfortunately, it isaso true that advancesin chemigiry
contributed somewhat to the adulteration of food, since unscrupulous purveyors of food were able to profit from the availability
of chemicd literature, including formulas for adulterated food, and could replace older, less effective empirical approachesto
food adulteration with more efficient gpproaches based on scientific principles. Thus, the history of food chemistry and the
history of food adulteration are closdly interwoven by the threads of severd causative relationships, and it istherefore
appropriate to consder the matter of food adulteration from ahistorical perspective[12].

The history of food adulteration in the currently more developed countries of the world fallsinto three distinct phases. From
ancient times to about 1820 food adulteration was not a serious problem and there was little need for methods of detection. The
most obvious explanation for this Stuation was that food was procured from small businesses or individuals, and transactions
involved alarge measure of interpersona accountability. The second phase began in the early 1800s, when intentiona food
adulteration increased gresetly in both frequency and seriousness. This devel opment can be attributed primarily to increased
centralization of food processing and distribution, with acorresponding decline in interpersona accountability, and partly to the
rise of modern chemistry, as dready mentioned. Intentional adulteration of food remained a serious problem until about 1920,
which marksthe end of phase two and the beginning of phase three. At this point regulatory pressures and effective methods of
detection reduced the frequency and seriousness of intentiona food adulteration to acceptable levels, and the Situation has
gradualy improved up to the present time.

Some would argue that a fourth phase of food adulteration began about 1950, when foods containing lega chemical additives
became increasingly prevaent, when the use of highly processed foods increased to a point where they represented amajor part
of the diet of personsin most of the indugtridized countries, and when contamination of some foods with undesirable by-
products of industridization, such as mercury, lead, and pesticides, became of public and
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regulatory concern. The validity of this contention is hotly debated and disagreement persiststo this day. Nevertheless, the
course of action in the next few years seems clear. Public concern over the safety and nutritional adequacy of the food supply
has aready led to some recent changes, both voluntary and involuntary, in the manner in which foods are produced, handled,
and processed, and more such actions are inevitable as we learn more about proper handling practices for food and as estimates
of maximum tolerable intake of undesirable constituents become more accurate,

The early 1800swas a period of especidly intense public concern over the quaity and safety of the food supply. This concern,
or more properly indignation, was aroused in England by Frederick Accum's publication A Treatise on Adulterations of Food
[1] and by an anonymous publication entitled Death in the Pot [3]. Accum claimed that “Indeed, it would be difficult to mention
asngle article of food which is not to be met with in an adulterated state; and there are some substances which are scarcely ever
to be procured genuine’ (p. 14). He further remarked, “ It is not less lamentable that the extensive gpplication of chemistry to the
useful purposes of life, should have been perverted into an auxiliary to this nefarioustraffic [adulteration]” (p. 20).

Although Filby [12] asserted that Accum's accusations were somewhat overstated, the seriousness of intentional adulteration of
food that prevailed in the early 1800sis clearly exemplified by the following not uncommon adulterants cited by both Accum and

Filby:

Annatto: Adulterantsincluded turmeric, rye, barley, whest flour, calcium sulfate and carbonate, salt, and Venetian red (ferric
oxide, which in turn was sometimes adulterated with red lead and copper).

Pepper, black: Thisimportant product was commonly adulterated with gravel, leaves, twigs, stalks, pepper dust, linseed
meal, and ground parts of plants other than pepper.

Pepper, cayenne. Substances such as vermillion (a-mercury sulfide), ocher (native earthy mixtures of metallic oxidesand
clay), and turmeric were commonly added to overcome bleaching that resulted from exposure to light.

Essentid ails: Oil of turpentine, other oils, and acohal.

Vinegar: Sulfuric acid

Lemon juice: Sulfuric and other acids

Coffee: Roasted grains, occasionaly roasted carrots or scorched beans and pess; dso, baked horse liver.
Tea Spent, redried tealeaves, and leaves of many other plants.

Milk: Watering was the main form of adulteration; aso, the addition of chalk, starch, turmeric (color), gums, and sodawas
common. Occasiondly encountered were gelatin, dextrin, glucose, preservatives (borax, boric acid, sdicylic acid, sodium
sdlicylate, potassum nitrate, sodium fluoride, and benzoate), and such colors as annatto, saffron, caramel, and some
sulfonated dyes.

Beer: “Black extract,” obtained by boiling the poisonous berries of Cocculus indicus in water and concentrating the fluid,
was gpparently acommon additive. This extract imparted flavor, narcotic properties, additiona intoxicating qudities, and
toxicity to the beverage.

Wine: Colorants. dum, husks of elderberries, Brazil wood, and burnt sugar, among others. Havors: bitter amonds, tincture
of raisin seeds, sweet-brier, orisroot, and others. Aging agents: bitartrate of potash, “oenathis’ ether (heptyl ether), and lead
sdts. Preservatives: sdicylic acid, benzoic acid, fluoborates, and lead sdts. Antacids. lime, chalk, gypsum, and lead sdlts.

Sugar: Sand, dugt, lime, pulp, and coloring matters.

Butter: Excessive sdt and water, potato flour, and curds.
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Chocolate: Starch, ground sea biscuits, tallow, brick dust, ocher, Venetian red (ferric oxide), and potato flour.
Bread: Alum, and flour made from products other than whet.
Confectionery products. Colorants containing lead and arsenic.

Once the seriousness of food adulteration in the early 1800s was made evident to the public, remedia forces gradudly
increased. Thesetook the form of new legidation to make adulteration unlawful, and greetly expanded efforts by chemiststo
learn about the native properties of foods, the chemicals commonly used as adulterants, and the means of detecting them. Thus,
during the period 1820-1850, chemistry and food chemistry began to assume importance in Europe. This was possible because
of thework of the scientists dready cited, and was stimulated largely by the establishment of chemica research |aboratories for
young students in various universities and by the founding of new journasfor chemical research [5]. Since then, advancesin
food chemistry have continued at an accel erated pace, and some of these advances, along with causative factors, are mentioned
below.

In 1860, the first publicly supported agriculture experiment station was established in Weede, Germany, and W. Hanneberg and
F. Stohmann were appointed director and chemist, respectively. Based largely on the work of earlier chemists, they developed
an important procedure for the routine determination of mgjor condtituentsin food. By dividing agiven sampleinto severd
portions they were able to determine moisture content, “crude fat,” ash, and nitrogen. Then, by multiplying the nitrogen vaue by
6.25, they arrived at its protein content. Sequentia digestion with dilute acid and dilute akali yielded aresdue termed “ crude
fiber.” The portion remaining after removal of protein, fat, ash, and crude fiber was termed “ nitrogen-free extract,” and thiswas
believed to represent utilizable carbohydrate. Unfortunately, for many years chemists and physiologists wrongfully assumed that
like values obtained by this procedure represented like nutritive value, regardless of the kind of food [20].

In 1871, Jean Baptiste Duman (1800—1884) suggested that a diet consisting of only protein, carbohydrate, and fat was
inadequate to support life.

In 1862, the Congress of the United States passed the Land-Grant College Act, authored by Justin Smith Morrill. Thisact

hel ped establish colleges of agriculturein the United States and provided considerable impetus for the training of agricultura and
food chemists. Alsoin 1862, the United States Department of Agriculture was established and | saac Newton was gppointed the
first commissioner.

In 1863, Harvey Washington Wiley became chief chemist of the U.S. Department of Agriculture, from which office heled the
campaign against misbranded and adulterated food, culminating in passage of the first Pure Food and Drug Act in the United
States (1906).

In 1887, agriculture experiment stations were established in the United States following enactment of the Hatch Act.
Representative William H. Hatch of Missouri, Chairman of the House Committee on Agriculture, was author of the act. Asa
result, the world's largest nationa system of agriculture experiment stations came into existence, and this had agreat impact on
food research in the United States.

During thefirst haf of the twentieth century, most of the essentia dietary substances were discovered and characterized, namely,
vitamins, mineras, fatty acids, and some amino acids.

The devel opment and extendve use of chemicasto aid in the growth, manufacture, and marketing of foods was an especidly
noteworthy and contentious event in the middle 1900s.

Thishigtorica review, athough brief, makes the current food supply seem amost perfect in comparison to that which existed in
the 1800s.
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1.3 Approach to the Study of Food Chemistry

It isdesirable to establish an analytical approach to the chemisiry of food formulation, processing, and storage stability, so that
facts derived from the study of one food or model system can enhance our understanding of other products. There are four
components to this approach: (a) determining those properties that are important characteristics of safe, high-quality foods, (b)
determining those chemica and biochemica reactionsthat have important influences on lass of quality and/or wholesomeness of
foods, () integrating the first two points so that one understands how the key chemica and biochemical reactionsinfluence
quality and safety, and (d) applying this understanding to various Situations encountered during formulation, processing, and
storage of food.

1.3.1 Quality and Safety Attributes

It isessentia to reiterate that safety isthefirst requisite of any food. In abroad sense, this means afood must be free of any
harmful chemica or microbid contaminant at the time of its consumption. For operational purposesthis definition takeson a
more gpplied form. In the canning industry, “ commercia” sterility as gpplied to low-acid foods means the absence of viable
spores of Clostridium botulinum. Thisin turn can be trandated into a pecific st of heating conditions for a specific product in
aspecific package. Given these heating requirements, one can then select specific time-temperature conditions that will optimize
retention of qudity attributes. Smilarly, in a product such as peanut butter, operationa safety can be regarded primarily asthe
absence of aflatoxins—carcinogenic substances produced by certain species of molds. Steps taken to prevent growth of the
mold in question may or may not interfere with retention of some other quality attribute; neverthel ess, conditions producing a safe
product must be employed.

A lig of quality attributes of food and some dterations they can undergo during processing and storageisgivenin Table 1. The
changesthat can occur, with the exception of those involving nutritive value and safety, are readily evident to the consumer.

1.3.2 Chemical and Biochemical Reactions

Many reactions can dter food quality or safety. Some of the more important classes of these reactions are listed in Table 2.
Each reaction class can involve different reactants or substrates depending on the specific food and the particular conditionsfor
handling, processing, or storage. They are treated as reaction classes because the genera nature of the substrates or reactantsis
amilar for al foods. Thus, nonenzymic browning involves reaction of carbonyl compounds, which can arise from existing
reducing sugars or from diverse reactions, such as oxidation of ascorbic acid, hydrolysis of starch, or oxidation of lipids.
Oxidation may involvelipids, proteins, vitamins, or pigments, and more specificaly, oxidation of lipids may involve
triacylglycerolsin one food or phospholipidsin another. Discussion of these reactionsin detail will occur in subsequent chapters
of this book.

1.3.3 Effect of Reactions on the Quality and Safety of Food

Thereactionslisted in Table 3 cause the dterationslisted in Table 1. Integration of the information contained in both tables can
lead to an understanding of the causes of food deterioration. Deterioration of food usudly consists of aseries of primary events
followed by



TABLE 1 Classification of Alterations That Can Occur in Food During Handling,

Processing, or Storage
Attribute

Texture

Flavor

Color

Nutritive value

Safety

Alteration

Loss of solubility

Loss of water-holding capacity
Toughening

Softening

Development of:

Rancidity (hydrolytic or oxidative)
Cooked or caramel flavors

Other off-flavors

Desirable flavors

Darkening

Bleaching

Development of other off-colors

Development of desirable colors (e.g., browning of baked goods)

Loss, degradation or altered bioavailability of proteins, lipids,
vitamins, minerals

Generation of toxic substances
Development of substances that are protective to health
Inactivation of toxic substances
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secondary events, which, in turn, become evident as dtered quality attributes (Table 1). Examples of sequences of thistype are
shown in Table 3. Note particularly that agiven quality attribute can be altered as aresult of severa different primary events.

The sequencesin Table 3 can be applied in two directions. Operating from |eft to right one can consider aparticular primary
event, the associated secondary events, and the effect on a

TABLE 2 Some Chemical and Biochemical Reactions That Can Lead to Alteration of Food Quality

or Safety

Types of reaction
Nonenzymic browning
Enzymic browning

Oxidation

Hydrolysis

Metal interactions

Lipid isomerization
Lipid cyclization
Lipid polymerization
Protein denaturation

Protein cross-linking

Examples
Baked goods
Cut fruits

Lipids (off-flavors), vitamin degradation, pigment
decoloration, proteins (loss of nutritive value)

Lipids, proteins, vitamins, carbohydrates, pigments

Complexation (anthocyanins), loss of Mg from chlorophyll,

catalysis of oxidation

Cis ™ trans, nonconjugated —° conjugated
Monocyclic fatty acids

Foaming during deep fat frying

Egg white coagulation, enzyme inactivation

Loss of nutritive value during alkali processing

Polysaccharide synthesis In plants postharvest

Glycolytic changes

Animal tissue postmortem, plant tissue postharvest






Page 9

TABLE 3 Cause-and-Effect Relationships Pertaining to Food Alterations During Handling, Storage, and

Processing
Primary causative event
Hydrolysis of lipids

Hydrolysis of
polysaccharides

Oxidation of lipids

Bruising of fruit

Heating of green

vegetables

Heating of muscle tissue

Cis ™ trans conversions
in lipids

Secondary event
Free fatty acids react with protein

Sugars react with proteins

Oxidation products react with many other
constituents

Cells break, enzymes are released, oxygen
accessible

Cell walls and membranes lose integrity,
acids are released, enzymes become inactive

Proteins denature and aggregate, enzymes
become inactive

Enhanced rate of polymerization during
deep fat frying

Attribute influenced (see Table 1)

Texture, flavor, nutritive value

Texture, flavor, color, nutritive
value

Texture, flavor, color, nutritive
value; toxic substances can be
generated

Texture, flavor, color, nutritive
value

Texture, flavor, color, nutritive
value

Texture, flavor, color, nutritive
value

Excessive foaming during deep fat
frying; diminished bioavailability
of lipids

qudlity attribute. Alternatively, one can determine the probable cause(s) of an observed quality change (column 3, Table 3) by
consdering al primary eventsthat could be involved and then isolating, by appropriate chemical tests, the key primary event.
The utility of constructing such sequencesisthat they encourage one to approach problems of food ateration in an andytica

manner.

Figure 1 isasmpligtic summary of reactions and interactions of the mgjor congtituents

1 L O HEHT #| PEROXIDES @..+OXIDIZED E
CATALYSTS
1
| R ———
HEAT u
STRONG ACID / PIGMEMTS OFF-FLAMDRS
c STROMG BASE REACTIVE WITAMIMNS OFF—COLORS
| % b ‘{ ; FLAVORS LOSS OF
it MUTRITIVE WaLUE
LOSS OF
INTEBRMEDIATE i

WATER ACTIVITY,
AMBIENT TO ELEVATED
TEMPERATURE

FIGURE 1
Summary of chemical interactions among major food constituents: L, lipid pool
(triacylglycerols, fatty acids, and phospholipids); C, carbohydrate pool
(polysaccharides, sugars, organic acids, and so on); P, protein pool (proteins,
peptides, amino acids, and other N-containing substances).



Page 10

TABLE 4 Important Factors Governing the Stability of Foods During Handling,
Processing, and Storage

Product factor schemical properties of individual constituents (including
catalysts), oxygen content, pH, water activity, gandWyq

Envir onmental factor sitemperature T), time (t),composition of the atmosphere,
chemical, physical or biological treatments imposed, exposure to light,
contamination, physical abuse

Note. W ater activity §/p o, wherepis the partial pressure of water vapor above
the food ang ois the vapor pressure of pure watér; is the glass transition
temperature,W 4 is the product water content @t .

of food. The mgor cdllular pools of carbohydrates, lipids, proteins, and their intermediary metabolites are shown on the | eft-
hand side of the diagram. The exact nature of these pools is dependent on the physiological state of the tissue at the time of
processing or storage, and the constituents present in or added to nontissue foods. Each class of compound can undergo its own
characterigtic type of deterioration. Noteworthy isthe role that carbonyl compounds play in many deterioration processes. They
arisemainly from lipid oxidation and carbohydrate degradation, and can lead to the destruction of nutritional vaue, to off-colors,
and to off-flavors. Of course these same reactions lead to desirable flavors and colors during the cooking of many foods.

1.3.4 Analysis of Situations Encountered During the Storage and Processing of Food

Having before us adescription of the attributes of high-quality, safe foods, the Sgnificant chemicd reactionsinvolved in the
deterioration of food, and the relationship between the two, we can now begin to consder how to apply thisinformation to
situations encountered during the storage and processing of food.

The variables that are important during the storage and processing of food are listed in Table 4. Temperature is perhaps the most
important of these variables because of its broad influence on al types of chemica reactions. The effect of temperature on an
individual reaction can be estimated from the Arrhenius equation, k = AePE/RT, Data conforming to the Arrhenius equation yidd
adraght linewhenlogk is plotted versus 1/T. Arrhenius plotsin Figure 2 represent reactionsimportant in food deterioration. It
isevident that food reactions generdly conform to the Arrhenius reaionship over alimited intermediate temperature range but
that deviations from thisrelationship can occur at high or low temperatures[21]. Thus, it isimportant to remember that the
Arrhenius rdationship for food systemsisvaid only over arange of temperature that has been experimentaly verified.
Deviations from the Arrhenius relationship can occur because of the following events, most of which areinduced by ether high
or low temperatures: (a) enzyme activity may belog, (b) the reaction pathway may change or may be influenced by a competing
reaction(s), (c) the physical state of the system may change (e.g., by freezing), or (d) one or more of the reactants may become
depleted.

Another important factor in Table 4 istime. During storage of afood product, one frequently wants to know how long the food
can be expected to retain a specified level of qudity. Therefore, oneisinterested in time with respect to the integral of chemical
and/or microbiological changes that occur during a specified storage period, and in the way these changes combine to determine
aspecified storage life for the product. During processing, oneis often
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FIGURE 2
Conformity of important deteriorative reactions
in food to the Arrhenius relationship. (a)
Above a certain value dfthere may be
deviations from linearity due to a change
in the path of the reaction. (b) As the
temperature is lowered below the freezing
point of the system, the ice phase (essentially
pure) enlarges and the fluid phase, which
contains all the solutes, diminishes. This
concentration of solutes in the unfrozen phase
can decrease reaction rates (supplement the
effect of decreasing temperature) or increase
reaction rates (oppose the effect of declining
temperature), depending on the nature of
the system (see Chap. 2). (c) For an enzymic
reaction there is a temperature in the vicinity
of the freezing point of water where subtle
changes, such as the dissociation of an
enzyme complex, can lead to a sharp decline
in reaction rate.

interested in the time it takes to inactivate a particular population of microorganismsor in how long it takes for areaction to
proceed to a specified extent. For example, it may be of interest to know how long it takes to produce adesired brown color in
potato chips during frying. To accomplish this, attention must be given to temperature change with time, thet is, the rate of
temperature change (dT/dt). This relationship isimportant because it determines the rate at which microorganisms are destroyed
and the relative rates of competing chemical reactions. The latter is of interest in foods that deteriorate by more than one means,

such aslipid oxidation and nonenzymic browning. If the products of the browning reaction are antioxidants, it isimportant to
know whether the relative rates of these reactions are such that a significant interaction will occur between them.
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Another variable, pH, influences the rates of many chemica and enzymic reactions. Extreme pH vaues are usudly required for
severeinhibition of microbia growth or enzymic processes, and these conditions can result in acceleration of acid- or base-
catalyzed reactions. In contrast, even ardatively smal pH change can cause profound changesin the quality of somefoods, for
example, muscle.

The composition of the product isimportant since this determines the reactants available for chemica transformation. Particularly
important from aquality standpoint isthe relationship that exists between composition of the raw material and composition of the
finished product. For example, () the manner in which fruits and vegetabl es are handled postharvest can influence sugar content,
and this, in turn, influences the degree of browning obtained during dehydration or deegp-fat frying. (b) The manner inwhich
animd tissues are handled postmortem influences the extents and rates of glycolysisand ATP degradation, and these in turn can
influence storage life, water-holding capacity, toughness, flavor, and color. (¢) The blending of raw materids may cause
unexpected interactions; for example, the rate of oxidation can be acceerated or inhibited depending on the amount of salt
present.

Another important compositional determinant of reaction ratesin foodsiswater activity (aw). Numerousinvestigators have
shown a. to strongly influence the rate of enzyme-catalyzed reactions[2], lipid oxidation [16,22], nonenzymic browning [10,16],
sucrose hydrolysis[23], chlorophyll degradation [17], anthocyanin degradation [11], and others. Asisdiscussed in Chapter 2,
most reactions tend to decrease in rate below an aw corresponding to the range of intermediate moisture foods (0.75-0.85).
Oxidation of lipids and associated secondary effects, such as carotenoid decoloration, are exceptionsto thisrule; that is, these
reactions accelerate at the lower end of the av scale.

More recently, it has become apparent that the glass transition temperature (T,) of food and the corresponding water content
(W) of thefood at T, are causatively related to rates of diffusion-limited eventsin food. Thus, T, and W, have relevance to the
physica properties of frozen and dried foods, to conditions appropriate for freeze drying, to physica changesinvolving
crysalization, recrystalization, gelatinization, and starch retrogradation, and to those chemica reectionsthat are diffusion-limited
(see Chap. 2).

In fabricated foods, the composition can be controlled by adding approved chemicals, such as acidulants, chelating agents,
flavors, or antioxidants, or by removing undesirable reactants, for example, removing glucose from dehydrated egg abumen.

Composition of the atmosphereisimportant mainly with respect to relative humidity and oxygen content, although ethylene and
CO: are dso important during storage of living plant foods. Unfortunately, in Situations where excluson of oxygen isdesirable,
thisisamost impossible to achieve completely. The detrimenta consequences of asmall amount of residua oxygen sometimes
become apparent during product storage. For example, early formation of asmall amount of dehydroascorbic acid (from
oxidation of ascorbic acid) can lead to Maillard browning during storage.

For some products, exposure to light can be detrimental, and it is then appropriate to package the productsin light-impervious
materid or to control the intensity and wavdengthsof light, if possible.

Food chemists must be able to integrate information about quality attributes of foods, deteriorative reactions to which foods are
susceptible, and the factors governing kinds and rates of these deteriorative reactions, in order to solve problemsrelated to food
formulation, processing, and Storage sability.
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1.4 Societal Role of Food Chemists
1.4.1 Why Should Food Chemists Become Involved in Societal | ssues?

Food chemidts, for the following reasons, should fed obligated to become involved in societd issues that encompass pertinent
technological aspects (technosocietal issues).

* Food chemists have had the privilege of receiving ahigh level of education and of acquiring specia scientific skills, and these
privileges and skills carry with them a corresponding high leve of respongbility.

* Activities of food chemists influence adequacy of the food supply, healthfulness of the population, cost of foods, waste creation
and disposal, water and energy use, and the nature of food regulations. Because these mattersimpinge on the genera welfare of
the public, it is reasonable that food chemists should fed aresponsbility to have their activities directed to the benefit of society.

« |f food chemists do not become involved in technosocietd issues, the opinions of others—scientists from other professions,
professonal lobbyists, personsin the news media, consumer activists, charlatans, antitechnology zeal ots—will prevail. Many of
theseindividuas are less qualified than food chemists to speak on food-related issues, and some are obvioudy unquaified.

1.4.2 Types of I nvolvement

The societa obligations of food chemistsinclude good job performance, good citizenship, and guarding the ethics of the scientific
community, but fulfillment of these very necessary rolesis not enough. An additiona role of great importance, and one that often
goes unfulfilled by food chemigts, isthat of helping determine how scientific knowledge isinterpreted and used by society.
Although food chemists and other food scientists should not have the only input to these decisions, they mugt, in the interest of
wise decison making, have their views heard and considered. Acceptance of this position, which is surely indisputable, leadsto
the obvious question, “What exactly should food chemists do to properly discharge their respongibilitiesin thisregard?’ Severa
activities are gppropriate.

1. Participate in pertinent professional societies.
2. Serve on governmental advisory committees, when invited.
3. Undertake persond initiatives of a public service nature.

Thelatter can involve letters to newspapers, journds, legidators, government regulators, company executives, university
administrators, and others, and speeches before civic groups.

The mgjor objectives of these efforts are to educate and enlighten the public with respect to food and dietary practices. This
involvesimproving the public's ability to intelligently eva uate information on these topics. Accomplishing thiswill not be easy
because a significant portion of the populace hasingrained false notions about food and proper dietary practices, and because
food has, for many individuds, connotations that extend far beyond the chemist's narrow view. For these individuass, food may
be anintegral part of religious practice, cultura heritage, ritual, social symbolism, or aroute to physiologica well-
being—attitudes that are, for the most part, not conducive to acquiring an ability to appraise foods and dietary practicesina
sound, scientific manner.

One of the most contentious food issues, and one that has eluded appraisal by the
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public in asound, scientific manner, isthe use of chemicasto modify foods. “ Chemaophobia,” the fear of chemicals, has afflicted
asgnificant portion of the populace, causing food additives, in the minds of many, to represent hazards incons stent with fact.
One can find, with disturbing ease, articlesin the popular literature whose authors claim the American food supply is sufficiently
laden with poisonsto render it unwholesome at best, and life-threatening at worst. Truly shocking, they say, isthe manner in
which greedy indugtrialists poison our foods for profit while an ineffectual Food and Drug Administration watches with placid
unconcern. Should authors holding this viewpoint be believed? It is advisable to apply the following criteriawhen evauating the
vdidity of any journdistic account degling with issues of thiskind.

* Credibility of the author. Isthe author, by virtue of formal education, experience, and acceptance by reputable scientists,
qualified to write on the subject? The writer should, to be considered authoritative, have been afrequent publisher of articlesin
respected scientific journds, especially those requiring peer review. If the writer has contributed only to the popular literature,
particularly in theform of articleswith sensationd titlesand “catch” phrases, thisis cause to exercise specia carein assessing
whether the presentation is scholarly and rdligble.

» Appropriateness of literature citations. A lack of literature citations does not constitute proof of irresponsible or unreliable
writing, but it should provoke afeding of moderate skepticism in the reader. In trustworthy publications, literature citations will
amost invariably be present and will direct the reader to highly regarded scientific publications. When “popular” articles
congdtitute the bulk of the literature citations, the author's views should be regarded with suspicion.

* Credibility of the publisher. Isthe publisher of the article, book, or magazine regarded by reputable scientists as a consi stent
publisher of high-quality scientific materias? If not, an extrameasure of caution is gppropriate when considering the data.

If information in poison-pen types of publications are evaluated by rational individuals on the basis of the preceding criteria, such
information will be dismissed as unreliable. However, even if these criteriaare followed, disagreement about the safety of foods
il occurs. The greast mgjority of knowledgeable individuals support the view that our food supply is acceptably safe and
nutritious and that legally sanctioned food additives pose no unwarranted risks [7,13,15,19,24-26]. However, areatively small
group of knowledgeable individuas believesthat our food supply is unnecessarily hazardous, particularly with regard to some of
the legdly sanctioned food additives, and this view ismost vigoroudy represented by Michael Jacobson and his Center for
Sciencein the Public Interest. This serious dichotomy of opinion cannot be resolved here, but information provided in Chapter
13 will help undecided individuals arrive at asoundly based persona perspective on food additives, contaminantsin foods, and
food safety.

In summary, scientists have greater obligations to society than do individuals without forma scientific education. Scientistsare
expected to generate knowledge in a productive, ethical manner, but thisis not enough. They should aso accept the
responsibility of ensuring that scientific knowledge isused in amanner that will yield the grestest benefit to society. Fulfillment of
this obligation requires that scientists not only strive for excellence and conformance to high ethical standardsin their day-to-day
professona activities, but that they aso develop a deep-seated concern for the well-being and scientific enlightenment of the
public.
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Unnoticed in the darkness of a subterranean cavern, awater droplet trickles dowly down astaactite, following apath left by
countless predecessors, imparting, as did they, asmall but dmaost magica touch of minera beauty. Pausing at thetip, the droplet
grows dowly to full Sze, then plunges quickly to the cavern floor, asif anxiousto perform other tasks or to assume different
forms. For water, the possibilities are countless. Some droplets assume roles of quiet beauty—on a child's coat deeve, wherea
snowflake of unique design and exquisite perfection lies unnoticed; on a spider's web, where dew drops burst into sudden
brilliance at the first touch of the morning sun; in the countryside, where asummer shower brings refreshment; or in the city,
where fog gently permeates the night air, subduing harsh sounds with aglaze of tranquility. Otherslend themsdavesto the noise
and vigor of awaterfall, to the overwheming immengty of aglacier, to the ominous nature of an impending storm, or to the
persuasiveness of atear on awoman's cheek. For otherstheroleisless obvious but far more critica. Thereislife—initiated and
sustained by water in amyriad of subtle and poorly understood ways—or degth inevitable, catalyzed under specia
circumstances by afew hodtile crystals of ice; or decay at the forest's floor, where water works relentlessly to disassemble the
past so life can begin anew. But the form of water most familiar to humansis none of these; rather, it issmple, ordinary, and
uningpiring, unworthy of specid notice asit flowsforth in cool abundance from ahousehold tap. “Humdrum,” gaunksafrogin
concurrence, or o it seems as he views with stony indifference the watery milieu on which hisvery life depends. Surely, then,
water's most remarkable feature is deception, for it isin redlity a substance of infinite complexity, of great and unassessable
importance, and one that is endowed with astrangeness and beauty sufficient to excite and challenge anyone making its
acguaintance.

2.1 Introduction

On this planet, water isthe only substance that occurs abundantly in dl three physical states. It isthe only common liquid and is
the most widely distributed pure solid, being ever present
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TABLE 1 W ater Contents of Various Foods

Food W ater content (%)
Meat
Pork, raw, composite of lean cuts 53-60
Beef, raw, retail cuts 50-70
Chicken, all classes, raw meat without skin 74
Fish, muscle proteins 65-81
Fruit
Berries, cherries, pears 80-85
Apples, peaches, oranges, grapefruit 90-90
Rhubarb, strawberries, tomatos 90-95
Vegetables
Avocado, bananas, peas (green) 74-80
Beets, broccoli, carrots, potatoes 85-90
Asparagus, beans (green), cabbage, cauliflower, lettuce 90-95

somewhere in the atmosphere as suspended ice particles, or on the earth's surface as various types of snow andice. Itis
essentia to life: as an important governor of body temperature, as a solvent, asacarrier of nutrients and waste products, asa
reactant and reaction medium, as alubricant and plasticizer, as astabilizer of biopolymer conformation, asalikey facilitator of
the dynamic behavior of macromolecules, including their catalytic (enzymétic) properties, and in other ways yet unknown. Itis
truly remarkable that organic life should depend so heavily on this smal inorganic molecule, and, perhaps even more remarkable,
that so few scientists are aware of thisfact.

Weater isthe mgor component of many foods, each having its own characteritic alotment of this component (Table 1). Water in
the proper amount, location, and orientation profoundly influences the structure, appearance, and taste of foods and their
susceptibility to spoilage. Because most kinds of fresh foods contain large amounts of water, effective forms of preservation are
needed if long-term storage is desired. Remova of water, either by conventional dehydration or by separation locally in the form
of pureice crystds (freezing), greatly dtersthe native properties of foods and biologica matter. Furthermore, dl attempts
(rehydration, thawing) to return water to itsorigina status are never more than partialy successful. Amplejustification exists,
therefore, to study water and ice with considerable care.

2.2 Physical Propertiesof Water and I ce

Asalfirg step in becoming familiar with water, it is appropriate to consider its physical propertiesas shown in Table 2. By
comparing water's properties with those of molecules of smilar molecular weight and atomic compaosition (CH., NHs, HF, H2S,
H-Se, H:Te) it is possible to determine if water behavesin anorma fashion. Based on this comparison, water isfound to melt
and boil a unusudly high temperatures, to exhibit unusudly large vauesfor surface tenson, permittivity (dieectric constant), heat
capacity, and heats of phase trangtion (heats of fusion, vaporization, and sublimation); to have amoderately low vauefor
dengity; to exhibit an unusud attribute of expanding upon solidification; and to possess aviscosty that in light of the foregoing
oddities, issurprisngly norma.

In addition, the thermal conductivity of water islarge compared to those of other liquids, and the therma conductivity of iceis
moderately large compared to those of other nonmetallic
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TABLE 2 Physical Properties of W ater and Ice
Property Value

Molecular weight 18.0153

Phase transition properties

Melting point at 101.3 k Pa (1 atm) 0.000°C

Boiling point at 101.3 k Pa (1 atm) 100.000°C

Critical temperature 373.99°C

Critical pressure 22.064 MPa (218.6 atm)
Triple point 0.01°C and 611.73 Pa (4.589 mm Hg)

Enthalpy of fusion at 0°C 6.012 kJ (1.436 kcal)/mol

Enthalpy of vaporization at 100°C 40.657 kJ (9.711 kcal)/mol

Enthalpy of sublimination at 0°C 50.91 kJ (12.16 kcal)/mol

Temperature

Other properties 20°C 0°C 0°C (ice) -20°C(ice)
Density (g/cm?3 0.99821 0.99984 0.9168 0.9193
Viscosity (pa-sec) 1.002x10°3 1.793x10°3 — —
Surface tension against air (N/m) 72.75x10°3 75.64x10°3 — —
Vapor pressure (kPa) 2.3388 0.6113 0.6113 0.103
Heat capacity (Jg-K) 4.1818 4.2176 2.1009 1.9544
Thermal conductivity (liquid) (W/m-K) 0.5984 0.5610 2.240 2433
Thermal diffusitity (m%/s) 1.4x1077 1.3x1077 11.7x10°77 11.8 x1077
Permittivity (dielectric constant) 80.20 87.90 ~90 ~98

Source:Mainly Ref. 69.

solids. Of greater interest isthe fact that the therma conductivity of ice at 0°C is approximately four timesthat of water at the
same temperature, indicating that ice will conduct heet energy a amuch greater rate than will immobilized water (e.g., intissue).
Thethermd diffusivities of water and ice are of even greater interest since these vauesindicate the rate a which the solid and
liquid forms of HOH will undergo changesin temperature. Ice hasatherma diffusivity gpproximately nine times greater than that
of water, indicating that ice, in agiven environment, will undergo atemperature change a amuch grester rate than will weter.
These szable differencesin therma conductivity and thermd diffusivity vaues of water and ice provide asound basisfor
explaining why tissues freeze more rapidly than they thaw, when equal but reversed temperature differentials are employed.

2.3 TheWater Molecule

Water's unusual properties suggest the existence of strong attractive forces among water molecules, and uncommon structures
for water and ice. These features are best explained by considering the nature of first asingle water molecule and then small
groups of molecules. To form amolecule of water, two hydrogen atoms approach the two sp® bonding orbitals of oxygen and
formtwo covalent sigma (S) bonds (40% partia ionic character), each of which has a dissociation energy of 4.6x10% k¥mol
(110 kcal/mal). Thelocdized molecular orbitals remain symmetrically oriented about the origina orbital axes, thusretaining an
approximate
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tetrahedral structure. A schematic orbital model of awater moleculeis shown in Figure 1A and the gppropriate van der Waals
radii are shownin Figure 1B.

The bond angle of theisolated water molecule (vapor state) is 104.5° and thisvaueis near the perfect tetrahedra angle of
109°28'". The O-H internuclear distanceis 0.96 A and the van der Wadls radii for oxygen and hydrogen are, respectively, 1.40
and 1.2 A.

At thispoint, it isimportant to emphasize that the picture so far presented is overasmplified. Pure water contains not only
ordinary HOH molecules but also many other constituents in trace amounts. In addition to the common isotopes °0O and *H,
also present are 1’0, 80, *H

FIGURE 1
Schematic model of a single HOH molecule: (a) sp*
configuration, and (b) van der W aals radii for a HOH
molecule in the vapor state.
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(deuterium) and *H (tritium), giving riseto 18 isotopic variants of molecular HOH. Water also containsionic particles such as
hydrogen ions (existing as HsO"), hydroxyl ions, and their isotopic variants. Water therefore consists of more than 33 chemical
variants of HOH, but the variants occur in only minute amounts.

2.4 Association of Water Molecules

The V-like form of an HOH molecule and the polarized nature of the O-H bond result in an unsymmetrica charge distribution
and a vapor-state dipole moment of 1.84D for pure water. Polarity of this magnitude produces intermolecular attractive forces,
and water molecules therefore associate with considerable tenacity. Water's unusually large intermolecular attractive force
cannot, however, be fully accounted for on the basis of itslarge dipole moment. Thisis not surprising, sSince dipole momentsgive
no indication of the degree to which charges are exposed or of the geometry of the molecule, and these aspects, of course, have
an important bearing on the intensity of molecular association.

Water'slarge intermolecular attractive forces can be explained quite adequately in terms of its ability to engagein multiple
hydrogen bonding on athree-dimensiona basis. Compared to covaent bonds (average bond energy of about 335 kJ/mol),
hydrogen bonds are weak (typically 2-40 kJ/mol) and have grester and more variable lengths. The hydrogen bond between
oxygen and hydrogen has a dissociation energy of about 13-25 kJ/mal.

Since dectrogtatic forces make amajor contribution to the energy of the hydrogen bond (perhaps the largest contribution), and
since an eectrostatic model of water issmple and leads to an essentially correct geometric picture of HOH molecules asthey
areknownto exist inice, further discussion of the geometrica patterns formed by association of water molecules will emphasize
electrodtatic effects. Thissmplified approach, while entirely satisfactory for present purposes, must be modified if other
behaviord characterigtics of water are to be explained satisfactorily.

The highly dectronegative oxygen of the water molecule can be visudized as partidly drawing away the single dectrons from the
two covaently bonded hydrogen atoms, thereby leaving each hydrogen atom with apartial positive charge and aminimal
electron shield; that is, each hydrogen atom assumes some characteristics of abare proton. Since the hydrogen—oxygen
bonding orbitals are located on two of the axes of an imaginary tetrahedron (Fig. 1a), these two axes can be thought of as
representing lines of positive force (hydrogen-bond donor stes). Oxygen's two lone-pair orbitals can be pictured asresiding
aong the remaining two axes of the imaginary tetrahedron, and these then represent lines of negative force (hydrogen-bond
acceptor gtes). By virtue of thesefour lines of force, each water molecule is able to hydrogen-bond with a maximum of four
others. Theresulting tetrahedra arrangement is depicted in Figure 2.

Because each water molecule has an equa number of hydrogen-bond donor and receptor sites, arranged to permit three-
dimensiond hydrogen bonding, it isfound that the attractive forces among water molecules are unusudly large, even when
compared to those existing among other small moleculesthat aso engage in hydrogen bonding (e.g., NHs, HF). Ammonia, with
itstetrahedra arrangement of three hydrogens and one receptor site, and hydrogen fluoride, with itstetrahedral arrangement of
one hydrogen and three receptor sites, do not have equa numbers of donor and receptor sites and therefore can form only two-
dimensiond hydrogen-bonded networksinvolving less hydrogen bonds per molecule than water.

Conceptudizing the association of afew water molecules becomes considerably more complicated when one considersisotopic
variants and hydronium and hydroxyl ions. The
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hydronium ion, because of its positive charge, would be expected to exhibit a greater hydrogen-bond donating potentia than
nonionized water (dashed lines are hydrogen bonds).

-

H
H-O*

|
&

STRUCTURE 1
Structure and hydrogen-bond
possibilities for a hydronium
ion. Dashed lines are hydrogen
bonds.

The hydroxyl ion, because of its negative charge, would be expected to exhibit a greater hydrogen-bond acceptor potentia than
un-ionized water (XH represents a solute or awater molecule).

STRUCTURE 2
Structure and hydrogen-bond
possibilities for a hydroxyl
ion. Dashed lines are hydrogen bonds and XH represents
a solute or a water molecule.

Water's ability to engage in three-dimensiona hydrogen bonding providesalogica explanation for many of its unusua
properties; itslarge values for heat capacity, melting point, boiling point, surface tension, and enthapies of various phase
trangtions dl arerelated to the extra energy needed to break intermolecular hydrogen bonds.

The permittivity (dielectric constant) of water isaso influenced by hydrogen bonding. Although water isadipole, thisfact done

does not account for the magnitude of its permittivity. Hydrogen-bonded clusters of molecules apparently giveriseto
multimolecular di-
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FIGURE 2
Hydrogen bonding of water moleculesin a
tetrahedral configuration. Open circles are oxygen atoms
and closed circles are hydrogen atoms. Hydrogen
bonds are represented by dashed lines.

poles, which effectively increase the permittivity of water. Water's viscosity isdiscussed in alater section.

2.5 Structureof Ice

The structure of ice will be considered before the structure of water because the former isfar better understood than the latter,
and because ice's Sructure represents alogical extension of the information presented in the previous section.

25.1 Purelce

Water, with itstetrahedrally directed forces, crystalizesin an open (low densty) structure that has been accurately eucidated.
The O-O internuclear nearest-neighbor distanceiniceis2.76 A and the O-O-O bond angle is about 109°, or very closeto the
perfect tetrahedral angle of 109°28' (Fig. 3). The manner in which each HOH molecule can associate with four others
(coordination number of four) iseasly visuaized in the unit cell of Figure 3 by considering molecule W and itsfour nearest
neighbors 1, 2, 3, and W'

When severd unit cells are combined and viewed from the top (down the € axis) the hexagona symmetry of ice becomes
gpparent. Thisisshown in Figure 4a. The tetrahedral
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FIGURE 3
Unit cell of ordinary ice at 0°C. Circles
represent oxygen atoms of water
molecules.
Nearest-neighbor internuclear O-O
distance
is2.76 A;qis 109°.

substructure is evident from molecule W and its four nearest neighbors, with 1, 2, and 3 being visible, and the fourth lying below
the plane of the paper directly under molecule W. When Figure 4aisviewed in three dimensions, asin Figure 4b, it is evident
that two planes of molecules are involved (open and filled circles). Thesetwo planes are pardld, very closetogether, and they
move asaunit during the “dip” or flow of ice under pressure, asin aglacier. Pairs of planes of thistype comprise the “ basal
planes’ of ice. By stacking severa basa planes, an extended structure of iceis obtained. Three basa planes have been
combined to form the structure shown in Figure 5. Viewed down the C axis, the appearance is exactly the same asthat shownin
Figure 44, indicating that the basal planes are perfectly aligned. Iceis monorefringent in this direction, wheressit isbirefringent in
al other directions. The C axisistherefore the optical axisof ice.

With regard to the location of hydrogen atomsinice, it isgenerdly agreed that:

1. Each line connecting two nearest neighbor oxygen atomsis occupied by one hydrogen atom located 1 + 0.01 A from the
oxygen to which it is covalently bonded, and 1.76 + 0.01 A° from the oxygen to which it is hydrogen bonded. This configuration
iIsshownin Figure 6A.

2. If thelocations of hydrogen atoms are viewed over aperiod of time, asomewhat different pictureisobtained. A hydrogen
atom on aline connecting two nearest neighbor oxygen atoms, X and Y, can Situateitself in one of two possible
positions—either 1 A from X or 1 A° from Y. The two positions have an equal probability of being occupied. Expressed in
another way, each position will, on the average, be occupied half of thetime. Thisis possible because HOH molecules, except
at extremely low temperatures, can cooperatively rotate, and hydrogen atoms can “jump’ be-
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FIGURE 4
The “basal plane” of ice (combination of two
layers of slightly different elevation). Each circle
represents the oxygen atom of a water molecule.
Open and shaded circles, respectively, represent
oxygen atoms in the upper and lower layers
of the basal planes. (a) Hexagonal structure
viewed down the ¢ axis. Numbered molecules
relate to the unit cell in Figure 3. (b) Three-dimensional
view of the basal plane. The front edge of
view b corresponds to the bottom edge of view a.
The crystallographic axes have been positioned
in accordance with external (point) symmetry.

tween adjacent oxygen atoms. The resulting mean structure, known aso as the half-hydrogen, Pauling, or statistical structure, is
shown in Figure 6B.

With respect to crystal symmetry, ordinary ice belongsto the dihexagond bipyramidal class of the hexagonal system. In addition,
ice can exist in nine other crystalline polymorphic structures, and also in an amorphous or vitreous state of rather uncertain but
largely noncrystd-
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FIGURE 5
The extended structure of ordinary ice. Only oxygen atoms are shown. Open and
shaded circles, respectively, represent oxygen atoms in upper and lower layers of a
basal plane.

line structure. Of the eleven tota structures, only ordinary hexagond iceis stable under normal pressure at 0°C.

The Structure of iceis not as smple as has been indicated. First of al, pureice contains not only ordinary HOH molecules but
asoionic and isotopic variants of HOH. Fortunately, the isotopic variants occur in such small amounts that they can, in most
ingtances, be ignored, leaving for mgjor consideration only HOH, H* (HsO*), and OH".

Second, ice crystals are never perfect, and the defects encountered are usudly of the orientational (caused by proton didocation
accompanied by neutralizing orientations) or ionic types (caused by proton didocation with formation of H:O* and OH") (see
Fig. 7). The presence of these defects provides ameansfor explaining the mohility of protonsin ice and the small decreasein dc
electrica conductivity that occurs when water isfrozen.

In addition to the atomic mobilitiesinvolved in crystal defects, there are other types of activity inice. Each HOH moleculeinice
is believed to vibrate with aroot mean amplitude (assuming each molecule vibrates as a unit) of about 0.4 A at -10°C.
Furthermore, HOH molecules that presumably exist in some of theinterdtitial spacesin ice can gpparently diffuse dowly through
the lattice.

Icethereforeisfar from static or homogeneous, and its characteristics are dependent on temperature. Although the HOH
moleculesin ice are four-coordinated at all temperatures, it is necessary to lower the temperature to about -180°C or lower to
“fix” the hydrogen atomsin one of the many possible configurations. Therefore, only a temperatures near -180°C or lower will
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FIGURE 7
Schematic representation of proton defectsin ice.
(A) Formation of orientational defects. (B) Formation
of ionic defects. Open and shaded circles
represent oxygen and hydrogen atoms,
respectively. Solid and dashed lines represent
chemical bonds and hydrogen bonds, respectively.



Page 29

al hydrogen bonds be intact, and as the temperature is raised, the mean number of intact (fixed) hydrogen bonds will decrease
gradudly.

2.5.2 Icein the Presence of Solutes

The amount and kind of solutes present can influence the quantity, Size, structure, location, and orientation of ice crystals.
Consderation here will be given only to the effects of solutes onice structure. Luyet and co-workers[75,77] studied the nature
of ice crystasformed in the presence of various solutesincluding sucrose, glycerol, gelatin, abumin, and myosin. They devised a
classfication system based on morphology, elements of symmetry, and the cooling velocity required for development of various
types of ice structure. Their four mgjor classes are hexagona forms, irregular dendrites; coarse spherulites, and evanescent
spherulites.

The hexogond form, which ismost highly ordered, isfound exclusively in foods, provided extremdy rapid freezing is avoided
and the solute is of atype and concentration that does not interfere unduly with the mobility of water molecules. Gelatin a high
concentrationswill, for example, result in more disordered forms of ice crysas.

2.6 Structure of Water

To some, it may seem strange to spesk of structure in aliquid when fluidity isthe essence of theliquid state. Yetitisan old and
well-accepted idea [96] that liquid water has structure, obvioudy not sufficiently established to produce long-range rigidity, but
certainly far more organized than that of moleculesin the vapor state, and ample to cause the orientation and mobility of agiven
water moleculeto beinfluenced by its neighbors.

Evidencefor thisview iscompelling. For example, water isan “open” liquid, being only 60% as dense as would be expected on
the basis of close packing that can prevail in nonstructured liquids. Partia retention of the open, hydrogen-bonded, tetrahedral
arrangement of ice easily accounts for water'slow dengty. Furthermore, the heet of fusion of ice, while unusudly high, is
aufficient to break only about 15% of the hydrogen bonds believed to exist inice. Although this does not necessarily require that
85% of the hydrogen bonds existing in ice be retained in water (for example, more could be broken, but the change in energy
could be masked by asmultaneousincrease in van der Wad sinteractions), results of many studies support the notion that many
water-water hydrogen bonds do exist.

Elucidation of the structure of pure water is an extremely complex problem. Many theories have been set forth, but al are
incomplete, overly smple, and subject to weaknesses that are quickly cited by supporters of riva theories. That is, of course, a
hedlthy situation, which will eventualy result in an accurate structura picture (or pictures) of water. In the meantime, few
satements can be made with any assurance that they will stand essentidly unmodified in yearsto come. Thus, this subject will be
dedlt with only briefly.

Three generd types of modd s have been proposed: mixture, interdtitial, and continuum (also referred to as homogeneous or
uniformist models) [5]. Mixture models embody the concept of intermolecular hydrogen bonds being momentarily concentrated
in bulky clusters of water moleculesthat exist in dynamic equilibrium with other more dense species—momentarily meaning ~10
1 sec[73].

Continuum mode sinvolve the idea that intermolecular hydrogen bonds are distributed uniformly throughout the sample, and that
many of the bonds exigting in ice smply become distorted rather than broken when iceis melted. It has been suggested that this
permits a continuous network of water moleculesto exist that is, of course, dynamic in nature [107,120].

Theinterdtitia mode involves the concept of water retaining an ice-like or clathrate-type
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sructure with individua water moleculesfilling the interdtitia spaces of the clathrates. In dl three modds, the dominant structura
feature isthe hydrogen-bonded association of liquid water in ephemerd, distorted tetrahedra. All models aso permit individua
water moleculesto frequently ater their bonding arrangements by rapidly terminating one hydrogen bond in exchange for anew
one, while maintaining, at constant temperature, a constant degree of hydrogen bonding and structure for the entire system.

The degree of intermolecular hydrogen bonding among water moleculesis, of course, temperature dependent. Icea 0°C hasa
coordination number (number of nearest neighbors) of 4.0, with nearest neighbors at a distance of 2.76 A. With input of the
latent heat of fusion, melting occurs; that is, some hydrogen bonds are broken (distance between nearest neighbors increases)
and others are strained as water molecules assume a fluid state with associations that are, on average, more compact. Asthe
temperatureis raised, the coordination number increasesfrom4.0iniceat 0°C, to 4.4 in water at 1.50°C, thento 4.9 at 83°C.
Simultaneoudly, the distance between nearest neighborsincreases from 2.76 A inice at 0°C, to 2.9 A in water a 1.5°C, then to
3.05A a 83°C[7,80].

It isevident, therefore, that the ice-to-water transformation is accompanied by an increase in the distance between nearest
neighbors (decreased density) and by an increase in the average number of nearest neighbors (increased dengity), with the latter
factor predominating to yield the familiar net increase in dengity. Further warming above the meting point causes the dengity to
pass through a maximum at 3.98°C, then gradually decline. It is apparent, then, that the effect of an increasein coordination
number predominates at temperatures between 0 and 3.98°C, and that the effect of increasing distance between nearest
neighbors (therma expansion) predominates above 3.98°C.

The low viscosity of water isreadily reconcilable with the type of structures that have been described, since the hydrogen-
bonded arrangements of water molecules are highly dynamic, alowing individual molecules, within the time frame of nano- to
picoseconds, to dter their hydrogen-bonding rel ationships with nelghboring molecules, thereby facilitating mobility and fluidity.

2.7 Water-Solute I nteractions
2.7.1 Macroscopic Level (Water Binding, Hydration, and Water Holding Capacity)

Before deding with water-sol ute interactions at the molecular levd, it is gppropriate to discuss water-rel ated phenomena
referred to by terms such as water binding, hydration, and water holding capacity.

With respect to foods, the terms*“water binding” and “hydration” are often used to convey a generd tendency for water to
associate with hydrophilic substances, including cellular materids. When used in this manner, the terms pertain to the
macroscopic level. Although more specidized terms, such as“water binding potentid,” are defined in quantitative terms, they il
apply only to the macroscopic level. The degree and tenacity of water binding or hydration depends on anumber of factors
including the nature of the nonagqueous congtituent, salt composition, pH, and temperature.

“Water holding capacity” isaterm that is frequently employed to describe the ability of amatrix of molecules, usualy
macromolecules present at low concentrations, to physicaly entrap large amounts of water in amanner that inhibits exudation.
Familiar food matricesthat entrap water in thisway include gels of pectin and starch, and cells of tissues, both plant and animal.
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Physically entrapped water does not flow from tissue foods even when they are cut or minced. On the other hand, this water
behaves amost like pure water during food processing; that is, it iseasily removed during drying, iseasly converted to ice during
freezing, and isavailable asa solvent. Thus, itsbulk flow is severely restricted, but movement of individua moleculesis
essentialy the same asthat of water moleculesin adilute sat solution.

Nearly al of the water in tissues and gel's can be categorized as physicaly entrapped, and impairment of the entrgpment
capability (water holding capacity) of foods has a profound effect on food quality. Examples of quaity defects arising from
impairment of water holding capacity are syneresis of gdls, thaw exudate from previoudy frozen foods, and inferior performance
of animal tissue in sausage resulting from a decline in muscle pH during norma physiologica events posmortem.

Gd dructures and water holding capacity are discussed more fully in other chapters.

2.7.2 Molecular Level: General Comments

Mixing of solutes and water resultsin altered properties of both constituents. Hydrophilic solutes cause changesin the structure
and mobility of adjacent water, and water causes changes in the reactivity, and sometimes structure, of hydrophilic solutes.
Hydrophobic groups of added solutesinteract only weakly with adjacent water, preferring a nonagueous environment.

The bonding forces existing between water and various kinds of solutes are of obviousinterest, and these are summarized in
Table 3.

2.7.3 Molecular Level: Bound Water

Bound water is not ahomogeneous, easly identifiable entity, and because of this, descriptive terminology isdifficult, numerous
definitions have been suggested, and there is no consensus about which oneis best. Thistermis controversid, frequently
misused, and in generd, poorly understood, causing increasing numbers of scientiststo suggest that its use be terminated.

TABLE 3 Classifications of Types of W ater-Solute Interactions

Strength of interaction compared

Type Example to water-water hydrogen bond?2
Dipole-ion W ater-free ion Greater?

W ater-charged group on organic

molecule
Dipole-dipole W ater-protein NH Approx. equal

W ater-protein CO
W ater-sidechain OH

Hydrophobic hydration Water + R R(hydrated) Much less PG>0)
Hydrophobic interaction R(hydrated) + R(hydrated) — R Not comparable? (>hydrophobic
(hydrated) + H,O interactionPG<0)

8About 12-25 kJ/mol.
bBut much weaker than strength of single covalent bond.
‘Ris alkyl group.

dHydrophobic interactions are entropy driven, whereas dipole-ion and dipole-dipole interactions are enthalpy
driven.
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Although thismay be desirable, the term “bound water” is so common in the literature that it must be discussed.
The numerous definitions proposed for “bound water” should indicate why this term has created confusion [3,51]:
1. Bound water isthe equilibrium water content of a sample at some gppropriate temperature and low relative humidity.

2. Bound water isthat which does not contribute significantly to permittivity at high frequencies and therefore hasits rotationa
mobility restricted by the substance with which it is associated.

3. Bound water isthat which does not freeze at some arbitrary low temperature (usually-40°C or lower).

4. Bound water isthat which is unavailable as a solvent for additiona solutes.

5. Bound water isthat which produces line broadening in experiments involving proton nuclear magnetic resonance.

6. Bound water isthat which moveswith amacromolecule in experimentsinvolving sedimentation rates, viscosty, or diffusion.

7. Bound water isthat which exigtsin the vicinity of solutes and other nonaqueous substances and has properties differing
sgnificantly from those of “bulk” water in the same system.

All of these definitions are valid, but few will produce the same vaue when agiven sampleis anayzed.

From aconceptua standpoint it isuseful to think of bound water as*“water that existsin the vicinity of solutes and other
nonagqueous congtituents, and exhibits properties that are significantly atered from those of ‘bulk water’ in the same system.”
Bound water should be thought of as having “hindered mobility” as compared to bulk water, not asbeing “immobilized.” Ina
typica food of high water content, thistype of water comprises only aminute part of the total water present, approximately the
first layer of water molecules adjacent to hydrophilic groups. The subject of bound water (hindered water) will be discussed
further in the section dedling with molecular mobility (Mm) in frozen systems.

I nteractions between water and specific classes of solutes will now be considered.

2.7.4 Interaction of Water with lons and I onic Groups

lons and ionic groups of organic molecules hinder mobility of water moleculesto agreater degree than do any other types of
solutes. The strength of water-ion bondsis greater than that of water-water hydrogen bonds, but is much lessthan that of
covaent bonds.

The norma structure of pure water (based on a hydrogen-bonded, tetrahedra arrangement) is disrupted by the addition of
dissociable solutes. Water and smple inorganic ions undergo dipole-ion interactions. The examplein Figure 8 involves hydration
of the NaCl ion pair. Only firg-layer water moleculesin the plane of the paper areillugtrated. In adilute solution of ionsin water,
second-layer water isbelieved to exist in astructurally perturbed state because of conflicting structurd influences of first-layer
water and the more distant, tetrahedrally oriented “bulk-phase” water. In concentrated salt solutions, bulk-phase water would
not exist and water structure would be dominated by theions.

Thereisabundant evidence indicating that some ionsin dilute agueous solution have anet structure-breaking effect (solution is
more fluid than pure water), whereas others have a net structure-forming effect (solution islessfluid than pure water). It should
be understood that the term “ net structure” refersto al kinds of structures, either normal or new types of water structure. From
the standpoint of “normal” water structure, al ionsare disruptive.



Page 33

FIGURE 8
Likely arrangement of water molecules
adjacent to sodium chloride. Only
water
molecules in plane of paper are shown.

The ability of agivenion to dter net structureisrelated closdly to its polarizing power (charge divided by radius) or smply the
strength of itsdectric fidd. lonsthat are smdl and/or multivaent (mostly positiveions, such asLi*, Na*, H:O*, Ca?*, Ba*,
Mg*, Al*, F, and OH") have strong electric fields and are net structure formers. The structure imposed by theseions more than
compensates for any lossin normal water structure. Theseions strongly interact with the four to six first-layer water molecules,
causing them to be less mobile and pack more densely than HOH moleculesin pure water. lonsthat are large and monovaent
(most of the negatively charged ionsand large positiveions, such asK*, Rb*, Cs', NI o B, NP PR 19

* haverather weak dectric fidlds and are net structure breakers, athough the effect is very dight with K. Th@e ions
disrupt the normal structure of water and fail to impose a compensating amount of new structure.

lons, of course, have effects that extend well beyond their influence on water structure. Through their varying abilitiesto hydrate
(competefor water), ater water tructure, influence the permittivity of the agueous medium, and govern the thickness of the
electric double layer around colloids, ions profoundly influence the “ degree of hospitality” extended to other nonaqueous solutes
and to substances suspended in the medium. Thus, conformation of proteins and stability of colloids (sdting-in, sdting-out in
accord with the Hofmeister or lyotropic series) are greetly influenced by the kinds and amounts of ions present [18,68].

2.7.5 Interaction of Water with Neutral Groups Possessing Hydrogen-Bonding Capabilities (Hydrophilic Solutes)

I nteractions between water and nonionic, hydrophilic solutes are weaker than water-ion interactions and about the same strength
asthose of water-water hydrogen bonds. Depending on the strength of the water-sol ute hydrogen bonds, first-layer water may
or may not exhibit reduced mobility and other atered properties as compared to bulk-phase water.

Solutes capable of hydrogen bonding might be expected to enhance or at least not disrupt the norma structure of pure water.
However, in someingtancesit isfound that the distribution and orientation of the solute's hydrogen-bonding Stesare
geometrically incompatible with those existing in norma water. Thus, these kinds of solutes frequently have adisruptive influence
on the norma structure of water. Ureaiis agood example of asmall hydrogen-bonding solute that for geometric reasons has a
marked disruptive effect on the normal structure of water.
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It should be noted that the total number of hydrogen bonds per mole of solution may not be significantly dtered by addition of a
hydrogen-bonding solute that disrupts the normal structure of water. Thisis possible since disrupted water-water hydrogen
bonds may be replaced by water-solute hydrogen bonds. Solutesthat behave in this manner have little influence on “ net
structure” as defined in the previous section.

Hydrogen bonding of water can occur with various potentiadly eigible groups (e.g., hydroxy1, amino, carbonyl, amide, imino,
etc.). Thissometimes resultsin “water bridges’ where one water molecule interacts with two eligible hydrogen-bonding siteson
one or more solutes. A schematic depiction of water hydrogen bonding (dashed lines) to two kinds of functional groupsfound in
proteinsis shown:

H

l
mIﬁ_HWO_HMO:Ci

STRUCTURE 3
Hydrogen bonding (dotted lines) of
water to
two kinds of functional groups
occurring
in proteins.

A more elaborate example involving athree-HOH bridge between backbone peptide unitsin papain is shown in Figure 9.

It has been observed that hydrophilic groupsin many crystaline macromolecules are separated by distancesidentical to the
nearest-neighbor oxygen spacing in pure water. If this spacing prevailsin hydrated macromolecules thiswould encourage
cooperative hydrogen bonding in first- and second-layer water.

O

5{'.’ ."5'6
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FIGURE 9
Examples of a three-molecule
water bridge in papain; 23, 24,
and 25 are water molecules.
(From Ref. 4.)
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2.7.6 Interaction of Water with Nonpolar Substances

The mixing of water and hydrophobic substances, such as hydrocarbons, rare gases, and the apolar groups of fatty acids, amino
acids, and proteinsis, not surprisingly, athermodynamicaly unfavorable event (DG>0). The free energy is positive not because
DH ispositive, which istypicaly true for low-solubility solutes, but because TDSis negative [30]. This decrease in entropy
occurs because of specia structuresthat water formsin the vicinity of these incompatible gpolar entities. This process has been
referred to as hydrophobic hydration (Table 3 and Fig. 10a).

Because hydrophobic hydration isthermodynamically unfavorable, it is understandable that water would tend to minimizeits
association with apolar entities that are present. Thus, if two separated gpolar groups are present, the incompatible aqueous
environment will encourage them to associate, thereby lessening the water-gpolar interfacial area—a processthat is
thermodynamically favorable (DG<0). This process, which isapartia reversa of hydrophobic hydration, isreferred to as
“hydrophobic interaction” and in its Smplest form can be depicted as

R (hvdrated) + R (hydrated) — R> (hydrated) + H20O

where R isan apolar group (Table 3 and Fig. 10b).

Because water and gpolar groups exist in an antagonigtic relationship, water structuresitsalf to minimize contact with apolar
groups. Thetype of water structure believed to exist in the layer next to gpolar groupsis depicted in Figure 11. Two aspects of
the antagonitic relationship between water and hydrophobic groups are worthy of eaboration: formation of clathrate hydrates,
and association of water with hydrophobic groupsin proteins.

A clathrate hydrate is an ice-like inclusion compound wherein water, the “host” substance, forms a hydrogen-bonded, cage-like
sructure that physicaly entrapsasmdl gpolar molecule,

(B}

FIGURE10
Schematic depiction of (a) hydrophobic hydration and (b) hydrophobic association.
Open circles are hydrophobic groups. Hatched areas are water. (A dapted from Ref. 28.)
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FIGURE11l
Proposed water orientation at a
hydrophobic surface. (Adapted from
Ref. 68.)

known asthe“guest.” These entities are of interest because they represent the most extreme structure-forming response of water
to an gpolar substance and because microstructures of asimilar type may occur naturaly in biologica metter. Clathrate hydrates
are, infact, crystalline, they can easily be grown to visible size, and some are stable at temperatures above 0°C provided the
pressureis sufficient.

The guest molecules of clathrate hydrates are |ow-molecul ar-weight compounds with sizes and shapes compatible with the
dimensions of host water cages comprised of 20—74 water molecules. Typica guestsinclude low-molecular-weight
hydrocarbons and hal ogenated hydrocarbons,; rare gases; short-chain primary, secondary, and tertiary amines; and akyl
ammonium, sulfonium, and phosphonium sdts. Interaction between water and guest isdight, usudly involving nothing more than
weak van der Waalsforces. Clathrate hydrates are the extraordinary result of water's attempt to avoid contact with hydrophobic

groups.

Thereisevidence that structures smilar to crystdline clathrate hydrates may exist naturaly in biologica matter, and if so, these
structureswould be of far greater importance than crystaline hydrates since they would likely influence the conformation,
reactivity, and stability of molecules such as proteins. For example, it has been suggested that partia clathrate structures may
exigt around the exposed hydrophobic groups of proteins. It isaso possible that clathrate-like structures of water have arolein
the anesthetic action of inert gases such as xenon. For further information on clathrates, the reader isreferred to Davidson [15].

Unavoidable association of water with hydrophobic groups of proteins has an important influence on protein functiondity
[5,124]. The extent of these unavoidable contactsis potentially fairly great because nonpolar side chains exist on about 40% of
theamino acidsin typicd oligomeric food proteins. These nonpolar groups include the methy1 group of danine, the benzyl group
of phenylalanine, theisopropyl group of the valine, the mercaptomethy1 group of cysteine, and the secondary buty1 and
isobutyl groups of the leucines. The nonpolar groups of other compounds such as dcohoals, fatty acids, and free amino acids
aso can participate in hydrophobic interactions, but the consequences of these interactions are undoubtedly lessimportant than
thoseinvolving proteins.

Because exposure of protein nonpolar groups to water is thermodynamically unfavorable, association of hydrophobic groups or
“hydrophobic interaction” is encouraged, and this occurrenceis depicted schematicaly in Figure 12. Hydrophobic interaction
providesamgor driving
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FIGURE 12
Schematic depiction of a globular protein undergoing
hydrophobic interaction. Open circles are hydrophobic
groups, “L-shaped” entities around circles are water
molecules oriented in accordance with a hydrophobic
surface, and dots represent water molecules associated
with polar groups.

forcefor protein folding, causing many hydrophobic residues to assume positionsin the protein interior. Despite hydrophobic
interactions, it is estimated that nonpolar groupsin globular proteinstypically occupy about 40-50% of the surface area.
Hydrophobic interactions aso are regarded as being of primary importance in maintaining the tertiary structure of most proteins
[19,85,123]. It istherefore of considerable importance that areduction in temperature causes hydrophobic interactionsto
become weaker and hydrogen bounds to become stronger.

2.7.7 Details of Water Orientation Adjacent to Organic Molecules

Although determination of the arrangement of water molecules near organic moleculesis experimentdly difficult, thisisan active
field of research and useful data have been obtained. The hydrated pyranose sugar ring is shown in Figure 13 and a computer-
simulated cross section of hydrated myoglobin is shown in Figure 14. Assuming a separation distance of 2.8 A between
hydration sites and full occupancy of these sites, about 360 HOH moleculeswould be in the primary hydration shell of
myoglobin [71].
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FIGURE 13
Association o&-D-glucose with tetrahedrally arranged
water molecules. Heavy solid line represents the side view
of the pyranose ring. Oxygens and hydrogens of water are
represented by open and filled circles, respectively.
Covalent and hydrogen bonds are represented by solid
and broken lines, respectively. The hydroxymethyl protons
[H(6)] are not shown. (From Ref. 122.)

2.7.8 Hydration Sequence of a Protein

It isingtructive to consider water absorption by adry food component and the location and properties of water at each stage of
the process. A protein is chosen for this exercise because proteins are of magjor importance in foods, because they contain dl of
the mgjor types of functional groupsthat are of interest during hydration, and because good data are available.

Shown in Table 4 are properties of globular proteins (based primarily on lysozyme) and the associated water at various stages of
hydration. The corresponding sorption isotherm is shown in Figure 19. The table is self-explanatory except for afew points.
Hydration “zones’ are referred to in both the table and the figure. These zones are useful aidsto discussion but they are unlikely
to actudly exigt (a.continuum of water propertiesis much more likely).

A sample having awater content corresponding to the junction of Zones| and 1 issaid to have aBET monolayer water content
(theterm “BET” comes from the names of the originators of the concept: Brunauer, Emmett, and Tdler [8]). In thisingance the
BET monolayer water content is about 0.07 g HOH/g dry protein, and this corresponds to a p/p. vaue of about 0.2 (P isthe
partial pressure of water in the food and o is the vapor pressure of pure water at the same temperature; p/po is more commonly
referred to asaw). The BET monolayer vaueis of specia importance because it often provides agood first estimate of the
largest moisture content
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FIGURE 14
Cross-section of a hydrated myoglobin molecule as determined by
molecular dynamics simulation. Mesh cages depict high probability
sites of 1st-layer water molecules, stick figure represents the protein
time-averaged structure. (From Ref. 72.)

adry product can contain and sill exhibit maximum stability. Although the BET vaueis commonly referred to asamonolayer,
thisisafaulty concept. For example, in starch the BET val ue corresponds to about one water molecule per anhydroglucose unit
[126].

Also notethat in Table 4 the term “true monolayer” is used. Thisterm has ameaning quite different from BET monolayer. True
monolayer refersto the water content at the junction of zones 1B and 111 (in this example, awater content of about 0.38 g
HOH/g dry protein and a p/po of about 0.85). This vaue corresponds to about 300 mol HOH per mol lysozyme and amoisture
content of 27.5 wt%, with one HOH occupying, on average, 20 A2 of protein surface area[103]. Thiswater content is
sgnificant because it represents the minimum water content



TABLE 4 W ater/Protein Properties at Various Stages of Hydration @

Properties

General description for lysozyme

Approximate water content: g H>O/g
dry protein (h) mol H>O/mol dry
protein wt% based on lysozyme

Location on isotherm® Relative vapor
pressure p/p o) Zone

W ater properties

Structure

(table continued on next page)

Constitutional
water®

Constitutional water is assumed to be present in the dry protein at the onset of the hydration process.
W ater is first absorbed at sites of ionized, carboxylic and amino side chains, with about 40 mol

Hydration shell €3 A from surface)

Page 40

Bulk-phase water

water/mol lysozyme associating in this manner. Further absorption of water results in gradual
hydration of less attractive sites, mainly amide carbonyl groups of the protein backbone. Attainment
of true monolayer hydration of the protein is achieved at 0.38 g H -O/g dry protein, by water
associating with sites that are still less attractive. At this point, there is, on average, 1 HOH/20 A 2of

protein surface

<0.01h
<8
1%

<0.02p/po
Zone |, extreme
left

Critical part of
native protein
structure

0.01-0.07 h
8-56
1-6.5%

0.02-0.2p/po
Zone |

W ater interacts
principally with charged
groups (~2 HOH/group)
At0.07 h: transition in
surface water from
disordered to ordered
and/or from dispersed
to clustered

0.07-0.25h
56-200
6.5-20%

0.2-0.75/po
Zone lIA

W ater interacts
principally with polar
protein surface groups
(~1 HOH/ polar site)

W ater clusters centered
on charged and polar
sites

Clusters fluctuate in size
and/or arrangement

Free®
Fully
hydrated
0.25-0.58 h >0.38h
200-304 > 304
20-27.5% > 27.5%
0.75-0.850/po > 0.85 p/po
Zone lIB Zone |11
Normal

At 0.25 h: start of
condensation of water onto
weakly interacting unfilled
patches of protein surface
At 0.38 h: monolayer of
water covers the surface of
the protein and water

Entrapped¢

Fully
hydrated

>0.38h
>304
>27.5%

> 0.85 p/po
Zone |1l

Normal



(table continued from previous page)

Properties

Thermodynamic transfer properties’
D G (k¥mol)
D H (k¥mol)

Approximate mobility (residence time)

Freezability
Solvent capability

Protein properties

Structure

Mobility

Constitutional
water?

> 6|
> 1-17,

102to 108 sec

Unfreezable

None

Folded state
stable

Enzymatic
activity
negligible

state; associated with
completion of charged
group hydration

-6
-70

<108 sec

Unfreezable

None

W ater begins to
plasticize amorphous
regions

Enzymatic activity
negligible

Hydration shell€<3 A from surface)

At0.15 h: long-range
connectivity of the
surface water is
established

-0.8
21

<109 sec

Unfreezable

None to slight

Further plasticization of
amorphous regions

Internal protein motion (H
exchange) increases from
1/1000 at 0.04 h to full
solution rate at 0.15 h
At0.1-0.15h:
chymotrypsin and some
other enzymes develop
activity

phase begins to form, and
glass-rubber transition
occurs

Close to bulk water
Close to bulk water

<100 10 sec

Unfreezable

Slight to moderate

A1 0.38 h: lysozyme specific
activity is 0.1 that in dilute
solution

8Data from Rupley and Careri [103], Otting et al. [86], Lounnas and Pettit [71,72], Franks [30], and other sources. Based largely on lysozyme.

bw ater molecules that occupy specific locations in the interior of the solute macromolecule.

‘Macroscopic flow not physically constrained by a macromolecular matrix.

dm acroscopic flow physically constrained by a macromolecular matrix.

€See Figure 19.

fPartial molar values for transfer of water from bulk phase to hydration shell.
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Bulk-phase water

Free®

NA
NA

1011 t0 1012
sec

Normal

Normal

Maximum

Entrapped¢

NA
NA

10 10 10°
12 gec

Normal

Normal

Maximum
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needed for “full hydration,” that is, occupancy of al first-layer sites. Further added water will have properties that do not differ
sgnificantly from those of bulk weter.

2.8 Water Activity and Relative Vapor Pressure

2.8.1 Introduction

It haslong been recognized that a relationship, athough imperfect, exists between the water content of food and its perishability.
Concentration and dehydration processes are conducted primarily for the purpose of decreasing the water content of afood,
smultaneoudly increasing the concentration of solutes and thereby decreasing perishability.

However, it has aso been observed that various types of food with the same water content differ sgnificantly in perishability.
Thus, water content doneisnot ardiableindicator of perishability. This situation is attributable, in part, to differencesin the
intengity with which water associates with nonaqueous congtituents—water engaged in strong associationsis less able to support
degradative activities, such as growth of microorganisms and hydrolytic chemicd reactions, than isweakly associated water. The
term “water activity” (aw) was developed to account for the intensity with which water associates with various nonagueous
condtituents.

Food stability, safety, and other properties can be predicted far more reliably from a. than from water content. Even so, aw is
not atotally reliable predictor. Thereasonsfor thiswill be explained in the next section. Despite thislack of perfection, aw
correlates sufficiently well with rates of microbid growth and many degradative reactions to make it auseful indicator of product
Stability and microbid safety. Thefact that aw is specified in some U.S. federd regulations dealing with good manufacturing
practicesfor food atteststo its usefulness and credibility [44].

2.8.2 Definition and Measurement

The notion of substance “activity” wasrigoroudy derived from the laws of equilibrium thermodynamicsby G. N. Lewis, and its
application to foods was pioneered by Scott [108,109]. It is sufficient here to state that

au = flfo (1)

where f isthe fugacity of the solvent (fugacity being the escaping tendency of asolvent from solution) and fo isthe fugacity of the
pure solvent. At low pressures (e.g., ambient), the difference between f/fo and p/po isless than 1%, so defining a. in terms of
p/po isclearly justifiable. Thus,

aw =P/ (2)

Thisequdity isbased on the assumptions of solution ideality and the existence of thermodynamic equilibrium. With foods, both
assumptions are generally violated. Consequently, Equation 2 must be taken as an gpproximation and the proper expresson is

3

Because P/ is the measured term and sometimes does not equal ., it is more accurate to use the term p/Po rather than a.. This
practice will befollowed here. “Reative vapor pressure”’ (RVP) isthe name for p/po, and these terms will be used
interchangeably. Despite the scientific soundness of using RV P rather aw, the reader should be aware that the term aw isin
widespread use, appearsin other chapters of thisbook and is not improper provided the user understands its true meaning.

o =

Failure of the a.-RV P gpproach to be a perfect estimator of food stability occursfor two
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basic reasons: violation of assumptions underlying Equation 2, and solute-specific effects. Violation of Equation 2 assumptions
can, but usually does not, detract unduly from the usefulness of RVP as atechnological tool. An exception occursif dry products
are prepared by absorption of water rather than desorption (hysteresis effects), and thiswill be discussed later. Violation of
Equation 2 assumptions does, however, invalidate RVP as atool for mechanigtic interpretations in instances where the
theoretical models used are based on these assumptions (often true of models for moisture sorption isotherms).

In afew ingtances that can be of great importance, solute-specific effects can cause RV P to be a poor indicator of food stability
and safety. This can occur even when the assumptions underlying Equation 2 are fully met. In these Situations, foods with the
same RV P but different solute compositions will exhibit different stabilities and other properties. Thisisan important point that
must not be overlooked by anyone relying on RVP asatoal for judging the safety or stability of food. Figure 15 is provided to
reinforce this point. These data clearly indicate that the minimum p/po for growth of Staphylococcus aureus is dependent on

solute type.
RVPisrdated to percent equilibrium relaive humidity (ERH) of the product environment asfollows:

RVP = p/po = %ERH/100 (4)

Two aspects of this relationship should be noted. First, RVP isan intrinsic property of the sample whereas ERH is a property of
the atmosphere in equilibrium with the sample. Second, the Equation 4 relationship is an equdity only if equilibrium hasbeen
established between the product and its environment. Establishment of equilibrium is atime-consuming process even with very
smdl samples (lessthan 1 g) and amost impossiblein large samples, especialy at temperatures below ~50°C.

The RVP of asmall sample can be determined by placing it in a closed chamber for atime sufficient to achieve apparent
equilibrium (constant weight) and then measuring either pressure or relative humidity in the chamber [33,52,90,119,125].
Varioustypes of insruments are available for measuring pressure (manometers) and relative humidity (electric hygrometers,
dew-point instruments). Knowledge of freezing point depression can also be used to determine RV P [26]. Based on
collaborative studies, the precison of a, determinations is about +0.02.

If one desiresto adjust asmall sampleto aspecific RVP, this can be done by placingitin

Solute (or solid) Staphylococcus aureus

Ethancs :
1,3 Butylere Ghycal - "
Prapylana ghycal
FEG-20
FEG-400 -

Dinaf mil -j——
Diied soup -pe—————
Mall - —

Minimum p/pg for Growth

FIGURE 15
Minimum relative vapor pressure (RVP) for
growth of Staphylococcus aureus as influenced
by solute used to produce the RVP. Temperature
is close to optimum for growth. PEGis
polyethylene glycol. (From Ref. 11.)
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aclosed chamber at congtant temperature, maintaining sample atmosphere a constant relative humidity by means of an
appropriate saturated salt solution [69,119], and storing it until constant sample weight is achieved.

2.8.3 Temperature Dependence

Relative vapor pressure istemperature dependent, and the Claus us-Clapeyron equation in modified form provides ameans for
estimating this temperature dependence. This equation, athough based on au, is gpplicable to RV P and has the following form

[128]:

o In ay - =AM

dilTy R

®)

where T is absolute temperature, Ris the gas constant, and DH isthe isosteric net heat of sorption at the water content of the
sample. By rearrangement, this equation can be made to conform to the generdlized equation for astraight line. It then becomes
evident that aplot of Ina. versus 1/T (at constant water content) should be linear and the same should be true for In p/po versus
uT.

Linear plots of In p/po versus 1/T for native potato starch at various moisture contents are shown in Figure 16. It is apparent that
the degree of temperature dependence is afunction of moisture content. At astarting p/po of 0.5, the temperature coefficient is
0.0034°C* over the temperature range 2-40°C. Based on the work of severa investigators, temperature coefficients for p/po
(temperature range 5-50°C; starting p/p. 0.5) range from 0.003 to 0.02°C* for high-carbohydrate or high-protein foods [128].
Thus, depending on the product, a 10°C change

= — T | e - 1

a =F———o— 5
o0 4

/
d
/

PARAMETER I=
WATER CONTENT
o o IO | ! PRSP [T FLA I { TN

3 3 33 34 15 36 37 18

+ (1000 °K7)

FIGURE 16
Relationship between relative water
vapor
pressure and temperature for native
potato starch of different water
contents.
W ater content values following each
line are
g HOH/g dry starch. (From Ref. 128.)
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in temperature can cause a 0.03-0.2 change in p/po. This behavior can beimportant for a packaged food because it will undergo
achangein RVP with achange in temperature, causing the temperature dependence of its stability to be greater than that of the
same product unpackaged.

Plotsof In p/po versus 1/T are not always linear over broad temperature ranges, and they generally exhibit sharp breaks with the
onset of ice formation. Before showing data at subfreezing temperatures, it is appropriate to consider the definition of RVP asit
appliesto subfreezing temperatures. Thisis necessary because a question arises as to whether the denominator term (o) should
be equated to the vapor pressure of supercooled water or to the vapor pressure of ice. The vapor pressure of supercooled
water turns out to be the proper choice because (a) vaues of RVP at subfreezing temperatures can then, and only them, be
accurately compared to RV P vaues at above-freezing temperatures and (b) choice of the vapor pressure of ice as Po would
result, for samples containing ice, in a meaningless situation whereby RV P would be unity at al subfreezing temperatures. The
second point results because the partia pressure of water in afrozen food isequal to the vapor pressure of ice at the same
temperature [25,121].

Because the vapor pressure of supercooled water has been measured down to -15°C, and the vapor pressure of ice has been
measured to much lower temperatures, it is possible to accurately calculate RV P valuesfor frozen foods. Thisis clearly apparent
when one congders the following rdationship:
IME o Mice
YT PolsCwW) | PoisCw)

(6)

Where pr isthe partid pressure of water in partialy frozen food, Po(SCW) is the vapor pressure of pure supercooled water, and
Pice 1S the vapor pressure of pureice.

Presented in Table 5 are RVP values ca culated from the vapor pressures of ice and supercooled water, and these values are
identical to those of frozen foods at the same temperatures. Figure 17 isaplot of log p/po versus 1/T, illustrating that (a) the
relationshipislinear at

TABLE 5 Vapor Pressures and Vapor Pressure Ratios of W ater and Ice

Vapor pressure

Ice® or food
Liquid water? containing ice
Temperature (°C) (Pa) (torr) (Pa) (torr) (Pice/P water)
0 611° 4.58 611 4.58 1.00
-5 421 3.16 402 3.02 0.95
-10 287 215 260 1.95 0.91
-15 191 1.43 165 124 0.86
-20 125 0.94 103 0.77 0.82
-25 80.7 0.61 63 0.47 0.78
-30 50.9 0.38 38 0.29 0.75
-40 189 0.14 13 0.098 0.69
-50 6.4 0.05 39 0.029 0.61

aSupercooled at all temperatures except 0°C. Observed data above -15°C, calculated
below -15°C [79].

bObserved data from Ref. 69.
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FIGURE 17
Relationship between relative vapor pressure and temperature for a complex
food above and below freezing. (From Ref. 24.)

subfreezing temperatures, (b) the influence of temperature on RVPistypicaly far greater a subfreezing temperatures than at
above-freezing temperatures, and (c) asharp break occursin the plot at the freezing point of the sample.

Two important distinctions should be noted when comparing RV P values at above- and below-freezing temperatures. First, at
above-freezing temperatures, RVPisafunction of sample composition and temperature, with the former factor predominating.
At subfreezing temperatures, RV P becomes independent of sample composition and depends solely on temperature; that is, in
the presence of an ice phase RVP vaues are not influenced by the kind or ratio of solutes present. As a consequence, any
subfreezing event that isinfluenced by the kind of solute present (e.g., diffusion-controlled processes, catalyzed reactions, and
reactions that are affected by the absence or presence of cryoprotective agents, by antimicrobia agents, and/or by chemicals
that alter pH and oxidation-reduction potential) cannot be accurately forecast based on the RVP value [25]. Consequently, RVP
vaues at subfreezing temperatures are far less valuable indicators of physical and chemicd eventsthan are RVP vaues at above-
freezing temperatures. It follows that knowledge of RVP at a subfreezing temperature cannot be used to predict RVP at an
above-freezing temperature.

Second, asthe temperature is changed sufficiently to form or melt ice, the meaning of RV P, in terms of food stability, aso
changes. For example, in aproduct at -15°C (p/p.=0.86), microorganismswill not grow and chemical reactionswill occur
dowly. However, at 20°C and
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/P 0.86, some chemical reactionswill occur rapidly and some microorganismswill grow at moderate rates.

2.9 Moisture Sorption | sotherms

2.9.1 Definition and Zones

A plot of water content (expressed as mass of water per unit mass of dry materia) of afood versus p/po a constant temperature
Is known as amoisture sorption isotherm (MS)). Information derived from MSls are useful (&) for concentration and
dehydration processes, because the ease or difficulty of water remova isrelated to RVP, (b) for formulating food mixtures so as
to avoid moisture transfer among the ingredients, (€) to determine the moisture barrier properties needed in a packaging materia,
(d) to determine what moisture content will curtail growth of microorganisms of interest, and (€) to predict the chemica and
physica stability of food as afunction of water content (see next section).

Shown in Figure 18 isaschematic MSI for ahigh-moisture food plotted to include the full range of water content from norma to
dry. Thiskind of plot isnot very useful because the data of greatest interest—those in the low-moisture region—are not shown
in sufficient detail. Omission of the high-moisture region and expansion of the low-moisture region, asisusualy done, yieldsan
MSI that is much more useful (Fig. 19).

Severa substancesthat have M SIs of markedly different shapes are shown in Figure 20. These are resorption (or adsorption)
isotherms prepared by adding water to previoudy dried samples. Desorption isotherms are so common. Isothermswith a
sigmoida shape are characteristic of most foods. Foods such asfruits, confections, and coffee extract that contain large amounts
of sugar and other smal, soluble molecules and are not rich in polymeric materias exhibit a Jtype isotherm shown ascurve 1in
Figure 20. The shape and position of the isotherm are determined by severd factorsincluding sample composition, physical
Sructure of the sample (e.g., crystdline or amorphous), sample pretreatments, temperature, and methodology.

Many atempts have been made to model MSIs, but successin achieving good conform-
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the low-moisture segment of a food
(20°C).

ance of amode to thefull range of actud datafor an M Sl has been difficult. The oldest and best known modd isthat of
Brunauer, Emmett, and Teller [8]. One of the best modelsisthat developed by Guggenheim [36], Anderson [2], and DeBoer
[16], and thisisreferred to as the GAB modd.

Asan ad to understanding the meaning and usefulness of sorption isothermsit is sometimes appropriate to divide them into
zones asindicated in Figure 19. Aswater is added (resorption), sample composition movesfrom Zone (dry) to Zonelll (high
moisture) and the properties of water associated with each zone differ sgnificantly. These properties are described next and are
summarized in Table 4.

Water present in Zone | of the isotherm is most strongly sorbed and least mobile. Thiswater associates with accessible polar
stes by water-ion or water-dipole interactions, is unfreezable at -40°C, has no ability to dissolve solutes, and is not present in
aufficient amount to have a plagticizing effect on the solid. It behaves smply as part of the solid.

The high-moisture end of Zone | (boundary of Zones| and I1) correspondsto the“BET monolayer” moisture content of the
food. The BET monolayer value should be thought of as approximating the amount of water needed to form amonolayer over
ble, highly polar groups of the dry matter. In the case of starch, this amounts to one HOH per anhydroglucose unit [126].
Zone| water conditutes atiny fraction of the total water in a high-moisture food materid.

Water added in Zonell occupiesfirst-layer stesthat are fill available. Thiswater associates with neighboring water molecules
and solute molecules primarily by hydrogen bonding, is dightly less mohbile than bulk water, and most of it isunfreezable at -
40°C. Aswater isadded in the vicinity of the low-moisture end of Zonell, it exerts asignificant plasticizing action on solutes,
lowerstheir glass trangtion temperatures, and causesincipient swelling of the solid matrix. Thisaction, coupled with the
beginning of solution processes, leadsto an
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Resorption isotherms for various
foods and
biological substances. Temperature
20°C,
except for number 1, which is 40°C: (1)
confection (main component
powdered
sucrose), (2) spray-dried chicory
extract,
(3) roasted Columbian coffee, (4) pig
pancreas extract powder, (5) native rice
starch. (From Ref. 127.)

acceleration in the rate of most reactions. Water in Zones| and Zone Il usualy constitutes less than 5% of the water in ahigh-
moisture food materid.

Inthe vicinity of thejunction of Zones|I and I11, water is sufficient to complete atrue monolayer hydration shell for
macromolecules such as globular proteins, and is sufficient to lower the glass trangition temperature of macromolecules so that
sample temperature and T, are equal. Further addition of water (ZoneI11) causes a glass-rubber transition in samples containing
glassy regions, avery large decreasein viscosity, avery large increase in molecular mobility, and commensurate increasesin the
rates of many reactions. Thiswater isfreezable, available as a solvent, and readily supports the growth of microorganism. Zone
[ water isreferred to as bulk-phase water (Table 4). Additional water will have the properties of bulk-phase water and will not

ater properties of existing solutes.

Ingelsor cdlular systems, bulk-phase water is physicaly entrapped so that macroscopic flow isimpeded. In all other respects
thiswater has properties similar to that of water in adilute salt solution. Thisis reasonable, since atypica water molecule added
inZonelll is“insulated” from the effects of solutes moleculesby severd layersof Zonel and Zone Il water molecules. The
bulk-phase water of Zonelll, either entrapped or free, usually congtitutes more than 95% of the total water in ahigh-moisture

food, afact that is not evident from Figure 19.

As mentioned earlier, the zone boundariesindicated in Figure 19 are smply an aid to discussion rather than aredlity. Itis
believed that water molecules can interchange rapidly within and between “zones’ and that the concept of a continuum of water
properties existing through Zones 111 is conceptually sounder than the notion of distinctly different properties existing in each
zone. Itisdso of interest that addition of water to adry materia containing only afew water moleculeswill increase the mobility
and lessen the resdence time of these origina water
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molecules[103]. However, addition of water to materias already having complete or near complete hydration shellsis unlikely
to have asignificant effect on the properties of water originaly present.

Theimportant effects that these solute-induced differencesin water properties have on stability of foodswill bediscussedina
later section. At thispoint, it will sufficeto say that the most mobile fraction of water existing in any food sample governs

dability.
2.9.2 Temperature Dependence

Asmentioned earlier, RVP istemperature dependent; thus M Sls must also be temperature dependent. An example involving
potato dicesis shown in Figure 21. At any given moisture content, food /P increasing with increasing temperature, in
conformity with the Claus us-Clgpeyron equation.

2.9.3 Hysteresis

An additional complication isthat an MSl prepared by addition of water (resorption) to adry sample will not necessarily be
superimposable on an isotherm prepared by desorption. Thislack
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FIGURE 21
Moisture desorption isotherms for potatoes at various
temperatures. (Redrawn from Ref. 35.)
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of superimposability isreferred to as“ hysteresis,” and aschematic exampleis shown in Figure 22. Typicaly, a any given p/p,
the water content of the sample will be greater during desorption than during resorption. MSIs of polymers, glasses of low-
mol ecul ar-weight compounds, and many foods exhibit hysteresis[46,47].

The magnitude of hysteresis, the shape of the curves, and the inception and termination points of the hysteresisloop can vary
considerably depending on factors such as nature of the food, the physical changes it undergoes when water isremoved or
added, temperature, the rate of desorption, and the degree of water removal during desorption [45]. The effect of temperatureis
pronounced; hysteresisis often not detectable at high temperatures (~80°C) and generally becomesincreasingly evident asthe
temperatureislowered [126].

Severd largely quditative theories have been advanced to explain sorption hysteresis [46,47]. These theoriesinvolve factors
such as swelling phenomena, metastable local domains, chemisorption, phase trangitions, capillary phenomena, and the fact that
nonequilibrium states become increasingly persstent as the temperature islowered. A definitive explanation (or explanations) of
sorption hysteresis has yet to be formulated.

Sorption hysteresisis more than alaboratory curiosity. Labuzaet d. [55] have conclusively established that lipid oxidation in
strained mesat from chicken and pork, a p/po vauesin the range of 0.75-0.84, proceeds much more rapidly if the ssmples are
adjusted to the desired p/po value by desorption rather than resorption. The desorption samples, as aready noted, would contain
more water at a given p/p» than the resorption samples. Thiswould cause the high-moisture sample to have alower viscosity,
which in turn would cause greater catalyst mobility, greater exposure of cataytic sites because of the swollen matrix, and
somewhat greater oxygen diffusgivity than in the lower moisture (resorption) sample.

In another study, Labuza et a. [56] found that the p/Po needed to stop the growth of several microorganismsis significantly
lower if the product is prepared by desorption rather than resorption.

By now it should be abundantly clear that M SIsare highly product specific, that the M Sl for agiven product can be changed
sgnificantly by the manner in which the product is prepared, and that these points are of practica importance.
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2.10 Relative Vapor Pressureand Food Stability
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Food stability and p/po are closdly related in many Situations. The datain Figure 23 and Table 6 provide examples of these
relationships. Shown in Table 6 are various common microorganisms and the range of RV P permitting their growth. Also shown

in this table are common foods categorized according to their RVP.

Datain Figure 23 are typica qudlitative relationships between reaction rate and p/po in the
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Relationships among relative water vapor pressure, food stability
and sorption isotherms. (A) Microbial growth versus p/po. (B)
Enzymic hydrolysis versus p/po. (C) Oxidation (nonenzymic)

versus p/po. (D) Maillard browning versus p/po. (E)

Miscellaneous reaction rates versus p/po. (F) W ater content
versus p/po. All ordinates are “relative rate” except for F. Data
from various sources.



TABLE 6 Relative Vapor Pressure and Growth of Microorganisms in Food

Range of
p/po

1.00-0.95

0.95-0.91

0.91-0.87

0.87-0.80

0.80-0.75

0.75-0.65

0.65-0.60

0.50

0.40

0.30

0.20

Source:Ref. 6

Microorganisms generally inhibited
by lowestp/p oin thisrange

Pseudomonas, Escherichia, Proteus,

Shigella, Klebsiella, Bacillus,
Clostridium perfringerspme
yeasts

Salmonella, Vibrio
parahaemolyticus, C. botulinum,
Serratia, Lactobacillus,
Pediococcusome molds, yeasts
(Rhodotorula, Pichia)

Many yeastqCandida, Torulopsis,
Hansenula), Micrococcus

Most molds (mycotoxigenic
penicillia),Staphylococcus aureus,
most Saccharomyces (bail8pp.,
Debaryomyces

Most halophilic bacteria,
mycotoxigenic aspergilli

Xerophilic moldgAspergillus
chevalieri, A. candidus, Wallemia
sebi),

Saccharomyces bisporus
Osmophilic yeast¢Saccharomyces
rouxii)few molds(Aspergillus
echinulatus, Monascus bisporus)

No microbial proliferation

No microbial proliferation

No microbial proliferation

No microbial proliferation

Foods generally within this range

Highly perishable (fresh) foods and canned fruits,
vegetables, meat, fish, and milk; cooked sausages and
breads; foods containing up to approximately 40%
(w/w) sucrose or 7% sodium chloride

Some cheeses (Cheddar, Swiss, Muenster, Provolone),
cured meat (ham), some fruit juice concentrates; foods
containing up to 55% (w/w) sucrose or 12% sodium
chloride

Fermented sausage (salami), sponge cakes, dry
cheeses, margarine; foods containing up to 65% (w/w)
sucrose (saturated) or 15% sodium chloride

Most fruit juice concentrates, sweetened condensed
milk, chocolate syrup, maple and fruit syrups; flour,
rice, pulses containing 15-17% moisture; fruit cake;
country-style ham, fondants, high-ratio cakes

Jam, marmalade, marzipan, glacé fruits, some
marshmallows

Rolled oats containing approximately 10% moisture;
grained nougats, fudge, marshmallows, jelly, molasses,
raw cane sugar, some dried fruits, nuts

Dried fruits containing 15-20% moisture; some toffees
and caramels; honey

Pasta containing approximately 12% moisture; spices
containing approximately 10% moisture

W hole egg powder containing approximately 5%
moisture

Cookies, crackers, bread crusts, etc. containing 3-5%
moisture

W hole milk powder containing 2—3% moisture; dried
vegetables containing approximately 5% moisture;
corn flakes containing approximately 5% moisture;
country style cookies, crackers
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temperature range 25-45°C. For comparative purposes atypica isotherm, Figure 23F, isaso shown. It isimportant to
remember that the exact reaction rates and the positions and shapes of the curves (Fig. 23A-E) can be dtered by sample
composition, physicd state and structure of the sample, composition of the atmosphere (especialy oxygen), temperature, and by
hysteress effects.

For al chemica reactionsin Figure 23, minimum reaction rates during desorption are typicaly first encountered at the boundary
of Zones| and I1 of theisotherm (p/p» 0.20-0.30), and al but oxidative reactions remain at this minimum as p/po is further
reduced. During desorption, the water content at the first-encountered rate minimum isthe “ BET monolayer” water content.

The unusud relationship between rate of lipid oxidation and p/po a very low vaues of p/p» deserves comment (Fig. 23C).
Starting at the extreme left of theisotherm, added water decreasesthe rate of oxidation until the BET monolayer vaueis
attained. Clearly, overdrying of samples subject to oxidation will result in less than optimum stability. Kardl and Y ong [48] have
offered the following interpretative suggestions regarding this behavior. Thefirst water added to avery dry sampleisbdieved to
bind hydroperoxides, interfering with their decomposition and thereby hindering the progress of oxidation. In addition, thiswater
hydrates metd ionsthat catalyze oxidation, gpparently reducing their effectiveness.

Addition of water beyond the boundary of Zones| and Il (Fig. 23C and Fig. 23F) resultsin increased rates of oxidation. Karel
and Y ong [48] suggested that water added in this region of the isotherm accel erates oxidation by increasing the solubility of
oxygen and by alowing macromoleculesto swell, thereby exposing more cataytic sites. At till greater p/po values (> ~ 0.80)
the added water may retard rates of oxidation, and the suggested explanation isthat dilution of catalysts reduces their
effectiveness.

It should be noted that curvesfor the Maillard reaction, vitamin B: degradation, and microbid growth dl exhibit rate maximaat
intermediate to high p/po values (Fig. 23A, D, E). Two possibilities have been advanced to account for the declinein reaction
rate that sometimes accompaniesincreasesin RV P in foods having moderate to high moisture contents [20,54].

1. For those reactions in which water is a product, an increase in water content can result in product inhibition.

2. When the water content of the sample is such that solubility, accessibility (surfaces of macromolecules), and mobility of rate-
enhancing congtituents are no longer rate-limiting, then further addition of water will dilute rate-enhancing congtituents and
decrease the reaction rate.

Sincethe BET monolayer vaue of afood provides agood first estimate of the water content providing maximum stability of a
dry product, knowledge of thisvaueis of consderable practical importance. Determining the BET monolayer vauefor a
specific food can be done with moderate ease if datafor the low-moisture end of the MSl are available. One can then use the
BET equation developed by Brunauer et d. [8] to compute the monolayer value

iy 1 C 1

+ iy
mil — ay)  me me

(8)

where a, iswater activity, miswater content (g H-O/g dry matter), M. isthe BET monolayer value, and C isa constant. In
practice, p/po values are used in Equation 8 rather than a. values.

From this equation, it is gpparent that aplot of a./m(1-a.) versus aw, known asaBET plot, should yied astraight line. An
example for native potato starch, with a. replaced by p/po, is shown in Figure 24. The linear rlationship, asisgeneraly
acknowledged, beginsto deteriorate at /o vaues greater than about 0.35.



Page 55

& i
5_
— [~
g
Q0|0 5L
O e
E o}
1t :L.aw—ma:.zm k]
i
] | i ]
0 1 2 3 i
P/R
FIGURE 24

BET plot for native potato starch (resorption data, 20°C). (Data
from Ref. 125.)

The BET monolayer vaue can be cdculated asfollows:

1
Monolayer value = oy = (v intercept) + (slope)

From Figure 24, they intercept is 0.6. Calculation of the dope from Figure 24 yieldsavaue of 10.7. Thus,

1
n o= = 1082 o HalWe .
1] 06 + 107 0.088 g H20/g dry manter

In this particular instance the BET monolayer vaue correspondsto ap/po of 0.2. The GAB equation yields asimilar monolayer
vaue[81].

In addition to chemical reactions and microbia growth, p/po aso influences the texture of dry and semidry foods. For example,
suitably low RV Ps are necessary if crispness of crackers, popped corn, and potato chipsisto be retained; if caking of
granulated sugar, dry milk, and instant coffeeisto be avoided; and if stickiness of hard candy isto be prevented [53]. The
maximum /P that can be tolerated in dry materials without incurring loss of desirable properties ranges from 0.35 t0 0.5,
depending on the product. Furthermore, suitably high water activities of soft-textured foods are needed to avoid undesirable
hardness.

2.11 Molecular Mobility (Mm) and Food Stability
2.11.1 Introduction

Even though the RV P approach has served the food industry well, this should not preclude consideration of other approaches
that can supplement or partidly replace RVP asatool for predicting and controlling food stability and processability. In recent
years, evidence has become increasingly compelling that molecular mobility (Mm; trandationd or rotationa motion) may
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be an attribute of foods that deserves attention because it is related causaly to many important diffusion-limited properties of
food.

Luyet and associated in the United States and Rey in France were apparently the first to draw attention to the relevance of Mm
(glassy states, recrystallization, collapse temperatures during freeze drying) to properties of biological materias[74, 76, 78, 94].
John D. Ferry, aprofessor of chemistry at the University of Wisconsin, and his associates formul ated many of the basic concepts
pertaining to Mm in nonequilibrium systems consisting of synthetic, amorphous polymers[27,130]. In 1966, White and
Cakebread [129] described the important role of glassy and supersaturated states in various sugar-containing foods and
suggested that the existence of these states has an important influence on the stability and processability of many foods.
Duckworth et a. [17] demonstrated the relevance of Mm to rates of nonenzymic browning and ascorbic acid oxidation, and
thereby provided further evidence that the rel ationship between Mm and food stability is one of considerable importance.

Widespread recent interest in the relationship between Mm and food properties was created primarily by Felix Franks[29] and
the team of Louise Sade and Harry Levine [60-67, 112-118]. They showed that important basic principles underlying the
behavior of synthetic, amorphous polymers, as developed by Ferry's group and others, gpply to the behavior of glass-forming
foods. Slade and Levine used the phrase “food polymer science approach” to describe the interrel ationships just mentioned;
however, the term “molecular mobility” (Mm) seems preferable because thisterm is smple and emphasizes the underlying aspect
of importance. The work of Sade and Levine has been relied on heavily during preparation of this section on Mm.

The importance of the Mm concept, which lay unappreciated by food scientists for many years, lends support to an important
principle: For those in gpplied sciences who aspire to engage in pioneering work, much more can be gained from scientific
literature that underlies or is periphera to their primary field of endeavor than from literature that is centra to it. Evidence now
suggeststhat Mm is causaly related to diffuson-limited properties of foods that contain, besides water, substantial amounts of
amorphous, primarily hydrophilic molecules, ranging in size from monomersto polymers. The key congtituents with respect to
Mm are water and the dominant solute or solutes (solute or solutes comprising the magjor fraction of the solute portion). Foods
of thistype include starch-containing foods, such as pasta, boiled confections, protein-based foods, intermediate-moisture
foods, and dried, frozen, or freeze-dried foods. Some properties and behavioral characteristics of food that are dependent on
Mm areshownin Table7.

When afood is cooled and/or reduced in moisture content so that al or part of it is converted to aglassy state, Mm is greatly
reduced and diffuson-limited properties become stable. It isimportant to note the qudifying term “diffuson-limited.” Most
physica properties/changes are diffusion-limited, but some chemica properties/reactions are controlled more by chemica
resctivity than diffuson. Approachesto predicting whether rates of chemical reactions arelimited by diffusion or chemical
reactivity are available but caculations are not smple. This matter will be discussed further in Section 2.11.3.2. Eveniif future
work establishes that the Mm approach appliesto virtually al physica properties of foods but only to some chemical properties,
the importance of this gpproach remains sufficient to justify careful sudy.

It isappropriate at this point to suggest that the RV P and Mm approaches to food stability are, for the most part,
complementary rather than compstitive. Although the RV P approach focuses on the “availability” of water in foods, such asthe
degree to which it can function as a solvent, and the Mm gpproach focuses on microviscosty and diffusibility of chemicasin
foods, the latter, of course, is dependent on water and its properties [83].

Because severd terms used in the following discussion will be unfamiliar to many readers of this book and/or have been poorly
defined in other works, aglossary appears at the end of this chapter. Many readerswill find it useful to study the glossary before
proceeding further.
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TABLE 7 Some Properties and Behavioral Characteristics of Foods That Are Governed by Molecular Mobility
(Diffusion-Limited Changes in Products Containing Amorphous Regions)

Dry or semidry foods Frozen foods

Flow properties and stickiness Moisture migration (ice crystallization, formation of in-
Crystallization and recrystallization package ice)

Sugar bloomin chocolate Lactose crystallization ("sandiness" in frozen desserts)

Cracking of foods during drying

Texture of dry and intermediate moisture foods Enzymatic activity

Collapse of structure during secondary Structural collapse of amorphous phase dur- ing
(desorption) phase of freeze-drying sublimation (primary) phase of freeze-drying

Escape of volatiles encapsulated in a solid, Shrinkage (partial collapse of foam-like frozen desserts)

amorphous matrix

Enzymatic activity
Maillard reaction
Gelatinization of starch

Staling of bakery products caused by
retrogradation of starch

Cracking of baked goods during cooling
Thermal inactivation of microbial spores

Source:Adapted from Ref. 114.

2.11.2 State Diagrams

Congderation of “state” diagramsis highly pertinent to the discussion of Mm and stability of foods that are frozen or have
reduced moisture contents. State diagrams are much more suitable for this purpose than conventiona phase diagrams. Phase
diagrams pertain solely to equilibrium conditions. State diagrams contain equilibrium information aswell asinformation on
conditions of nonequilibrium and metastable equilibrium “ states.” State diagrams are, therefore, supplemented phase diagrams,
and they are appropriate because foods that are dried, partidly dried, or frozen do not exist in a state of thermodynamic
equilibrium.

A smplified temperature-composition ate diagram for abinary system is shown in Figure 25. Important additionsto the

standard phase diagram are the glass transition curve (T,) and the line extending from Te to Te , With both lines representing
metastable conditions. Samples|ocated above the glass trangition curve and not on any line exis, with few exceptions, in agate
of nonequilibrium, aswill be discussed subsequently. State diagrams of thisformat will be used severd times during the following
discussion of Mmin foods.

When using these diagrams, it is assumed that pressure is constant and the time dependency of the metastable states, although
red, isof little or no commercia importance (not true of nonequilibrium states). It aso should be recognized that each smple
system will haveits own characteristic Sate diagram that differs quantitatively, but not qualitatively, from that in Figure 25, and
that most foods are so complex that they cannot be accurately or easily represented on a state diagram. For all complex foods,
both dry and frozen, accurate determination of aglass trangtion curve (or more properly zone, aswill be discussed later) is
difficult, but estimates are essentid if the Mm gpproach to food stability isto be used effectively. Although estimates of T, for
complex foods are not easy to obtain, this can be done with accuracy sufficient for commercia use.
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State diagram of a binary system. A ssumptions: maximal freeze concentration, no
o _ Tw! .
solute crystallization, constant pressure. no time dependence. ~ ™ isthe melting
b

point curveT Eeisthe eutectic point, " isthe solubility curvd, g4isthe glass
T
transition curve, and is the solute-specific glass transition temperature of a

maximally freeze concentrated solution. Heavy dashed lines represent conditions of
metastable equilibrium. All other lines represent conditions of equilibrium.

Te! and T
Estdiorl ishing the equilibrium curves ( " Fig. 25) for complex foods aso can be difficult. For dry or semidry foods
the ™ curve, themgjor equilibrium curve of importance, usualy cannot be accurately depicted asasingleline. A common
approach isto base the state diagram on water and afood solute of dominating importance to the properties of the complex

food, then deduce properties of the complex food from this diagram. For example, a state diagram for sucrose-water is useful
Tm®
for predicting the properties and behavior of cookies during baking and storage [67]. Determining curvesfor dry or

semidry complex foods that do not contain adominating solute is a difficult matter that has not yet been satisfactorily resolved.

. I
For frozen foods, the situation is somewhat better because the melting point curve ( fm ), the mgjor equilibrium curve of
importance, is often known or easily determined. Thus, it is possible, with accuracy sufficient for commercial purposes, to
prepare a state diagram for acomplex frozen food.

For binary systems, the effect of different solutes on the glass trangtion curve is shown schematicaly in Figure 26. Note tThgt the

left end of the T, curveisadwaysfixed at -135°C, the T, of water. Thus, differencesin location of the curve depend on * and
on T, of thedry solute.
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and b are curves for different solutes. Assumptions stated in Figure 25 apply here.
2.11.3 Nine Key Concepts Underlying the Molecular Mobility Approach to Food Stability

2.11.3.1 Concept 1. Many Foods Contain Amor phous Components and Exist in a State of M etastable Equilibrium or
Nonequilibrium

Complex foods frequently contain amorphous (noncrystalline solid or supersaturated liquid) regions. Biopolymersare typicaly
amorphous or partly amorphous. Examplesinclude proteins such as gdatin, elastin, and gluten, and carbohydrates such as
amylopectin and amylose. Many smal molecules such as sugars aso can exist in an amorphous state, and al dried, partidly
dried, frozen, and freeze-dried foods contain amorphous regions.

Amorphous regions exist in metastable equilibrium or nonequilibrium. Attainment of thermodynamic equilibrium (minimum free
energy) isnot agod during food processing, though this condition resultsin maximum stability. Thermodynamic equilibriumis
incompatible with life, including that of fruits and vegetables postharvest, and isincompatible with satisfactory quality in foods.
Thus, amgor god of food scientists'technologists, dthough they rardly view their dutiesin this manner, isto maximize the
number of desirable food attributes that depend on metastable equilibrium states, and to achieve acceptable stability for those
desirable attributes that must unavoidably depend on nonequilibrium states. Hard candy (amorphous solid) isa
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common example of ametastable food, and emulsions, small ice crystds, and unsaturated lipids are examples of food
componentsthat exist in astate of unstable nonequilibrium. Metastable states of food components often can be achieved by
drying or freezing.

2.11.3.2 Concept 2. The Rates of Most Physical Events and Some Chemical Events Are Governed by Molecular
Mobility (Mm)

Because most foods exist in metastable or nonequilibrium states, kinetic rather than thermodynamic approaches are often more
gppropriate for understanding, predicting, and controlling their properties. Molecular mobility (Mm) isakinetic gpproach
considered appropriate for this purpose because it is causatively related to rates of diffuson-limited eventsinfoods. The WLF
(Williams-Lande-Ferry) equation ( see Section 2.11.3.5) provides the means for estimating Mm at temperatures above the glass

-'r |‘l T"l'l

trangtiontemperatureandbelow & or . State diagramsindicate conditions of temperature and composition that permit
metastable and nonequilibrium statesto exis.

The utility of the Mm gpproach for predicting many kinds of physical changes has been reasonably well established. However,
situations do exist where the Mm approach is of questionable value or is clearly unsuitable. Some examples are () chemical
reactions whose rates are not strongly influenced by diffusion, (b) desirable or undesirable effects achieved through the action of
specific chemicas (e.g., dteration of pH or oxygen tension), (c) Stuationsin which sample Mm is estimated on the basisof a
polymeric component (T, of polymer) and where Mm of small molecules that can penetrate the polymer matrix isaprimary
determinant of the product attribute of interest [110,111], and (d) growth of vegetative cdlls of microorganisms (p/p isamore
reliable estimator than Mm) [12,13]. Point (a) deserves further attention because most authors of paperson Mm and its
relevance to food stability are strangely slent on thisimportant topic. Some useful references are Rice [95], Connors[14],
Kopelman and Koo [50], Bell and Hageman [2a], and Haynes [4Q].

It isappropriate to first consider chemical reactionsin a solution a ambient temperature. In this temperature range, some
reactions are diffusion-limited but many are not. At constant temperature and pressure, three primary factors govern the rate at
which achemica reaction will occur: adiffusion factor, D (to sustain areaction, reactants must first encounter each other), a
frequency-of-callision factor, A (number of collisions per unit time following an encounter), and achemica activation-energy
factor, E. (once a collision occurs between properly oriented reactants the energy available must be sufficient to cause a
reaction, that is, the activation energy for the reaction must be exceeded). The latter two terms are incorporated in the Arrhenius
relationship depicting the temperature dependence of the reaction rate constant. For areaction to be diffusion-limited, it isclear
that factors A and E. must not be rate-limiting; that is, properly oriented reactants must collide with great frequency and the
activation energy must be sufficiently low that collisions have ahigh probakility of resulting in reaction. Diffusion-limited reactions
typicaly have low activation energies (8-25 kI¥mol). In addition, most “fast reactions’ (small E. and large A) are diffusion-
limited. Examples of diffusion-limited reactions are proton transfer reactions, radical recombination reactions, acid-base
reactionsinvolving trangport of H* and OH", many enzyme-catalyzed reactions, protein folding reactions, polymer chain growth,
and oxygenation/deoxygenation of hemoglobin and myoglobin [89,95]. These reactions may involve avariety of chemica entities
including molecules, atoms, ions, and radicals. At room temperature, diffusion-limited reactions occur with bimolecular rate
constants of about 10%° to 10'* M's?; therefore arate constant of this magnitude is regarded as presumptive evidence of a
diffuson-limited reaction. It isalso important to note that reactionsin solution can go no faster
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than the diffuson-limited rate; that is, the diffuson-limited rate is the maximum rate possible (conventiona reaction mechanisms
are assumed). Thus, reactions occurring at rates significantly dower than the diffusion-limited maximum arelimited by A or E. or
acombination of these two.

The theory describing diffusion-limited reactions was devel oped by Smoluchowski in 1917. For spherical, uncharged particles,
the second-order diffusion-limited rate constant is

N 41‘!."'#‘.\ D Dir
Kait = “gpq P1 + Doy

where N is Avogadro's number, D: and D. are the diffusion constants for particles 1 and 2, respectively, and I isthe sum of the
radii of particles 1 and 2, that is, the distance of closest approach. This equation was subsequently modified by Debyeto
accommodate charged particles and by others to accommodate additional characteristics of real systems. Nonetheless, the
Smoluchowski equation provides an order-of-magnitude estimate of Ka.

Of considerable pertinence to the present discussion isthe viscosity and temperature dependence of the diffusion congtant. This
relaionship is represented by the Stokes-Einstein equation:

D= KT/pbhr,

where K isthe Boltzmann constant, T is absol ute temperature, b isanumerica constant (about 6), hisviscosity, and Isisthe
hydrodynamic radius of the diffusing species. This dependence of D (and therefore Kar) on viscosity isapoint of special interest
because viscosity increases dramatically astemperature is reduced in the WLF region.

It appearslikely that rates of some reactionsin high moisture foods at ambient conditions are diffusion-limited and rates of others
are not. Those that are would be expected to conform reasonably well to WLF kinetics as temperatureis lowered or water
content is reduced. Among those that are not diffusion-limited at ambient conditions (probably uncatalyzed, dow reactions),
many probably become so as temperature islowered below freezing or moistureis reduced to the point where solute
saturation/supersaturation becomes common. Thisislikely because a temperature decrease would reduce the thermal energy
availablefor activation and would increase viscosity dramatically, and/or because areduction in water content would cause a
pronounced increase in viscosity. Because the frequency-of-collision factor, A, is not strongly viscosity dependent, it probably is
not an important determinant of the reaction-limiting mechanism under the circumstances described [9]. Thislikely conversion of
some chemical reactions from non-diffusion-limited to diffusion-limited astemperature is lowered or water content is reduced
should result, for those reactions behaving in this manner, in poor conformance to WLF kineticsin the upper part of the WLF
region and much better conformance in the lower part of the WLF region.

2.11.3.3 Concept 3. Free Volume s Mechanistically Related toMm

Astemperatureislowered, free volume decreases, making trandationa and rotational motion (Mm) more difficult. Thishasa
direct bearing on movement of polymer segments, and hence on local viscosity in foods. Upon cooling to T, free volume
becomes sufficiently smdl to stop trandationd motion of polymer segments. Thus, at temperatures <T,, the stability of diffusion-
limited properties of food is generally good. Increasesin free volume (usudly undesirable) can be achieved by addition of alow-
molecul ar-weight solvent, such aswater, or by increasing temperature, with both actionsincreasing trandationa motion of
molecules. The free volume
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concept isuseful in that it provides amechanistic basisfor the Mm versus stability relationship, but asyet, it has not been
successfully applied as aquantitative tool for predicting food stability.

.y
2.11.3.4 Concept 4. Most Foods Exhibit a Glass Transition Temperature (T,or * ) or Range

The T, has an important relationship to the stability of diffusion-limited properties of food. Foods that normally contain
amorphous regions or develop them during cooling or drying will exhibit a T, or T, range. In biologica systems, solutes seldom
crystalize during cooling or drying so amorphous regions and glass trangtions are common. The stability of diffusion-limited
properties of substances of this type often can be estimated from the relationship between Mmand T,. Mm, and thus all
diffuson-limited events, including many quality-deteriorating reactions, usudly becomes severdly restricted below T,
Unfortunately, many foods are stored a T>T,, resulting in much greater M m and much poorer stability than thet attainable at
T<T,.

To determine T, with reasonable accuracy it must be measured. In smple systems this can be accomplished using adifferentia
scanning calorimeter (DSC) equipped with aderivative plotting accessory, but great care must be exercised to achieve accurate
results. In complex systems (most foods), accurate determination of T, by DSC isvery difficult, and dynamic mechanica
andyss(DMA) and dynamic mechanica therma andysis (DM TA) have been used as dternate techniques[77a]. All of these
approaches are costly, and noneis suited to in-plant measurements.

The observed T, depends on the type of instrument used, the experimentd conditions emploved, and the interpretative skill of
y
the operator [1,10,39,43,82,92,101,111]. A particularly good example concerns vaues for ‘ (T, of frozen &amolgs

determined under conditions where maximal freeze concentration is presumably achieved). For agiven substance, Te vaues
reported after about 1990 tend to be lower than values determined earlier. These discrepancies are caused by differencesin
experimental procedures, clearly demonstrating the inappropriateness of reporting T, valuesto an accuracy of greater than
+1°C. Whether the recent values more accurately reflect conditions prevailing in commercia foodsis still amatter of

controversy, and it should be noted that Te vaues reported by Slade and L evine pertain to samples with initia water contents
of 80%. Thisisfairly typica of natural foods, whereas val ues reported more recently are based on initial water contentsthat are
very low. Severd criteriafor ascertaining whether aglasstrangition has been accurately determined by DSC are given by
Wolanczyk [131].

Various equations are available for caculaing T, of samples containing only afew components, and this approach can providea
useful estimate when sample composition and T, values of the components are known. The oldest and simplest equation, as
applied hereto abinary system, isthat of Gordon and Taylor [34].

wila, + ol

I--' =
£ Wi o+ kwo

where To and T arethe glasstransition values (in K) of components 1 (water) and 2 of the sample, respectively; W: and W- are

the weight fractions of components 1 and 2 of the sample; and k isan empirical constant. Refinementsto this equation are
availablein the literature [38].

2.11.3.5 Concept 5. Molecular Mobility and Diffusion-Limited Food Stability Are Unusually Temperature

Tl:‘ll T"l'l

Dependent Between T, and T, (Note: T, Herels Taken to Mean Either or '™ , Whichever |sAppropriate)

Within this temperature range, which for foods may be aslarge as 100°C or as small as about 10°C, the vast array of products
having amorphous regions will exhibit atemperature depend-
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ency for Mm and viscod astic propertiesthat is unusually large. The M misquiteintenseat T and is very subdued for most
molecules a or below T,. Thistemperature range encompasses product consistencies termed “ rubbery” and “glassy” (athough
the“rubbery” term applies only when large polymers are present). Quditative rel ationshi ps between substance properties and
substance temperature, including therange Tr-T,, are depicted in Figure 27.

The temperature dependence of Mm, and that of food properties that depend strongly on M m (most physical properties and
some chemical properties), isfar greater in zone Tw- T, than it is at temperatures above or below this zone. Thus, one usualy
finds achangein dope (changein activation energy) of Arrhenius plots upon passage from temperatures outside zone Tr- T to
temperaturesinside. Estimating the temperature dependence of reaction ratesin zone Tw- T, has been the subject of considerable
research, and an equation that applies accurately to dl types of reactions and conditions has not been devised. In zone Ti-Ty,
rates of many physical events conform more closely to the WLF equation [27,130], and to similar equations, than they do to the
Arrhenius equation. Because the dependency of chemica reactions on M m can vary greatly depending on reactant type, neither
WLF nor the Arrhenius equation appliesto al chemicd reactionsin zone Tw- T,. Conformance of physica and chemicd events
to WLF or Arrhenius

Applicable Malecular mokitity
Kinatics | Viscosiy =nd free valume
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FIGURE 27
Schematic interrelations among temperature,
appropriate type of kinetics, viscosity, molecular mobility,
free volume, and relative rates of diffusion-dependent
events. W LF kinetics based on mean constants. Other terms
are defined in legend of Figure 25.
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relationships is much less satisfactory in the presence of ice than in its absence because the concentrative effects of ice formation
are not accommodated by either approach.

Because the WLF equation isauseful tool for estimating rates of physica eventsin zone Tw- Ty, it deserves further discussion.
The WLF equation expressed in terms of viscosity is

ety — _—C1T = Ta
0eMMe) = = 7 = Ty)

where hisviscosity at product temperature T(K) (Note: h can be replaced by /M m, or any other diffusion-limited relaxation
process), hy isviscosity at product temperature T, (K), and C: (dimensionless) and C;(K) are constants [27,130]. The T, is
generally accepted as the reference temperature in the WL F equation when iceis not present. In the presence of ice,

T
disagreement till exists asto whether T, or * ismore appropriate [93,111]. Thispoint will be discussed further in the section
dedling with technologica aspects of freezing preservation.

Theterms C, and C: are substance-specific constants (i.e., not temperature dependent). They have mean (sometimes called
“universal”) vaues of 17.44 and 51.6, respectively, for many synthetic, totally amorphous polymersthat are pure (no diluent).
The numericd vaues of these congtants vary substantially with water content and substance type, so vaues gppropriate for
foods often differ gppreciably from the mean values. Constants specific for the food under study must be used if reasonable
conformance of datato the equation isdesired [49,111].

The WLF equation specifies avery large temperature dependence of substance propertiesin zone Tw-T,. If one assumes
conformance to WLF kinetics (mean constants), the absence of ice, and an initial substance temperature T, then warming will
result in the following sequence of changesin viscosity (or /Mm) [115,117]:

1. An approximate 10°-fold decreasein viscosity and increase in Mm during an isotemperature conversion from aglasstoa
supersaturated liquid.

2. An approximate 10°-fold decrease in viscosity and increase in Mm with warming through the 20°C interva immediately
above T,. (In the unfrozen fraction of frozen samples, the changein these properties per °C is even greater.)

3. An gpproximate 10'*-fold decrease in viscosity and increase in Mm with warming through the entire range from Tq to Tn.
With respect to diffusion-limited food stability in the WLF region (Tw-T), two terms are of key importance: T-T (or T- Te )
and Tw/To. T-T,, where T is product temperature, defines the location of the food in the WLF region. Thelog(h/h) (or any
other viscosity-related property, such as Mm) varies curvilinearly with T-T,. Theterm T«/T, (calculated on the basis of K)
provides arough estimate of product viscosity (inverse relaionship with Mm) a T,. Knowledge of product viscosity at T is
important because viscosity at T, isthe reference valuein the WLF equation, and this value can vary considerably with changes
in product composition.

Vduable concepts pertaining to Tw-T,, T-T,, and Tw/T, have been devel oped based largely on diffusion-limited properties of
carbohydrates [62,112-114,117]:

1. The magnitude of the T- T, region can vary from about 10 to about 100°C, depending on product composition.
2. Product stability depends on product temperature, T, inthezone Tm- T, that is, itisinversaly rlated to DT=T- T,

3. Atagivenvdueof T, and constant solids content, /T, variesinversdly with Mm. Thus, T«/T, isdirectly related to both
diffusion-limited product stability and product rigidity (viscosity) at both T, and temperatures > T, in the WLF region. For
example, a any given T in the WLF zone, substances with small T./T, vaues (e.g., fructose)
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result in larger values of Mm and greater rates of diffusion-limited events than do substances with large T+/T, values (eg.,
glycerol [113]). Small differencesin the vaue of Tw/T, result in very large differencesin both Mm and product stability
[113].

4. Tn/T4ishighly dependent on solute type (Table 8).

5. For equa Tw/T, at agiven product temperature, an increase in solids content resultsin decreased Mm and increased
product stability.

At this point it is appropriate to mention two approaches that have been used to study the interrelations between Mm, T, and
food properties/stability. One gpproach, asjust discussed, involves testing whether physical and chemical changesin foods over
the temperature range Tw- T, conform to WLF kinetics. Some studies of thiskind have resulted in good conformity (physical
properties) to WLF kinetics and others poor (some chemical reactions) (Fig. 28).

A second approach is simply to determine whether food stability differs markedly above and below T, (or Te , withllittle
attention given to characterization of kinetics. With this approach, the expectation is not so demanding and the results are often
much more favorable; that is, it isfound that desirable food properties, especidly physica properties, aretypicaly retained much
better below T, than they are above. T, appearsto be much lessreiable for predicting stability of chemica propertiesthenit is
for physical properties. The temperature below which oxidation of ascorbic acid exhibits gregtly reduced temperature

dependency (practical termination temperature) appears to correspond fairly well to Te , a least under the conditionsused in
Figure 29. However, the sameis not true for non enzymetic browning. In Figure 30, the practica termination temperature for
non enzymatic browning iswell above sample T, whereasin Figure 31 the termination temperature iswell below sample T
Differencesin sample composition probably account for the dissmilar resultsin the two browning studies.

In closing this section, it is gppropriate to note that an agebraic equation is available to interrel ate food texture, temperature, and
moisture content in the vicinity of T, (or other critical temperatures) [88]. Although the equation cannot be used to predict
textural changes, it can be used to cregte quantitative, three-dimensional graphsthat effectively digplay these interreationships
near T,. Large differences exist anong products with respect to dependency of agiven textura property on temperature and
moisture, and these differences are clearly evident on graphs of thiskind.

2.11.3.6 Concept 6. Water isa Plasticizer of Great Effectivenessand it Greatly Affects T,

Thisisespecidly true with regard to polymeric, oligomeric, and monomeric food substances that are hydrophilic and contain
amorphous regions. This plasticizing action resultsin enhanced Mm, both above and below T,. Aswater increases, T, decreases
and free volumeincreases (Fig. 32). This occurs because the average molecular weight of the mixture decreases. Ingenerd, T,
decreases about 5-10°C per wt% water added [118]. One should be aware, however, that the presence of water does not
assure that plasticization has occurred; water must be absorbed in amorphous regions to be effective.

Water, because of its smal molecular mass, can remain surprisingly mobile within aglassy matrix. This mobility no doubt
accounts, as previoudy noted, for the ability of some chemica reactionsinvolving small moleculesto continue at measurable
rates somewhat below the T, of apolymer matrix, and for water to be desorbable during the secondary phase of freeze drying
at temperatures <T,.
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log of rate or log of rate constani, k (relative values)
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FIGURE 28
Comparison of the temperature dependente- (T g) of viscosity (lodh T/hT g; inverse of molecular mobility)
as estimated from the W LF equation using mean constants, with the temperature dependencies of the rates
at which various foods deteriorate. Note: Curves for rate of deterioration of foods have been adjusted
vertically to avoid overlap; thus the values shown are relative values and meaning should be attached
only to the slopes of these curves. Curve ais W LF viscosity, which is usually assumed to be inversely
proportional to the rates of diffusion-dependent reactions. Curve b is the pseudo-first-order rate constant for
loss of ascorbic acid in frozen peas. Curve c is the rate of enzyme-catalyzed hydrolysis of disodium p-nitrophenyl
phosphate in aqueous maltodextrin. Curve d is the rate constant for the decrease in protein solubility in frozen cod.
Curve e is the rate constant for the increase in “Instron peak force” for frozen cod. Curve f is the mean rate
of increase in the apparent viscosity of egg yolk (during cooling, the early stages of freezng account for the
steep slope at the right end of the curve). Curve g is the “kinetic constant” for the growth of ice crystals
in frozen beef. (Compiled from various sources by Simatos and Blond [110].)

.y
2.11.3.7 Concept 7. Solute Type Greatly Affects T,and *

These reationships are important for predicting the behavior of compounds, but they are not smple. Thus, the discussion hereis
far from complete. For further information the reader is referred to Sade and Levine 113]. T, is strongly dependent on both

solute type and moisture content, except for observed Te , which depends primarily on solute type and only dightly on water
content (initid).

T, T
Attention will first be given to the relationship between solute molecular weight (M\/\h and Teor * . Figure 33isaplot of

versus MW for sugars, glycosides, and polyols with maximum MW of about 1200. (and T) increase proportionately with
increasesin solute MW
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FIGURE 29
Loss of ascorbic acid with time at various temperatures.
Initial samples containdd-ascorbic acid (40 mg/100
ml) and 10% w/w maltodextrin (M100) in degassed

T
acetate buffer, pH 5.8. ¢ is -10°C. Upper three lines are

data for temperatures of -11.5, -14.3, and -17.7°C,
+* -]
is-8.0°C, and is -5.6°C. (From Ref. 70.)

over therange of MW shown. Thisis an expected relationship because trandationa mobility of molecules decreaseswith
increasing Size, SO that alarge molecule requires a higher temperature for movement than does a smdler one. However, with
MW greater than 3000 (dextrose equivaent, DE, of <~6 for starch hydrolysis products) T, becomes independent of MW, asis
shown in Figure 34. An exception occurs when time and |large-molecule concentration are sufficient to alow “ entanglement
networks’ (seelater section) to form. In thisinstance, T, continuesto rise somewhat with increasing MW. A noteworthy aspect
of Figure 34 isthe relationship shown between functiona properties of solutes and their DE (or MW,). Compounds on the
small-MW portion (vertical leg) of the curve serve, for example, as sweeteners,

200 T ) '|
cabbage --0-- --#&-- 15,
polaly —e—

100

Rate constant (arbitrary units)

FIGURE 30
Rate of nonenzymatic browning in cabbage and
potato as a function of product water content and
T - Tg. (From Ref. 49.)
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FIGURE 31
Rate of nonenzymatic browning in a model

system as a function of TF 4 Maltodextrin (DE
10), L-lysine, andD-xylose were used at ratios of

13:1:1. Storage temperature was held constant at
each of the temperatures indicated ahd T gwas
altered by changing water content of the sample.

(From Ref.99.)
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FIGURE 32

T g of wheat gluten as a function of water content.
(From Ref. 42.)
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humectants, participantsin the Maillard reaction, and cryoprotectants. Compounds on the plateau region of the curve have
entirely different functions, asindicated.

Plots of MW versus T, that are linear and provide greater insight to the rel ationship between MW and T, have been devel oped
for soluteswith MW of |ess than about 3000 [113]. For dry solutes, the appropriate plot is T, versus -1/MW, of the solute. For

T
samples containing significant amounts of water, the gppropriate plotis * versus -1/MW. of the water-solute solution that

T
exisgsat = of the sample. It should be noted that the good linearity of these plots deteriorates significantly when members of
nonhomol ooous series areincorporated on the same plot. Thisindicates that sol ute attributes other than MW have an influence

onTyand Te . Thus, one cannot expect to obtain the same product properties (stability, processability) when chemicals of the
same MW (or same DE) are interchanged. Thisfailure to achieve uniform performance among compounds of the ssme MW is
especialy true when the interchange involves different chemica families. For example, for different sugars of equal MW, the

T,
differencein * can be asmuch as 10°C. Different oen‘ormance can also occur between molecules of the sametypeif fractions

of different configurations are present [114]. T, and Te valuesfor saected pure carbohydrates, along with associated vaues for
molecular weight and severa other properties of importance, are listed in Table 8.

A find point should bementloned before closing this section. Most perhapsdl, bio-polymers of high MW have very smilar

glass curves and exhibit Te vaues near -10°C. Those with Te vauesin this range include polysaccharides such as starch,
maltodextrin, cellulose, hemicelulose, carboxymethylcelulose, dextran, and xanthan; and proteins such as gluten, glutenin,
gliadin, zein, collagen, gdatin, eastin, keratin, abumins, globulins, and casein [117].

2.11.3.8 Concept 8. Solute Type Has a Profound Effect on W,

.['-

W, cy
Theterm W, isthe water content of the samole aTg,and *© |sthe unfrozen water content at . Theterms C; and are

W,
the solids content of the sampleat T, and Te respectively ( =100- ~ .andthesamerdationship gppliesto C; and W, at

agiven temperature). The following important relationships were derived for e of carbohydrates but are believed to apply to
W, and to substances other than carbohydrates:

'\-' T -" .
1. Thevd ueof * variesdirectly with Mm and inversdly with product stability at ‘. Increasssin product water content

W, . .
above * or W, cause product stability to decrease and Mm to increase.

2. The e va u&s vary greetly with solute type asis apparent from datain Table 8. Thevadue of generd ly varies

inversdy with e and MW., but these are qualitative relationships and are not suitable for predictive purposes, except for
members of ahomologous series of compounds. Generaly, the most reliable values of solute or product We are obtained
by measurement. However, the experimenta procedure chosen can greetly affect the value obtained, and the procedure
most likely to give values of greatest relevanceto food is still amatter of controversy [114)].

Based on what has been said, one should not expect the same performance within the WL F zone when compounds are
T,
and (or
W,
W; and Tg). Compare, for example, the  *  vauesof glucose versus fructose and lactose versus trehalose (Table 8). Although
each pair member hasthe same molecular weight, their effect on product stability usudly is quite different, and thisis at least

partly attributable to the differencei |n

W,

interchanged on an equal weight or equal b/ basis, because these compounds may have different values for
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2.11.3.9 Concept 9. Molecular Entanglement Can Greatly Affect the Properties of Food

Macromol ecule entanglement (see glossary) can lead to the formation of entanglement networks (EN) when solute molecular
szeissufficient (>~3,000 MW, <DE of ~6 for carbohydrates), when solute concentration exceeds a critical value, and sufficient
time el gpses. Besides carbohydrates, proteins can form EN, examples being gluten in wheat flour dough and sodium caseinatein
imitation mozzarellacheese.

ENs have a profound effect on the properties of food. For example, it has been suggested, based on some supporting evidence,
that ENs can dow rates of crystdlization in frozen foods, retard moisture migration in baked goods, help retain crispness of
breakfast ceredl's, help reduce sogginess of pastries and pie crusts, and facilitate drying, gel formation, and encapsulation

.y
processes [114]. Once conditions result in an EN, further increasesin MW will not only cause further increasesin T, or ‘ , but
will o result in firmer networks [64].

2.11.4 Technological Aspects: Freezing

Although freezing is regarded as the best method of long-term preservation for most kinds of foods, the benefits of this
preservetion technique derive primarily from low temperature as such, not from ice formation. The formation of icein cdlular
foods and food gels has two important adverse consequences. (a) nonagueous congtituents become concentrated in the unfrozen
phase (an unfrozen phase existsin foods at all storage temperatures used commercialy), and (b) all water converted toice
increases 9% in volume. Both occurrences deserve further comment.

During freezing of aqueous solutions, cdllular suspensions, or tissues, water from solution istransferred into ice crystals of
variable but high degree of purity. Nearly al of the nonaqueous congtituents are therefore concentrated in adiminishing quantity
of unfrozen water. The net effect issimilar to conventional dehydration except in thisingtance the temperature islower and the
separated water is deposited localy asice. The degree of concentration isinfluenced mainly by thefina temperature, and to a
lesser degree by agitation, rate of cooling, and formation of eutectics (crystalization of solutes—uncommon).

Because of the freeze-concentration effect, the unfrozen phase changes significantly in properties such as pH, titratable acidity,
ionic strength, viscosity, freezing point (and al other colligative properties), surface and interfacial tension, and oxidation-
reduction potential. In addition, solutes sometimes crystdlize, supersaturated oxygen and carbon dioxide may be expdled from
solution, water structure and water-solute interactions may be drasticaly atered, and macromolecules will be forced closer
together, making interactions more probable. These changes in concentration-rel ated properties often favor increasesin reaction
rates. Thus, freezing can have two opposing effects on reaction rate: |owering temperature, as such, will always decrease
reaction rates, and freeze-concentration, as such, will sometimesincrease reaction rates. It should not be surprising, therefore,
that reaction rates at subfreezing temperatures do not conform well to either Arrhenius or WLF kinetics, and that these
deviations sometimes can be very large. In fact, it is not uncommon to find reactions that accelerate during freezing [22,23].

With this background, specific examples of freezing and the importance of Mm to the stability of frozen foods can be presented.
Sow freezing of acomplex food will be considered first. Very dow freezing resultsin close conformance to solid-liquid
equilibrium and maxima freeze-concentration. Starting a A in Figure 35, remova of sensible heat moves the product to B, the
initiad freezing point of the sample. Because nucleation is difficult, further remova of heat resultsin undercooling and nuclegtion
beginsat point C. Nucleation isimmediately followed by crysta growth, release of latent heet of crystdlization and arisein
temperatureto D. Further
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FIGURE 35

State diagram of a binary system showing possible paths for freezing

ABCDET,F
(unstable sequence ABCDE; stable sequence , drying

(unstable sequence AHIJK; stable sequence AHIJLG) and freeze drving

ABCDET,FG
(unstable sequence ABCDEG, stable sequence

Temperatures during drying are lower than would occur in practlce to
facilitate entry of data on the graph. Assumptions stated in Figure 25
apply here.

removal of heat causes additional ice formation, concentration of the unfrozen phase, depression of itsfreezing point, and
dteration of its composition in conformance with path D to Te. The Te in the complex food being considered represents Tema for
the solute with the highest eutectic point (temperature at which saturation of the least soluble solute is achieved). Solutesin
complex frozen foods seldom crystalize at or below their eutectic points. An occasional exception of commercia importanceis
formation of alactose eutectic in frozen desserts. Thisresultsin atextura defect known as* sandiness.”

Assuming eutectics do not form, further ice formation leads to metastable supersaturation of many solutes (an amorphousliquid
phase) and compositiona changes of the unfrozen fraction in accord with path Te to E. Point E isthe recommended storage
temperature (-20°C) for most frozen foods. Unfortunately, point E is above the glass trangition temperature of most foods,
indicating that Mm will be moderately intense and the food's diffusion-limited physical and chemica propertieswill be rdatively
unstable and highly temperature-dependent. Exact conformance with WLF kinetics should not be expected because freeze-
concentration effects during cooling, and melt-dilution effects during warming, are not accounted for in the WLF equation.

If cooling is continued below point E, additional |ceformar[|on and freeze concentratlon occur, causng composition of the
unfrozen fraction to change from that at E to that at Te r77a,97 102,111]. At Te

convertsto aglass, encompassing theice crystds The Te isaquasi-invariant T, that applies only to the maximdly freeze-

T,
‘ depends primarily on solute composition of the sample and secondarilv on

, most of the supersaturated unfrozen phase

concentrated unfrozen phase. The observed

initial water content of the sample (T, is strongly dependent on both solute composition and water content). Observed Te isnot
totaly invari-
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TABLE 9 Glass Transition ¢ and DE Values for Commercial Starch Hydrolysis
Products (SHP)

SHP Manufacturer Starch source T, DE
Staley 300 Staley? Corn 24 35
Maltrin M250  GPCP (1982) Dent corn .18 25
Maltrin M150 GPC Dent corn -14 15
Paselli SA-10 Avebe® Potato (Ap) -10 10
Star Dri 5 Staley (1984) Dent corn -8 5
Crystal gum National® Tapioca -6 5
Stadex 9 Staley Dent corn -5 34
AB 7436 Anheuser-Busch W axy maize -4 0.5

@A . E. Staley Manufacturing Co.
bGrain Processing Corp.
CAvebe America.

dNational Starch and Chemical.

Source:From Ref. 114.

ant because maximum ice formation is seldom obtained during procedurestypically used for its determination.

Further cooling causes no further freeze-concentration, smply remova of sensible heat and ateration of product temperaturein
y
the direction of point F. Below ‘ , Mmisgreatly reduced and diffuson-limited properties usudly exhibit excdlent stability.

Some Te vauesfor starch hydrolysis productg amino acids, proteins, and foods are listed in Tables 9-11. These vaues should
be regarded as “ observed” or “apparent” in Te vaues ba;ajse maximum ice formation would be dmost impossible under the
measurement circumstances employed. These observed Te values are, however, probably of greater relevance to practical
Stuations than the true (somewhat |ower) Tf': vaues. The range of Te vauesfor foods, and the variation of Te with locationin

T
atissue, should be noted. Morethanone * canoccurina product when, for example, the product contains amajor chemical
condtituent that existsin two conformationa forms, or when different domainsin the product contain different ratios of

T
macromolecules to small-solute molecules. In thisinstance the highest * isusd ly consdered most important.

T, T,
Because most fruits have very low * values, and oraoe temperatureistypicaly > “ | texture gability during frozen storage

T

is often poor. One would expect that vegetables, with * vauesthat are typicdly quite high, would exhibit storage livesthat are
longer than those of fruits. Thisis sometimes but not alwaystrue. The quality attribute that limits the storage life of vegetables (or
any kind of food) can differ from one vegetable to another, and it islikely that some of these attributes are influenced lessby Mm
than others.



.y
The * vauesfor fish (cod, mackerel) and beef in Table 11 were determined in 1996 and they differ markedly from earlier
data (cod, -77°C [84]; beef, -60°C [9}]). The earlier data are probably in error because the dominance of large Drptei n

polymersin muscle should result in Te vaues smilar to those of other proteins (Table 10). Based on the muscle Te vauesin
Table 11, onewould be expect (asis generdly observed) that al physical changesand dl chemica changesthat are diffusion
limited would be effectively retarded during typica commercid frozen storage. Because storage lipids exist in domains separate
from that of myofibrillar proteins, they probably are not protected by a glassy matrix during frozen storage and typicaly exhibit
ingtability.

Vauesof W for severa solutesare shownin Tables 8, 10, and 11, but these va ues are subject to some uncertainty. W
val ues determined recently using altered techniques tend to be smaller than earlier values (mainly those of Slade and Levine).
Consensus on what type of



T

TABLE 10Glass Transition Values and Associated Properties of Amino Acids and Proteins

Substance

Amino acids
Glycine
DL-Alanine
DL-Threonine
DL-Aspartic acid
DL-Glutamic acid - H20
DL-Lysine - HCI
DL-Arginine - HCI

Proteins
Bovine serum albumin
a-Casein
Collagen (bovine, Sigma C9879)"
Caseinate, sodium
Gelatin (175 bloom, pigskin)
Gelatin (300 bloom, pigskin)
Gluten (Sigma, wheat)

Gluten ("vital wheat gluten,” commercial sample)

ayy T T !
a . .. . ]
is unfrozen water existing in sample at

PUFW is unfrozen water.
CSolubilized with NaOH.
d"Asis" pH.

€Undergoes solute crystallization.

MW

75.1¢

89.19¢
119.1¢
133.1¢
147.1¢
182.7

210.7¢

pH (20Wt9%)

9.1
6.2
6.0
9.9
84
55

6.1

-
Y 0

-58

-51

-13
-13
-6.6+0.1
-10
-12

-10

-5to -10

xor

(Wt%)?2

63

51
66
61
55

43

25-31

38

39

40

28

7-29

o
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¥ (g UFW/g dry AA)P

17

1.0
20
16
12

0.7

0.33-0.44

0.6

0.6
05
0.7
04

0.07-0.4

fFrom N. Brake and O. Fennema (unpublished). Determined by DSC; scanned from -60°C to 25°C at 5°C/min after tempering the sample for 1 hr at -

10°C.
Mean of 2 replicates + SD.

Source:Ref. 118.



Tagle 11 Glass Transition (7,;') Values of Foods?

Ty Cl Ty (°Cl
Food [W" wto)] Food [V (wilh))
Fruit juices Supermarket “fresh” -8
Crrange (various 375+ 1.0 Blanched -10
samples) Potato, Russet Burbank, fresh 12
Pineapple -37 Cauliflower, frozen stalk ~25
Pear =40 Pea, froren -25
Apple ~40 Green hean, frozen -27
Prune —41 Broceoli, frozen
White grape 42 Stalk =27
Lemon {various samples) —43+156 Head -12
Fruits, fresh Spinach, frozen =17
Strawberry Frozen desserts
Sparkleberry, center A1 lce cream, vanilla
Sparkleberry, edge -39 and =33 Three commercial -31t0-33
Sparkleberry, -38.5 and - brands [32-37]
intermediate 33 [7] fee milk, vamlla, 30 1o =31
Other cultivars —33 and -1 soft serve [28-45]
Blusherry [16-24] Cheese
Flesh -1 Cheddar =24
Skin =471 and =32  Provolone -13
Peach -36 Cream cheaesa -33
Banana -35 Fizh
Apple Cod muscleb-c -11.7+ 0.6
Red Delicious -42 Cod muscle, water -6.3+0.1
Granny Smith -1 inscluble fraction®Y
Tornato, fresh, flesh —41 Mackerael musclat© -12.4+0.2
Vegetables, fresh or frozen Mackerel muscle, water -75+04
Swesl corn insoluble fractiontd
Garden fresh, endosperm 158 Beef muscla®® -120+03

"From Levine and Slade [65, 66, unless atherwise indicated. W' iz unfrozen water existing in sample
at T,

a
BFram M. Brake and O, Fennema (unpublished), Determined by DSC; scanned from —60°C to 2570 at
5'C/min after annealing for 1 hr at -187C.
“Means af 4 replicates = 50.
“Means of 2 replicates + 50,

L

W, . . .
measurement yields  ©  valuesmost relevant to food stability has not yet been achieved [39,92,97]. It isimportant to note,
however, that the Slade and Levine values reported here were determined using initial sample compositions close to those of
high-moisture foods, and this has an important influence on the va ue obtained.

Two points need to be made about the term “unfrozen” asused inthe definitionof  * . First, unfrozen refersto apractica time

T
scae. The unfrozen fraction will decrease somewhat over very long periods of time because water is not totaly immobile at ‘
and equilibrium between the unfrozen phase and the glass phase is ametastable equilibrium, not agloba one (not lowest free
energy). Second, the term *“unfrozen” has often been regarded as synonymous with *“bound” water: however, bound water has

L

W, _ :
been defined in so many other waysthat the term hasfalen into disrepute. A sgnificant amount of  *  water isengaged in
interactions, mainly hydrogen bonds, that do not differ significantly in strength from water-water hydrogen bonds.
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Thiswater isunfrozen smply because local viscosty in the glass sate is sufficiently greet to preclude, over apractica time span,

the trandationa and rotation motions required for further ice and solute crystdlization (formation of eutectics). Thus, most of the

W, : . .
 water should be regarded as metastable and severely “hindered” in mobility.

Even though foods are frozen commerciadly at relatively dow rates (afew minutesto about 1 hr to atain -20°C) compared to

typica ratesfor amal samples of biologica materials, maximal freeze concentration is unlikely. Increased rates of freezing affect

the temperature-composition relationship, as shown schematically in Figure 36. Thisleads to the obvious question asto what is

T
the appropriate reference temperature for foodsfrozen under commercia conditions—T,or * ?Thisisanother area of
disagreement. Slade and Levine [114] argue that Te isthe appropriate value. However, choice of th| svaueisopen to question

T,
becauseinitid T, (immediately following freezing) will dwaysbe < * andthe approach of T, to Te during frozen storage
(caused by additiond ice formation) will be dow and probably incomplete.

The choiceof initid T, asthe reference T, as some have suggested, is also open to question because (@) initid T isinfluenced
not only by product type but also by freezing rate [43], and (b) initid T, does not remain constant with time of frozen storage,
but rather it increases at acommercially important rate at storage temperaturesin the Tw- T, zone, and more dowly, but at a

significant rate, at storage temperatures < T, [10,93,101]. The same considerations apply to W, and

Unfortunately, the important matter of selecting an appropriate reference T, for frozen foods cannot be r@olved unambiguoudy

because appropriate data are not available. In the meantime, the best that can be done isto suggest that Te beregarded asa
temperature zone rather than as a specific temperature. The lower boundary of the zone will depend on freezing rate and
time/temperature of sorage, but in commercialy important Stuationsit isreasonable
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FIGURE 36

State diagram of a binary system showina the effects of increasing rates of

} T Ti .
freezing (rate a<b<c<d) o ¢ The ™ £ curveisthe only one
where maximal freeze-concentration occurs. Assumptions stated in Figure 25
apply here.
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T,
to suggest that this boundary (initia T,) probably will not extend below * -10°C. The mean T, for afood product marketed
through retail channels. because of the relatively high mean storage temperature, islikely to be closer to Te thantoinitid T,

T,
[43,101]. Theterm * will continue to be used here with the understand ng that it should be regarded as atemperature zone.

Severd additiona pointsregarding rates of diffusion-limited eventsin frozen foods deserve mentioning:
1 Product sability (diffus on-Ilmlted) can beincreased by (@) lowering the storage temperature closer to, or preferably
below, e , and/or (b) rais ng by incorporating high-molecular weight-sol utes inthe product. The latter isbeneficia
because it mcreessthe probability that the storage temperature will be below " , and it reduces Mm at any given product

temperature above e

ny
2. Therate of recrystalization isexplicitly related to * (recrydtdlization refersto an increase in the mean sze of ice crystas
and agmultaneous decrease in their number). Provided maximum ice crystallization has occurred, the cr|t| cd temperature of

recrystdlization (T:) isthe hi ghest temperature which ice recrystdlization can be avoided (often T : see Fig. 37). Rates

of recrystdlizationinzone Tw to e sometimes conform reasonably well to WLF kinetics (Fig. 37). If ice crydtdlization is
not maximal, then the highest temperature at Whl chicerecrystdlization can be avoided is gpproximately equa to Ts.

Genedly, T must be somewhat greater than Te or T, for ratesto become of practical significance.

T, o
3. Ingenerd, high ! (achieved by adding water-soluble macromol ecules) and low W vaues are associated with firm
frozen texture and good Storage stability at agiven
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FIGURE 37
Rate of ice recrystallization in ice cream as a function of storage
temperature T ), type of sweetener, and presence or absence of
stabilizer. The solid curve is plotted from the W LF equation based
on anominal recrvstallization rate of 8n/day /3 at DT=25°C.
T T,
¢ is “apparent” ¢ . HFCS is high-fructose corn syrup, SUC is
sucrose, CS is corn syrup, DE is dextrose equivalent, d is days, and
numerals in the body of the figure refer to dextrose equivalent.

W hen single sweeteners were used they are indicated by arrows.
Symbols without arrows represent ice creams made from 1:1 mixtures
of two sweeteners selected from the sweeteners shown and 42DECS.

Stabilizer, when used, was a 20-80 blend of carrageenan and locust

bean gum at a combined concentration of 0.1 wt%. (From Ref. 37.)
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T, W, . , ,
subfreezing storage temperature. Conversely, low * ad high “ vaues (achieved by adding monomeric substances) are
associated with soft frozen texture and relatively poor storage stability [65].

2.11.5 Technological Aspects: Air Drying

The paths (temperature-composition) of aproduct during air dehydration at aconstant air temperature can a so be followed on
Figure 35. Indicated temperatures are lower than those used commercidly smply to allow entry of data on the standardized

sate diagram used here. The example chosen for discussion isacomplex food, and its T curveisbased on afood
component that has adominating influence on the location of thiscurve. Starting at point A, ar drying will elevate product
temperature and remove moisture, causing the product soon to acquire properties commensurate with point H (wet bulb
temperature of air). Further moisture remova causes the product to arrive a and pass through |, the saturation point of the
dominating solute (DS) present, with little or no solute crystalization (none is assumed). This sequence resultsin creation of
magor regions of liquid amorphous DS, in addition to smaler regions of liquid amorphous substances that may already have been
present because of minor solutes with saturation temperatures higher than that of the DS. As drying continuesto point J, product
temperature approaches the dry bulb temperature of the air. If drying isterminated at point Jand the product is cooled to point
K then the product will be above the glass trangition curve, Mm will be comparatively intense, and stability of diffusion-limited
propertieswill berelatively poor and strongly temperature-dependent (WLF kinetics). Alternatively, if drying is continued from
point Jto L and the product isthen cooled to G, it will be below the T, curve, Mm will be greatly subdued, and diffusion-limited
propertieswill be stable and only weakly temperature-dependent.

2.11.6 Technological Aspects. Vacuum Freeze-Drying (Lyophilization)

Product paths during vacuum freeze-drying can a so be followed on Figure 35. Thefirst stage of freeze-drying coincidesfairly
closdly with the path for dow freezing, ABCDE. If product temperature is not alowed to go below temperature E during ice
sublimation (primary freeze drying), path EG would be atypical path. The early part of EG would involveice sublimation
(primary drying), during which collapse of the product cannot occur because of the presence of ice crystals. However, a some
point along path E to G, ice sublimation is completed and the desorption period (secondary phase) ensues. This can (and often
does) occur before the product passes the glass trangition curve. Collgpse during this phase of freeze drying islikely, not only for
productsthat wereinitidly fluid, but also to alesser degree for food tissues. Collgpseislikely because noiceis present to
provide structural support and product T is> T, o Mm s sufficient to preclude rigidity. This scenario is not uncommon during
freeze-drying of food tissues and it resultsin less than optimum product quaity. Product collapse resultsin decreased product
porosity (dower drying) and poorer rehydration characteristics. To prevent collapse, path ABCDEFG must be followed.

Provided maximum ice crystalization has occurred, the critical temperaturefor structurd collgpse (T-) isthe highest temperature

~ Ty
at which collgpse can be avoided during the primary stage of freeze drying ( ) The T. values for some carbohydrates
areshownin Table 8 [49,87,102]. If ice crystalization is not maxima then the highest temperature at which collanse can be

avoided during primary freeze drying is approximately equd to T,. Generdly, T must be somewhat greater than Te or T, for
ratesto become of practica significance.
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If aproduct's composition can be dtered, it isdesirableto raise ‘ (To) and lower W asmuch as possible. This can be
accomplished by the addition of high-molecular-weight polymers and will enable higher freeze-drying temperaturesto be used
(lessenergy, greater rate of drying) without danger of product collapse [31].

2.11.7 Technological Aspects. Other Applications of the Mm Approach (Partial Listing)

1. Crystdlization. Knowledge of T, and T/T, ratios alows accurate predictions of whether nucl eat| on of soluteswill occur, and
if it does, the rate at which subsequent crystal growth will occur over thezoneof T to Ty (or ) [97,102,104,114].

2. Enzyme activity [114]. Therates of many enzyme-catalyzed interactions are diffuson-limited, and in these instances, reaction
rates are greatly dowed at T<T, or <T

3. Thermal resistance of bacterid spores. Therma inactivation of spores of Bacillus stearothermophilus occursin accord with
WLF kinetics, and higher T, values are associated with greater resistance [105].

4. Color of gluten. For heat-treated gluten, plots of T, versus moisture content (0-15%) and “critica temperature for color
change” versus moisture content are virtualy identical [32].

5. Other miscellaneous properties. Vauable information about gelation [97,114], caking [87], sticky point [87,97], and texture,
including texture of bakery goods[67,82,114], can be obtained from knowledge of T, and state diagrams.

2.11.8 Technological Aspects: Estimation of Relative Shelf Life

Thistopic will be dedlt with in only a cursory manner. Shown on the temperature-composition state diagram in Fiaure 38 are

zones of differing product stability. The reference lineis derived from the T, curve in the absence of ice and the Te zoneinthe
presence of ice. Below thisline (zone) physica properties are generaly quite stable, and the sameistrue of those chemical

properties for which stability is diffusion-limited. Above thisline (zone) and below the intersecting curvesfor o and ™
physica changes often conform to WLF kinetics. Product stability declines greatly as product conditions move upward or to the
left in the WL zone. This occurs with increasesin product temperature and/or increases in moisture content. Above the T
curves, dtributesthat depend on diffuson (Mm) are relatively unstable and become more so with movement to the upper left
corner of the graph.

It should be reemphasized that storage below T, or Te ishighly desirable because thiswill stabilize food propertiesthat are
diffuson-limited. However, thisisnot an dl -Or-none situation. When storage temperatures <T, or < Tt arenot feasible,
minimizing temperature deviations above T, or e will grestly help.

2.11.9 Technological Aspects: Relationship of T, and Mm to Relative Vapor Pressure (p/p,) and Moisture Sorption

| sotherms

It should come as no surprise that a product-specific, consistent relationship exists between T, and p/po (RVP). This arises
logically from two other well-established relaionships: that of water content versus T, and water content versus p/po (moisture
sorption isotherm, MSl). Plots of T, versus p/po exhibit alarge centra zone of linearity and curvilinear tails. Examplesfor severa
maltodextrins are shown in Figure 39 [97].
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Relationship between calculated glass transition temperature

Flora

and p/po (25°C) for several carbohydrates of differing
molecular weight. M is maltodextrin and numerals
following M are molecular weigft. gvaluesin the

linear ranae are calculated from the equation of Fox and

= e — 1_|rM T ':'W]
Tg = Tgl==} ,where ° istheT gvalue of

highest molecular weight substance. (From Ref. 100.)
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Of greater interest is an i sotemperature comparison between the p/Po value required to produce T, (RVPrg) and the p/po at the
BET monolayer vaue (RV Prono). Some datarelating RV Prg and RV Prono, both at 25°C, are shown in Figure 40 (note:
maltodextrins were prepared using ultrapure water). In these examples, RVPrg and RV Prono @re never the same (note, however,
that vauesfor T, and monolayer moisture are zones rather than precise values). Assuming that future studies establish the
genera gpplicability of these results, three conclusions can be suggested: (a) RV Prg tends to be greater than RV Prono in Samples
containing primarily water and macromolecules, whereas the reverse tends to be true in samples containing water and solutes
with molecular weights that are smal and/or of mixed size; (b) because RV Prono IS Often agood predictor of the RVP a which
many chemica reactions attain a practical minimum rate during drying (see Fig. 23) and because RV Prq differsfrom the
monolayer RVP, it followsthat T, isnot ardliable indicator of this practica rate minimum for many chemica reactions (e.g., see
Fig. 31); and (c) because T, isoften agood indicator of the point at which rates of diffusion-limited events become highly
sengitive to temperature during sample warming or hydration, and because RV Prg and RV Prono Often differ, it follows that

RV Prono iISNoOt ardiableindicator of the critical point for diffuson-limited events.

2.11.10 Summary Statements Regarding the Mm Approach to Food Stability

1. Molecular mobility, Mm, asreflected by T, the magnitude of Tw-T,, and the product location in the WLF zone Tw- Ty (i€,
deviationsin product T above T,, and W above W), provides apromising and potentialy powerful tool for ng the
stability of important properties of food that are diffusion-dependent.

.y
2. Ingenerd, the origind diffusion-dependent properties of food are well retained during storageat T<T, ( or ‘ ).
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Comparisons of RVPs at 25°C required to
produce a ¢ of 25°C or a BET monolayer
moisture value. M-DE is maltodextrin-dextrose
equivalent. (Data from Ref. 98.)
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3. Thetwo key congtituents with respect to Mm are water and the dominant solute or solutes (solute or solutes comprising the
mgor fraction of the solute portion).

4. A solute's ability to reduce Mm usually variesinversay with (@) molecular weight (macromol ecultseffectlvely decrease Mm
W'
and raise T,; water has the reverse effect) and (b) the amount of water, * , associated with the solute at Te (or Wy at Ty).

5. As compared to the RV P gpproach, the Mm approach appears () to be sgnificantly more useful for estimating rates of
occurrencesthat are diffusion-limited, such asthe physical properties of frozen foods (RVPisnot useful for predicting either
physica or chemica properties of frozen foods), optimum conditions for freeze drying, and physicd changesinvolving
crystdlization, recrystdlization, gelainization and starch retrogradation, (b) to be about equaly useful for estimating conditions
causing caking, stickiness, and crispness in products stored at near-ambient temperatures, and (c) to be sgnificantly less useful
or unreliable, in products free of ice, for estimating growth of vegetative microorganisms[12,13] and for estimating rates of
chemical reactionsthat are not diffuson-limited (inherently dow reactions, e.g., those with high activation energies, and those
occurring in arelatively low-viscosity medium such as high-moisture foods).

6. The Mm approach will not be brought to alevel of usefulnessthat equals or exceeds that of the p/Po approach until methods
that arerapid, accurate, and economicd are developed for determining Mm and glass tranditions in foods.

2.12 Combined M ethods Appr oach to Food Stability

At thispoint, it is hoped that the reader will have redlized that RVP and Mm are useful estimators of food stability but that
neither istotally sufficient by itsdf. It has been mentioned severd timesthat factors not accommodated by either of these
gpproaches can have important influences on food stability and safety. The “ combined methods approach” to controlling
microbia growth in foods was devel oped specificaly to dedl with thisredity. This approach is mentioned in abook on food
chemigtry because it demonstrates convincingly that (a) the RV P gpproach to controlling microbia growth is often inadequate
when used aone, (b) the RVP approach, becauseit is based on asingle parameter, isnot atotally reliable predictor of chemical
stability, and (c) the Mm gpproach, because it too is based on asingle parameter, isunlikely to be atotaly reliable predictor of
chemica gability.

The combined methods approach (originaly called “ hurdle approach”) was developed by Professor L. Leistner and othersto
determine conditions needed to limit the growth of microorganismsin nonsterile foods [57,58,59]. This gpproach involves

mani pulating various growth-controlling parametersin a manner such that growth will not occur; each parameter isa“hurdle’ to
microbia growth. The gpproach isbest illustrated by severd examplesin Figure 41. The dashed, undulating lineis meant to
represent the progress of amicroorganism in its attempt to overcome the inhibitory hurdles, with growth occurring only after all
hurdles have been overcome. Size of the hurdle indicates relative inhibitory effectiveness. Obvioudy, amicroorganismin red life
would confront al hurdles smultaneoudy rather than in sequence asis shown, and some of the factors would act synergisticaly.

In example 1, six hurdles are present and growth is satisfactorily controlled because the microorganisms are unable to overcome
al hurdles. Example 2 isamoreredligtic onein which atypica microbia population is present and the various hurdles differ in
their inhibitory effectiveness, with RV P and preservatives being the most potent ones. This example dso results
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The combined methods approach to controlling growth of microorganisms
in nonsterilized food. Fis heating, tis chilling, RVPis relative vapor pressure,
pH is acidification, En is redox potential, pres. is chemical preservative, and N
is nutrients. (Adapted from Ref. 58.)

in satisfactory control of microbia growth. Example 3 represents the same product and the same hurdleswith asmall starting
population of microorganismsthat result from good sanitary practices. In thisexample, fewer hurdles suffice. Example 4
represents the same product and the same hurdies with alarge starting popul ation of microorganisms that result from poor
sanitary practices. Here, the hurdies are insufficient to provide satisfactory control of microbia growth. Example 5 representsthe
same hurdles and population of organisms asin Example 2, but in thisingtance the sampleisrich in nutrients. Because of the
nutrients, the hurdles that were adequate in Example 2 now are inadequate. In example 6, the product and hurdles remain
unchanged but the microorganisms are given asubsterilizing trestment before storage. The surviving but damaged organismsare
less able to overcome the hurdles and fewer hurdles suffice.

Thelesson to belearned isthis: Although RV P and Mm are powerful toolsfor predicting and controlling the properties and
stability of food, there are many occasionswhen neither is
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aufficient alone and other factors, such as chemica properties of the solute, pH, and oxidation—reduction potential, must be aso
considered.

2.13 Concluding Comments About Water

Weater istypicaly the most abundant congtituent in food, is of critical importance to the desirable qualities of food, isthe cause of
food's perishable nature, is arate determinant of many chemical reactions, both desirable and undesirable, isastrong causative
agent of undesirable side effects during freezing, is associated with nonagueous food congtituents in ways so complex that once
these associations are disturbed by drying or freezing they can never again be completely restored, and, above dl dse, is
frustratingly complex in behavior, inadequately studied, and poorly understood.

Glossary: Molecular Mobility and Food Stability

Amor phous Thisrefers to anoneguilibrium, noncrystalline state of a substance. When saturation conditions prevail and asolute
remains noncrystaline the supersaturated solution can be regarded as amorphous. An amorphous solid isgenerally called aglass
and is characterized by aviscosity of greater than about 10* Pa sec.

Collapse Thisrefersto both visibly evident collapse, such asthe collgpse of foods during freeze drying, and to collgpse at the
molecular level that consists of conversion from anonequilibrium state to alower state of free energy (relaxation). The kinetics of
collgpseis governed by molecular mobility, Mm, of the system.

Eutectic temperature (Te) Aninvariant point on atemperature—composition phase diagram of abinary solution where
solution can exist in equilibrium with both crystaline solute and crystalline solvent. Under equilibrium conditions, cooling at Te
resultsin Smultaneous crystallization of solvent and solute in constant proportion and at constant temperature until maximum
solidification has occurred. The Tk is, therefore, the highest temperature at which maximum crystallization can (but usudly does
not) occur.

Free volume Free volumeis space not occupied by molecules. A useful mental image can be created by imagining a container
filled with the maximum number of bees that can be accommodated in hovering flight. “ Filled” means no more bees can be
accommodated in a hovering state, not that al spaceis occupied. The andogous spacein liquidsis caled “free volume” and it
accountsfor the fact that liquids can be compressed if the pressure is great enough. Free volume can aso be thought of asthe
“ebow room” molecules require to undergo vibrationa, rotationa and trandationa motions [41]. Both free volume and
molecular mohbility increase with increasing temperature. Temperature dependence of free volumeis small below T, and large
between T and Te.

Glass state (glassy) A substance existing as an amorphous (noncrystalline) solid is said to bein aglassy state. The Stokes
viscosity (loca viscosty, not bulk viscosity) is appropriate for characterizing glasses, and this vaue, at the temperature of
incipient glassformation (T), ranges from 10™ to 10 Pa sec, depending on the solute. This viscosity is sufficient to reduce
trandationd and rotational mobility of most large moleculesto apoint of practica insggnificance. In complex, polymer-dominated
systems, very smal molecules, most notably water, retain significant trandationd and rotational mobility at temperatures well
below sample T,. Vibrational mobility, of course, does not cease until the temperature is reduced to absolute zero.
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Glasstransition temperature (T, s ) The glasstrandition temperature, T,, isthe temperature at which a supersaturated
solution (amorphous liquid) convertsto aglass. Thisisasecond-order transition involving astep change in specific heet a the
trangition temperature, allowing thistrangition to be measured by differentia scanning caorimetry (firsg-order trangtionsinvolve
changesin physica state among gases, liquids, and crystaline solids). T, values are observed in substances that contain sizesble
regionsthat are amorphous or partialy amorphous (al food tissues and many other foods), regardless of whether they contain
ice. For partialy crystaline polvmeric substances, only the amorphous regions exhibit aglasstransition. The T, is dependent on

T,
solute type and water content. s aspecia T, that applies only to samples containing ice, and onIy when ice has been formed

S0 maximum freeze-concentration occurs (very sow cooling). For agiven solute, the observed Te isaquad-invariant point on
atemperature-compaosition state diagram (not invariant because maximum ice formation is extremely difficult to obtain during

tvoica measurement techniques, thus causing the observed Te to drift dightly lower with extended storagetime). Below T, or

T,
£ oof acomplex sample, al but small moleculeslosether trandationd mobility while retaining limited rotationa and vibrationd

mobility.

Macromolecular entanglement Thisrefersto theinteraction of large polymersin arandom fashion without chemica bonding

and with or without hydrogen bonding. When entanglement of macromoleculesis sufficiently extensive (requiresaminimum

critical concentration of the macromolecule and time), avisod astic entanglement network forms. Thistype of amorphous

network can be dispersed by dilution, and can exist in conjunction with microcrystaline gel's, which cannot be dispersed by
dilution.

Metastable state Thisrefersto a state of pseudo-equilibrium or apparent equilibrium that is stable over practical times. A
metastable state is not, however, the most stable equilibrium because it possesses free energy that is greater than that of the
global equilibrium state under the same conditions of pressure, temperature and composition. A metastable state can exist—that
IS, converson to amore stable equilibrium state of lower free energy will not occur—if the activation energy is sufficiently high to
prevent conversion to an equilibrium state of lower free energy during the period of interest.

Molecular mobility (Mm) Thisrefersto either trandationd or rotationa motion of molecules (vibrationa mobility isnot of
concern in the context of food stability).

Molecular weight, number average (MWh)

M,
MW, = -‘-g! :
d

where nisthe number of molecules of agiven molecular species and M isthe molecular weight of the same species, with i
kinds of molecules present.

Molecular weight, weight average (MWw)

. EImM?
MWy = TaM;
Plagticizer A substance incorporated into a polymeric materia to increaseits deformability. A true solvent isdwaysa
plasticizer, but aplagticizer is not dways atrue solvent [106,117]. A plasticizer decreasesthe T, of apolymer. Water isahighly
effective plagticizer of hydrophilic, amorphous polymers. Itslow molecular weight leads to increased free volume, decreased
local viscosity, and increased Mm.
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Relaxation Relaxation refersto passage from anonequilibrium state to amore stable (lower free energy) state. Thistermisaso
used to indicate the decay of a stress.

Rubbery state A term used to describe the viscodlagtic nature of large polymersin the temperature range Tw to T, that i,
when the substance or a part of the substance is between the glassy and liquid states. Small polymers and solutes of low
molecular weight that exist in this temperature zone are highly viscous but not elastic, and are not called rubbery [27].

State diagram A phase diagram supplemented with lines depicting boundaries of various nonequilibrium and metastable tates.
Such adiagram is sometimes cdled a* supplemented phase diagram.”

Twm*

Temperatur e of solute crystallization/dissolution ( Tu ) for smple and complex aqueous samples isthe highest
temperature at which a crystdline solute can exist in equilibrium with an agueous solution of agiven composition. The highest

. . . . - . T®
temperature at which this can occur for agiven sampleisthe samplesinitia crystalization temperature. The aso canbe
thought of asthe incipient saturation temperature during cooling, or the temperature at which the last of acrystaline solute,
present in a saturated solution, melts or dissolves upon warming. On atemperature—composition phase diagram for abinary

agqueous solution, vaues for sampleswith differing temperatures condtitutethe * ™ curve.

To®

|
Temperatur e of ice melting/crystallization ( Tom ) for smple and complex aqueous samples Thisis the temperature at
whichice can exigt in equilibrium with an agueous solution of agiven compaosition. The highest temperature at Whi_clh thiscan

occur istheinitia freezing point. On atemperature—composition Dhase diagram for abinary agueous solution, ™ Vauesfor
sampleswith differing initid ratios of solute to water condtitute the T curve.

Vitrification Solidification of an entire sample asaglass, that is, no crystallization of solvents or solutes.
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Abbreviationsand Symbols

C.C. Congtants for the WLF equation
G, Solute concentration (Wt%) existing in samplea T,
C. T,

Solute concentration (Wt%) exigting in sample a *

DE Dextrose equivaent

DS Dominating solute

ERH Percent equilibrium relative humidity
Mm Molecular mohility

MSI Moisture sorption isotherm

MW, Number-average molecular weight (see glossary)



MW, Weight-average molecular weight (see glossary)

h Viscosity of sample at temperature T



Wy

Wi (or my)

Bibliography

Ty

Viscosity of samplea Ty (or = )
Vapor pressure of the sample
Vapor pressure of pure water
Sample temperature

Collapse temperature

Eutectic temperature

Glass trangition temperature of the sample

Glasstrangtion temperature of amaximally freeze-concentrated sample

- ]

Either '™ or '

Mélting or freezing temperature of water in asolution

Crydadlization or mdting (dissolution) temperature of solutein asolution
Recryddlization temperature

Water content of sample (wt%)

Water (Wt%) existingin sampleat T,

.y
Unfrozen water (Wt%) existing in sample at ‘

“Monolayer” water content
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3.1 Introduction

The subjects discussed in this chapter are rather different from most of the materia in this book, in the sense that true chemistry,
that is, reactionsinvolving electron transfer, is hardly involved. Nevertheless, many aspects of dispersed systems are important to
an understanding of the properties of most foods and the manufacture of “fabricated foods.”

3.1.1 Foods as Dispersed Systems

Most foods are dispersed systems. A few are homogeneous solutions, like cooking oil and some drinks, but even beer—as
consumed—has afoam layer. The properties of adispersed system cannot be fully derived from its chemica compostion, since
they aso depend on physical structure. The structure can be very intricate, asisthe case with foods derived from animal or
vegetabl e tissues, these are discussed in Chapters 15 and 16. Manufactured foods, aswell as some natural foods, may have a
somewha smpler sructure: Beer foam isasolution containing gas bubbles; milk isasolution containing fat droplets and protein
aggregates (casein micelles); plagtic fats consst of an oil containing aggregated triacylglycerol crystas, asdad dressing may be
just an emulsion; severd gels consst of anetwork of polysaccharide molecules that immobilize asolution. But other
manufactured foods are structurally complicated in that they contain severd different structural eements of widdly varying size
and state of aggregation: filled gels, gelled foams, materias obtained by extrusion or spinning, powders, margarine, doughs,
bread, and so forth.

The existence of a dispersed state has some important consequences.

1. Since different components are in different compartments, there is no thermodynamic equilibrium. To be sure, evena
homogeneous food may not bein equilibrium, but for dispersed systemsthisis amuch more important aspect. It may have
sgnificant consequences for chemica reactions, asisbriefly discussed in Section 3.1.3.



2. FHlavor components may be in separate compartments, which may sow down their release during esting. Probably more
important, compartmentalization of flavor components may lead to fluctuationsin flavor release during eating, thereby
enhancing flavor, because it offsets to some extent adaptation of the sensesto flavor components. Thus, most
“compartmentalized” foods taste quite different from the same food that has been homogenized before egting.
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3. If, asis often the case, atractive forces act between structural eements, the system has a certain consistency, whichis
defined asits res stance againgt permanent deformation. Thismay be an important functiona property asitisrelated to
attributes such as stand-up, spreadability, or ease of cutting. Moreover, consistency affects mouth fed, as does any physica
inhomogeneity of the food; food scientists often lump these properties under the word texture.

4. 1f the product has sgnificant consstency, any solvent present—in most foods, water—will be immobilized against bulk
flow. Trangport of mass (and mostly of heat also) then hasto occur by diffusion rather than convection. Thismay have a
considerable effect on reaction rates.

5. Thevisud appearance of the system may be grestly affected. Thisis dueto the scattering of light by structurd € ements,
provided they are larger than about 50 nm. Large inhomogeneities are visible as such and give riseto what isthe dictionary
meaning of texture,

6. Sincethe system is physically inhomogeneous, at least at amicroscopic scale, it may be physicaly unstable. Severa kinds
of change may occur during storage, which may be perceived as the devel opment of macroscopic inhomogeneity, such as
separation into layers. Moreover, during processing or usage, changes in the dispersed state may occur, which may be
desirable—asin the whipping of cream—or undesirable—asin overwhipping of cream, where butter granules are formed.

In this chapter, some of the foregoing aspects will be discussed. Large-scale mechanica propertieswill be largdly left out, and so
will aspects of hydrodynamics and process engineering. Of course, most foods show highly specific behavior, but treating them
all would take too much space and provide little understanding. Therefore, some generd aspects of fairly smple model
dispersonswill be emphasized.

3.1.2 Characterization of Dispersions

A dispersonisasystem of discrete particlesin a continuousfluid phase. Varioustypes exist and thesearegiven in Table 1.
Foods never exist asfog, and aerosols and powders will not be discussed. In addition to the dispersonslisted in the table, solid
foams, emulsons, or suspensions may exist: After the liquid systems have been made, the continuous phase may in some way
solidify. In afoam omelette, the continuous protein solution has gelled; in margarine, the continuous oil phase now containsa
continuous network of aggregated crystdss; in chocolate much the same has happened and it thus contains solid particles (sugar,
cacan) in alargely crysalized fat matrix.

There are two types of food emulsions, oil-in-water (o/w) and water-in-oil (w/0). For emulsions, aswell asfor other
dispersions, the nature of the continuous phase determines some

TABLE 1 Various Types of Dispersions

Dispersed phase Continuous phase Dispersion type
Gas Liguid Foam
Liquid Gas Fog, aerosol
Liquid Liquid Emulsion
Solid Gas Smoke, powder

Solid Liquid Suspension, sol
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Approximate size of some structural elementsin
foods.

important properties of the dispersion, for instance, the type of liquid (agueous or apolar) that can mix with the disperson. In
principle, there may be more than one continuous phase. The prime example is awet sponge, where matrix and water both are
continuous. Several foods are bicontinuous; for instance, in bread both the gas and solid phases are continuous. If not, the bread
would lose mogt of its volume after baking, since the gas cells would shrink considerably on cooling, the more so asthey partly
consist of water vapor.

The term phase needs some clarification. A phaseis commonly defined as adomain bounded by a closed surface, a which
surface a least some properties (e.g., pressure, refractive index, dendty, heat capacity, chemical composition) change abruptly.
The surface contains free energy and it thus resists enlargement; in other words, it requires energy to make the surface (or
interface). Since changesin properties mostly occur over adistance of afew molecular diameters, the criterion of abruptness
impliesthat the dimensions of structural eements congtituting a phase must be far larger than asingle moleculein any direction.
For instance, protein aggregates that float in asolution do not congtitute a phase, Since the aggregates are smal and contain
solvent. The particles may even sediment (certainly in acentrifuge) and form separate layers, but even these layers are not
phases, since there is no phase boundary. The constituents water and polysaccharide that form agel do not constitute phases:
The polysaccharide strandsin the gel are only about 1 nm in thickness.

Thisbrings usto theterm colloid. A colloid is usualy defined as adispersion containing particlesthat are clearly larger than small
molecules (say, solvent molecules), yet too smdl to be visble. Thiswould imply asize range from about 10 nm to dmost 1 mm.
Two types of colloids are usudly distinguished: reversible (or lyophilic) and irreversible (or lyophobic). The latter type consists of
two (or more) phases of the types shown in Table 1 and these do not form spontaneoudly.

A reversble colloid forms by “dissolving” amateria in asuitable solvent. The main examples are macromolecules
(polysaccharides, proteins, etc.) and association colloids. The latter are formed from amphiphilic molecules, like soaps. These
have afairly long hydrophobic “tail” and asmdler, very polar (i.e., hydrophilic) “head.” In an agueous environment, the
molecules tend to associate in such away that the tails are close to each other and the heads are in contact with water. In this
way, micdlesor liquid crystaline structures are formed.
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Micelleswill be briefly discussed in Section 3.2.2; liquid crystaline phases [33] are not very prominent in foods.

In foods, the difference between reversible and irreversible colloids is not dways clear. For instance, an oil-in-water emulsonis
certainly irreversiblein the sensethat it will never form spontaneoudy. Buit if the oil droplets are covered by aprotein layer, the
interactions between droplets may be like that of protein particlesin solution, that is, like areversible colloid. This meansthat for
some properties of the emulsion macroscopic considerations are appropriate, whereas for other properties molecular

cons derations may be more suitable,

The size scale of structural ementsin foods can vary widely, spanning arange of six decades (Fig. 1). A water molecule hasa
diameter of about 0.3 nm. Also the shape of the particlesisimportant, asistheir volumefractionj (i.e., the proportion of the
volume of the system that is taken up by the particles). All these variables affect product properties. Some effects of Sze or scale
ae

1. Visud appearance. An o/w emulsion, for example, will be dmost transparent if the droplets have adiameter of 0.03 "i;
blueish whiteif 0.3 mMm; whiteif 3 "m; and the color of the oil (usudly yelow) will be discernable for 30-Mm droplets.

2. Surface area. For a collection of spheres each with adiameter d (in m), the specific surface areais given by
A=gj/d(1)

in square meters per cubic meter. The area can thus be large. For an emulsion of ] =0.1 and d=0.3 nm, A=2m? per ml
emulsion; if 5 mg protein is adsorbed per square meter of oil surface, the quantity of adsorbed protein would amount to 1%
of theemulsion.

3. Pore size. Between particles, regions of continuous phase exist and their Szeis proportiond to particle size and smaller
for alarger ] . If the dispersed phase forms a continuous network, poresin this network follow the samerules. The
permeability, that is, the ease with which solvent can flow through the pores, isinversely proportiona to pore size squared.
Thisiswhy apolymer gel isfar less permeable than agd made of fairly large particles (Sec. 3.5.2).

4. Time scalesinvolved. (Note: Time scaleis defined as the characteristic time needed for an event to occur—for instance,
for two moleculesto react, for aparticle to rotate, for abread to be baked.) The larger the particles, the longer arethetime
scaesinvolved. For example, the root mean square vaue of the diffusion distance (2) of aparticle of diameter d asa
function of timet is.

<> = (td)** (2)

Inwater, aparticle of 10 nm diameter will diffuse over adistance equd to itsdiameter in 1 s, aparticle of 1 "min 1 sec;
and oneof 0.1 mmin 12 days. Congdering diffusion of amaterid into astructura e ement, the relation between diffusion
coefficient D, distance |, and time tos needed to halve a difference in concentration (or temperature) is

2 = Dto.s (3)

The D of smal moleculesin water is goproximately 10° m?.sec and in most cases (larger molecules, more viscous
solution) itissmaler; D for evening out atemperature difference (by heat conduction) equals approximately 107 m?.sec™.
Taking, for instance, D=10"%°, we find a having time of about 0.01 sec for adistance of 1 "m, and of 3 hr for a distance of
1 mm.
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5. Physical gtahility. Mogt interaction forces between particles are roughly proportiond to their diameter, and sedimentation
rate to diameter squared. Thisimpliesthat dmost al dispersions become inhomogeneous more readily if the particlesare
larger.

6. Effect of external forces. Mogt externd forces acting on particles are proportiond to diameter squared, and most internal
forceswithin or between particles are proportiond to diameter. Thisimpliesthat smal particles are virtualy imperviousto
externd influences, like shearing forces or gravity. Large particles often can be deformed or even be disrupted by external
forces.

7. Ease of separation. Some of the points raised earlier imply that it is much more difficult to separate small particlesfrom a
liquid than large ones.

Particlesrarely aredl of the same size. The subject of size distributionsis a complicated one [2,58] and it will not be discussed
here. Sufficeit to say that mostly asize range may be used to characterize the size distribution and that the volume/surface
average diameter d.s or ds is often a suitable estimate of the center of the distribution. However, different properties may need
different types of averages. The wider the size distribution—uwidth being defined as standard deviation divided by average—the
greater the differences between average types (an order of magnitude is not exceptiond). It is often very difficult to accurately
determine asize didribution [2]. Difficultiesin determination and interpretation increase with particles that are more anisometric
or otherwise different in properties.

3.1.3 Effects on Reaction Rates

As dready mentioned, componentsin adispersed food may be compartmentalized, and this can greetly affect reaction rates. In
asystem containing an agueous (&) and an ail phase (b), acomponent often is solublein both. Nernst's distribution or
partitioning law then statesthat the ratio of concentrations (C) in both phasesis constant:

ca/cb = constant (4)

The congtant will depend on temperature and possibly other conditions. For instance, pH has astrong effect on the partitioning
of carboxylic acids, snce these acids are oil soluble only when they arein aneutraized state. At high pH, where acids are fully

ionized, dmost dl acid will bein the agueous phase, whereas a low pH the concentration in the oil phase may be considerable.
Note that the quantity of areactant in a phase aso depends on the phase volume fraction.

When areaction occursin one of the phases present, it is not the overall concentration of areactant but its concentration in that
phase that affects the reaction rate [87]. This concentration may be higher or lower than the overal concentration, depending on
the magnitude of the partitioning constant (Eq. 4). Since many reactionsin foods actually are cascades of several different
reactions, the overd| reaction pattern, and thereby the mix of components formed, may aso depend on partitioning. Chemica
reactionswill often involve transport between compartments and will then depend on distances and molecular mobility. Applying
Equation 3, it follows that diffusion times for trangport into or out of fairly smdl structural eements, say emulsion droplets, would
mostly be very short. However, if the solvent isimmobilized in anetwork of structurd éements, thismay greatly dow down
reactions, especidly if reactants, say Oz, haveto diffusein from outside. Moreover, reactions may have to take place at the
boundary between phases. An exampleisfat autoxidation, where the oxidizable materid (unsaturated oil) isin oil droplets, and a
catayst, say Cuions, isin the agueous phase. Another exampleisthat of an enzyme present in one structural element and the
component on which it actsin another one. In such cases, the specific surface areamay be rate-determining.
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Adsorption of reactive substances onto interfaces between structural e ements may diminish their effective concentration and
thereby reactivity. On the other hand, if two substances that may react with each other are both adsorbed, their effective
concentrations in the adsorption layer may be much greater, thereby enhancing reaction rate.

Thus, rates of chemical reactions and the mix of reaction products may be quite different in adispersed sysemthanina
homogeneous one. Examplesin vegetable and animal tissues are well known, but other cases have not been studied in grest
detail, except for the activity of some additives[87] and, of course, for enzymétic lipolysis.

3.2 Surface Phenomena

Asmentioned earlier, most foods have alarge phase boundary or interfacia area. Often, substances adsorb onto interfaces, and
this has a considerabl e effect on static and dynamic properties of the system. In this section basic aspects are discussed,;
applications are discussed later [see Refs. 1 and 51 for generd literature].

3.2.1 Interfacial Tension and Adsorption

An excess of free energy is present a a phase boundary and the amount is conveniently expressed in joules per square meter.
Theinterface can be solid or fluid; the latter isthe case if both phases arefluid. A fluid interface is deformable and the interfacia
free energy then becomes manifest asatwo-dimensiond interfacia tension, expressed in newtons per meter; it isusualy denoted
0. Note that g numericaly equastheinterfacid freeenergy (1 J=1 N). In foods, we may have air (A), agueous (W), ail (O), or
solid (S) phases; if one of the phasesisair, g (e.g., 9aAw) iscommonly caled surfacetenson. Theinterfacid tension actsin the
direction of the interface and resists enlargement of the interface. This provides amethod to measure 9. For example, one may
measure the force to pull aplate out of the interface and divide the force by the contour length of the interface-plate contact (Fig.
2).

Substances that lower g adsorb onto the interface because thisleads to alower tota free energy. Such substances are called
surfactants. Reference 36 gives adetailed treatment of adsorption to fluid interfaces and the consequences thereof. The amount
adsorbed is expressed as the surface excess G(mol.m2 or mg.m?), loosely called surface load. According to Gibbs, for one
adsorbing solute in one of the phases and at equilibrium conditions

dg = -RT Gd(Ina) (5)

where Rand T havetheir usua meaning and @ isthe activity of the solute. The latter is not equal to the total concentration of the
solute because (@) part of the soluteis adsorbed and a refers only to the surfactant in solution (usualy caled “the bulk™), and (b)
the activity may be smaller than the bulk concentration, especidly above the critical micelle concentration (see later). Whether
adsorption does occur and 0 is thus lowered depends on the properties of the solute (Sec. 3.2.2). The lowering isexpressed in
the surface pressure SESIER , Which can be envisaged as atwo-dimensiona pressure exerted by the adsorbed molecules onto
any boundary that confines acertain interfacid area (Fig. 2). Interfacid tensions of some sysemsaregivenin Table 2.

The Gibbs equation shows that g will be lower for alarger bulk concentration of an adsorbing solute, but it does not give the
relation between g or P and G, nor the relation between Gand bulk concentration. The former relation, a surface equation of
state, will not be discussed here. The latter relation may be seen as an adsorption isotherm, if equilibrium is attained. Examples
areshown later, in Fig. 5. Usudly aplateau value of Gisreached, a which the
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Surface (interfacial) tension measurements. (a)
General principle: The surface tension pulls the
W ilhelmy plate downward. (b) Surfactant molecules
in the surface exert a two-dimensional pressure
P =go- gon the movable barriers confining the
surfactant-containing surface.

interfaceismore or lessfully packed with surfactant molecules. For most surfactants, the plateau valueisafew milligrams per
quare meter.

Adsorption naturally takes time, since adsorbing molecules have to be transported, often by diffusion, to theinterface. If the bulk
concentration of surfactant isc, the layer of solution needed to provide the surfactant is given by GC. Using Equetion 3, thetime
needed for adsorption would be approximately

fads = S(T/erHD

(6)
This meansthat the time needed for adsorption would typically be <1 sec for a surfactant concentration of 0.1%.

TABL E 2Some Interfacial Tensions, Approximate Valuet\m 1) at

Room Temperature

Material Against air Against water
W ater 72 0
Saturated NaCl solution 82 0
Ethanol 22 0
Paraffin oil 30 502
Triacylglycerol oil 34 278
Mercury 434 415

aSome buffer solutions give a lower interfacial tension than does pure
water.
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3.2.2 Surfactants

Surfactants come in two types, polymers and soap-like substances. The latter are fairly small amphiphilic molecules, the
hydrophobic (lipophilic) part being typically an diphatic chain. The hydrophilic part can vary widdy; in the classcal surfectant,
common soap, it isan ionized carboxyl group. Most amphiphilic substances are not highly soluble either in water or oil, and they
fed theleast repulsive interaction from these solvents when they are partly in a hydrophilic environment (water, ahydrophilic
subgtance) and partly in ahydrophobic one (ail, air, ahydrophobic substance), that is, at an interface. In solution, they tend to
form micellesto lessen repulsive interaction with solvent. (Note on terminology: Some workers use the word surfactant for
small-molecule surfactants only. Also, surfactants are often called emulsifiers, even when the surfactant is not involved in making
anemulson.)

Some small-mol ecul e surfactants of importance to the food scientist are listed in Table 3 [32,53]. They are categorized as
nonionic, anionic, and cationic, according to the nature of the hydrophilic part. Also, distinction is made between naturd
surfactants (e.g., sogps, monoacylglycerols, phospholipids) and synthetic ones. The Tweens are somewhat different from the
other onesin that the hydrophilic part containsthree or four polyoxyethylene chains of about five monomersin length.
Phospholipids come in awide range of composition and properties.

Animportant characteristic of asmall-molecule surfactant isits HLB value, where HLB stands for hydrophile-lipophile balance.
It isdefined so that avaue of 7 meansthat the substance has about equa solubility inwater and oil. Lower vauesimply greater
solubility in ail. Surfactantsrangein HLB vaue from about 1 to 40. The relation between HLB vaue and solubility isin itself
useful, but it also relates to the suitability of the surfactant as an emulsfier: Surfactantswith HLB > 7 are generdly suitable for
meaking o/w emulsions, and those with HLB <7 for w/o emulsions (see dso Sec. 3.6.2 about Bancroft's rule). Surfactants
suitable as cleaning agents (detergents) in aqueous solutions have ahigh HLB number. Severd other rdationswith HLB vaues
have been claimed, but most of these are questionable.

In generd, alonger diphatic chain yiedsalower HLB and amore polar (especialy an

TABL E 3Some Small-Molecule Surfactants and Their Hydrophile-Lipophile Balance (HLB) Values

Type Example of surfactant HLB value
Nonionics
Aliphatic alcohol Hexadecanol 1
Monoacylglycerol Glycerol monostearate 38
Esters of monoacylglycerols Lactoyl monopalmitate 8
Spans Sorbitan monostearate 4.7
Sorbitan monooleate 7
Sorbitan monolaurate 8.6
Tween 80 Polyoxyethylene sorbitan monooleate 16
Anionics
Soap Na oleate 18
Lactic acid esters Na stearoyl-2-lactoyl lactate 21
Phospholipids Lecithin Fairly large
Teepol? Na lauryl sulfate 40
Cationics?® Large

aNot used in foods but as detergents.
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ionized) or alarger polar group ahigher HLB. For most surfactants, the HLB number decreases with increasing temperature.
Thisimpliesthat some surfactants exhibit aHLB temperature or phase inversion temperature (PIT), at which avaueof 7is
reached. Abovethe PIT the surfactant tends to make aw/o emulsion, and below it an o/w emulsion. Near the PIT, gOW is
generdly very smdl.

Figure 3 shows the effect of concentration of surfactant on surface tension. Bresksin the curves occur at the critical micelle
concentration (CMC). Beyond that concentration the surfactant molecules form micelles and their activity barely increases;
hence, g becomes essentialy independent of concentration (see Eq. 5). At aconcentration dightly below the CMC the surface
load reaches a plateau value. In ahomologous series of surfactants, alonger chain length resultsin alower CMC and alower
concentration to obtain agiven lowering of 9. Thismeansthat larger surfactant molecules sare more surface active. Also, smaller
surfactant molecules give a somewhat less steep dope near the CMC. Thisimplies, according to Equation 5, that the plateau
vaue of the surfaceload is somewhat smdler thanitisfor larger surfactant molecules. For ionic surfactants, the CMC markedly
decreases and surface activity increases with increasing ionic strength. Both of these properties can aso depend on pH.

At the oil-water interface much the same pattern is observed, but since & islower and P isroughly the same, g ismuch smdler.
Thesmallest value of g obtained at the air-water interface is about 35 mN-, whereas at the triacylglyceral oil—water interfaceit
varies from < 1 to about 5 mN-* for most small-molecule surfactants. The mode of adsorption of various surfactants is depicted

inFigure4.

It should be redlized that commercidly available surfactants generdly are mixtures of severa components, varying in chain length
and possibly in other properties. These components may differ, for example, in the plateau vaue of g (Fig. 3). In these instances,
Equation 5 isno longer applicable and plots of the typein Figure 3 have adifferent shape, often with aloca minimuming.
Especidly, some trace components may be present that give alower g than the main components, and at equilibrium the
aurfactants yielding the smalest g will dominate in the interface. Because of their smal concentration, it will, however, take along
timefor them to reach the interface; see Equation 6. Thisimpliesthat it will take along time before an equilibrium composition,
and thus asteady 0, isreached. Another complication isthat in actua
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FIGURE 3
Surface tensiod (at the air—water
interface) against bulk concentration c
of sodium soaps of normal fatty acids
of various chain length. A pproximate
values; various sources
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FIGURE 4
Mode of adsorption of various surfactants at an
oil-water or air-water interface: 1, soap; 2, Tween; 3,
a fairly small polymer molecule; 4, a globular
protein. To the left is a scale of nanometers. Highly
schematic.

dispersonsthe surfaceto volumeratio isvery large, whereasthisratio is quite smal in Stuations where g is commonly measured,
that is, at amacroscopic interface between the phases. This means that the result of such measurements of g may not be
representative for the actud vauesin afoam or emulsion. Finaly, the CMC may not be clearly evident in mixtures of surfactants,
especidly for nonionics.

Macromol ecules can be very surface active. Severa synthetic polymers are used as surfactants, and amass of experimental
evidence aswell astheory isavailable [22]. Copolymers, where part of the segments are fairly hydrophobic and others
hydrophilic, are especidly suitable. They tend to adsorb with “trains,” “loops,” and “tails’ (Fig. 4). Actualy, at an oil-water
interface, parts of the molecule can also protrude for some instancesinto the oil phase (not into air). There are few natura
polymersthat adsorb in thisway. Surface activity of polysaccharides ill is controversid. Most workers assume that surface-
active polysaccharides contain a protein moiety that isresponsble for this attribute, and thisis clearly the case for gum arabic
[15]. On the other hand, it isbelieved that at least some galactomannans adsorb as such onto the o/w interface [24].

Proteins often are the surfactants of choice, especidly for foams and o/w emulsions (because of their water solubility they are
not suitable for w/o emulsions) [16,44,85]. The mode of adsorption of proteins varies. There dwaysis achange of
conformation, often consderably so. For instance, most enzymes completely lose their activity after adsorption at an oil-water
interface due to conformationa change. Some enzymes retain part of their activity after adsorption at an air-water interface.
Most globular proteins appear to retain an approximately globular conformation at interfaces (Fig. 4), though not the native one.
Proteinswith little secondary structure, like gelatin and caseins, tend to adsorb more like alinear polymer (Fig. 4). Forms
intermediate between those mentioned also occur. At high bulk protein concentration, multilayer adsorption may occur, but the
second and more remote layers are only weskly adsorbed.

In Figure 5 adsorption of a protein and adsorption of a soap-like surfactant are compared. It is apparent that proteins (like
synthetic high polymers) are much more surface active than soap-like surfactants. Even if the concentration scdein Figure 5
werein kilograms per cubic meter, the concentration needed for a certain adsorption to occur would differ by two decades.
However, the " soap” yields a greater surface pressure (lower interfacial tension) than the protein at the plateau adsorption. For
small-molecule surfactants, the Gibbs rdlation (Eg. 5) holds, but for most proteins (and most high polymers) thisis not so.
Desorption of adsorbed protein cannot
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Surface pressureR) and surface load3) as a
function of the bulk concentration of a protein
and a small-molecule surfactant (“soap”). CMC
is critical micelle concentration. Typical
examples. (After Ref. 85.)

be or barely can be achieved by dilution or “washing,” at least over time scales of interest. The difficulty of desorption may be
enhanced by cross-linking reactions between adsorbed protein molecules; this has been clearly shown for proteins containing a
freethiol group, where cysteine-cystine interchange can occur [20].

Asexemplified in Figure 5, smal-molecule surfactants generdly yield a greater surface pressure, thet is, alower interfacia
tension, than proteins, if theformer are present in sufficient

5 ANCO PR I
mgm? I
2-.
1.
f4i—
1
mi m™
20
104
[
0 +— & ; . ;
0 1 woow oW w

508 concentrahan | ppm

FIGURE 6
Surface load@® in an o/w emulsion and
interfacial tensiongf at the o/w
interface
for b-casein in the presence of
increasing concentration of Na lauryl
sulfate (SDS)gis also given for SDS
only. (From Ref. 85, after Ref. 13.)
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concentration. Thisimpliesthat they will displace proteinsfrom the interface[13]. Thisisillustrated in Figure 6. Proteins may
also adsorb on top of an adsorbed monolayer of adisplacing surfactant, especidly if the monolayer is phospholipid. These are
important aspectsin relation to foam and emulsion stability. Many foods naturally contain some surfactants (fatty acids,
monoacylglycerols, phospholipids), and these can modify the properties of adsorbed protein layers. To some extent, proteins
can dso digplace each other in a surface layer, depending on concentration, surface activity, molar mass, molecular flexibility,
etc. Although protein adsorption isirreversiblein the sensethat it is mostly not possible to lower Ghy diluting the system, the
occurrence of mutua displacement nevertheessimpliesthat individua protein moleculesin theinterfacia layer may interchange
with thosein solution, dbeit dowly.

3.2.3 Contact Angles

When two fluids are in contact with asolid and with each other, there is a contact line between the three phases[1]. An example
isgivenin Figure 7afor the system air-water-solid. There must be a baance between the surface forces acting in the plane of the
solid surface and this leads to Equation 7, called the Y oung equation:

0sA = gsw + JAW «sq @)

The contact angle g is conventionally taken in the densest fluid phase. It depends on the three interfacia tensions. However, gsa
and gsw cannot be measured, but their difference can be derived from the contact angle. If (9sA-gsw)/gaw> 1, Equation 7 has
no solution, =0, and the solid is completely wetted by the liquid; an example iswater on clean glass. If the quotient
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Contact angledi), shown as cross
sections through three-phase
systems.

A=air, W=water, O=0il, S=solid. (a)
W ater drop on a solid substrate; (b)
solid
particle located in an oil-water
interface;

(c) oil dropletin an air-water
interface; (d)
air pocketin a crevice in a solid
submerged in water. See text.
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mentioned is<-1, thereisno wetting at al; an exampleiswater on Teflon or other strongly hydrophobic materias.

Figure 7b depicts, in fact, the same Situation. In case bl the contact angleis about 150 degrees, and thiswould be fairly typical
for atriacylglyceral crysta in atriacylglycerol oil-water interface. The contact angle can in such acase belowered by adding a
suitable surfactant, such as Nalauryl sulfate, to the water phase. Addition of alarge quantity of surfactant can even lead to =0,
and thus to complete wetting of the crystal by the agueous phase. Thisis accomplished in some processes to separate fat
crystasfrom oil. Adherence of crystalsto the w/o interface and the associated contact angle may be of importance for emulsion
sability (e.g., Section 3.6.5).

In Figure 7c the more complicated Situation of contact between three fluidsis shown. Now there has to be a balance of surface
forcesin the horizonta aswdl asinthe vertica plane, giving two contact angles. Equation 8 defines the Soreading pressures.

ps=gAaw - (gAo + gow)

InFigure 7c, Ps <O0. If it is greater than zero, the sum of the surface free energies of the a/o and the o/w interfacesis smaller than
that of the alw interface done, and the oil will spread over the water surface. Use of the valuesin Table 2 leads to the conclusion
that for paraffin oil ps=-8 mN.nm%, implying that the droplet will not spread (but it does adhere to the alw interface). For
triacylglyceral ail, it followsthat ps= 11 mN.n1%, and spreading does occur. These aspects are of importance for the
interactions between emulsion droplets and foam bubbles. The spreading pressures can, of course, be dtered by surfactants.
However, most proteinslower gaw and gow by roughly the same amount, and the spreading pressure then is not greetly dtered.

It should be noted that the action of gravity can dter the Situations depicted in Figure 7. If the droplets are smaler than about 1
mm, the effect of gravity issmdll.

3.2.4 Curved I nterfaces[1]

The pressure at the concave Side of a curved phase boundary (interface) awaysis greater than that at the convex side. The
differenceis cdled the Laplace pressure. For aspherica surface of radiusr, the Laplace pressurer L is

pL = 2g/r

An important consequence is that drops and bubbles tend to be spherical and that it is difficult to deform them, the more so
when they are smdller. If adrop isnot sphericd, the radius of curvature differswith location, which implies a pressure difference
within the drop. This causes materid in the drop to move from regions with ahigh pressure to those with alower one, until a
spherical shapeisobtained. Only if an outside stressis gpplied can the drop (or bubble) be deformed from the spherical shape.
Some examples may be enlightening. For an emulsion droplet of radius 0.5 "m and interfacid tension 0.001 N.m?, the Laplace
pressure would be 4 x 10* Paand a considerable external pressure would be needed to cause substantial deformation. For an
air bubble of 1 mm radiusand 9=0.05 N.m, pL would be 100 Pa, allowing deformation to occur more easily. These aspects
will be discussed further in Sections 3.6.2, 3.6.4, and 3.7.1.

Another consequence of the Laplace pressureis capillary rise. If avertica capillary containsaliquid that gives zero contact
angle, such aswater in aglasstube, aconcave meniscusis formed, implying a pressure difference between the water just below
the meniscus and that
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outside the tube at the same height. Theliquid in the tube will then rise, until the pressure dueto gravity (g timesdengty times
differencein height) balances the capillary pressure. For example, pure water in acylindrica capillary of 0.1 mm interna
diameter would rise 29 cm. If the contact angleislarger, therise will beless; if itis> 90°, capillary depression occurs.

These aspects are relevant to the dispersion of powdersin water. If aheap of powder is placed on water, capillary rise of the
water through the pores (voids) between the powder particles must occur for wetting of the particlesto occur, and thisis
prerequisite for dispersion. It requires a contact angle (between powder material, water, and air) <90°. The effective contact
anglein the powder is quite abit smaller than that at a smooth surface of the powder material, so the angle must be distinctly
smdler than 90° [seefurther in Ref. 65].

A third consegquence of Laplace pressureisthat the solubility of the gasin abubblein theliquid around it is enhanced. According
to Laplace (EQ. 9), the pressure of agasin a(small) bubbleis enhanced and, according to Henry'slaw, the solubility of agasis
proportiond to its pressure. The effect of curvature of a particle on the solubility of the materid in the particleis not restricted to
gas bubbles and isin genera given by the Kelvin equation:

RT In l' = ?1”
=P 10)
where Sissolubility, = ol ubility at aplane surface (i.e., “norma” solubility), axd M and r are molar mass and mass density,
respectively, of the materid in the particle. Examples of calculations according to Equation 10 arein Table 4. It is seen that for
most systems, particle radius hasto be very smadl (e.g., <0.1 him) for asgnificant effect. However, gasin bubbles of 1 mm has

perceptibly enhanced solubility. If the surfaceis concave rather than convex, the solubility is, of course, decreased (Fig. 7d).

Theincreased solubility givesriseto Ostwald ripening, that is, the growth of large particlesin adispersion at the expense of
smdll ones, and thusthe eventua disappearance of the smalest particles. However, thisonly occursif the materid of the particles
isat least somewhat soluble in the continuous phase. It may thus occur in foams and in water-in-oil emulsions, but not in
triacylglycerol oil-in-water emulsions. The rate of Ostwald ripening is governed by severd factors (see, eg., Sec. 3.7.2).

Ostwad ripening will dways occur with crystasin asaturated solution, abeit dowly if the crystals arelarge. Another effect is
that it causes“rounding” of small crystas. At the edge of acrystd, the radius of curvature may be very smal, say some
nanometers, and thiswill lead to agreatly enhanced solubility (Table 4, fat crystd). The materia near the edge will thus

TABLE 4 Examples of the Increase in Solubility of the Material in a Particle Due to Curvature, Calculated
According to Equation 10 for Some Arbitrary Particle Radii and Some Reasonable Values of the Interfacial
Tension (Temperature 300 K)

Variable W ater in oil Air in water Fat crystal in oil Sucrose crystal in
saturated solution

r (m) 106 10 108 108

g(N.m™ 0.005 0.05 0.005 0.005
r (kg.m?3 990 1.2 1075 1580
M (kg.mol -1 0.018 0.029 0.70 0.342

§r/5-. 1.000073 1.010 1.30 1.091
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dissolve and be deposited somewhere else. In some systems, this leads to sintering of aggregated crystals (Section 3.4.4).
3.2.5 Interfacial Rheology [37,85]

If an interface contains surfactant, it has rheologica properties. Two kinds of surface rheology can be distinguished, in shear and
indilation (Fig. 8). When theinterface is sheared (leaving both area.and amount of surfactant in the interface constant), one can
measure the force in the plane of the interface needed to do this. Often thisis done as afunction of the shear rate, and asurface
shear viscosity hs (units N.sec.m) is obtained. For most surfactants hs isnegligibly smal, but not for severd macromolecular
surfactants. For most systems, shear rate thinning occurs and the observed viscosity is an gpparent viscosity.

If theinterfacid areais enlarged, leaving its shape unatered, one measures an increase of interfacia tension, because now G
becomes smaller. Thisisusualy expressed in the surface dilational modulus, defined as
F.q = dypdl

d = dydInA (11)
where A istheinterfacia area. E« isfinitefor al surfactants, dthough it will be very smal if surfactant activity ishigh and therate
of surface enlargement issmall. In such acase surfactant rapidly diffusesto the enlarged surface, thereby increasing Gand thus
lowering 9. In other words, the Gibbs equilibrium (Eq. 5) will be rapidly restored. E« therefore strongly decreases with
decreasing rate of deformation. For proteins Ex may be large and |ess dependent on time scale, because proteins adsorb more
or lessirreversibly. Besdestheinterfacia concentration of protein, changesin its conformation can affect the modulus.

Surface rheological propertiesin dilation and in shear are fundamentally different. Essentially, hs is due to the viscosity of the
materid in theinterfacia layer, which impliesthat it isabulk property, but of alayer of unknown thickness; henceit is expressed
asatwo-dimensiona quantity. On the other hand, E«isared interfacid property, which appearsin severd equations relating to
interfacial phenomena. A problem is, however, that measurement of Ew isdifficult or evenimpossible, except at fairly long time
scales and/or at small deformation. By and large, for globular proteins at the alw interface, vaues of about 30100 mN.mr* have
been observed and for b-casein about 1020 m'* [25,63]. Surface rheological parameters of protein layers naturally depend on
pH, ionic strength, solvent quality, temperature, etc. Often moduli and viscosities are a maximum near the isoelectric pH. It
should further be noted that one can also measure a surface dilational viscosity and a surface shear modulus.

shear dilation

e . force E. =dy/d lnd
Vss* T dasdr so” 7

FIGURES
Illustration of the geometrical changes brought
about in an interfacial element when
performing interfacial rheology in simple shear
and in dilation. (From Ref. 85.)
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3.2.6 Surface-Tension Gradients

If afluid interface contains a surfactant, surface-tension gradients can be created. Thisisillustrated for the case of an alw
interfacein Figure 9. In Figure 9A aveocity gradient (G=dn,/dc) sweeps surfactant molecules downstream (one may also say
moves the surface), thereby producing a surface tension gradient; g will now be smdler downstream. Thisimpliesastress
Dg/Dx, which must be equa and opposite to the shearing stress hG (h = viscosity of theliquid). If there were no surfactant, the
surface would move with the flowing liquid; in the case of an o/w interface, the flow velocity would be continuous across the
interface. This hasimportant consequences, especialy for foams, asis seen by comparing Figure 9C with D. In the absence of
surfactant, the liquid between two foam bubbles rapidly streams downward, like afaling drop. In the presence of surfactant,
flow isvery much dower. In other words, development
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Surface-tension gradients at the a/w
interface. (A) Streaming of liquid
along a
surface causes a surface-tension
gradient.

(B) A surface-tension gradient
causes
streaming of the adjacent liquid:
Marangoni effect. (C) Drainage of
liquid
fromavertical filmin the absence or
(D)
presence of surfactant. (E) Gibbs
mechanism of film stability. (From
Ref. 79.)
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of surface-tension gradientsis essentia to formation of afoam. It aso meansthat an air bubble or emulsion droplet moving
through the surrounding liquid in virtually al cases has an immobile surface; thet is, it behaveslike arigid particle.

Figure 9B illustrates that liquid adjacent to an interface will move with the interface when the latter exhibits (for some reason, say
local adsorption of surfactant) an interfacia tenson gradient. Thisis called the Marangoni effect. It isseenin aglassof wine,
where wine drops above the liquid level tend to move upward; here evaporation of ethanol producesthe g gradient. An
important consegquence isthe mechanism for stability of athin film, illustrated in Figure OE. If the film somehow acquiresathin
spot, the surface area of thefilm islocaly increased; hence Gis lowered, g isincreased, and ag gradient is established. The
Marangoni effect ensues, causing liquid to flow to the thin spat, thereby restoring film thicknesses. This Giblbs mechanism
providesthe basisfor the stability of films, asin afoam.

Another consequenceisthe Gibbs-Marangoni effect, which alowsformation of emulsions (see Section 3.6.2). Indl these
stuations, the effects depend on film or Gibbs dagticity, which is defined as twice the surface dilational modulus (twice because
afilm hastwo surfaces). Thin filmstypically have alarge eadticity, because of the scarcity of dissolved surfactant. In athick film
containing afairly high concentration of surfactant, surfactant molecules can rapidly diffuse toward a spot with alow surface load
and restore the origind surface tenson. This cannot occur or occurs only very dowly, inathin film, implying alarge eadticity,
except a very long time scale.

3.2.7 Functions of Surfactants

Surfactantsin afood, whether small-molecule amphiphiles or proteins, can produce severa effects, and these are briefly
summarized next.

1. Dueto the lowering of g, the Laplace pressureis lowered and the interface can be more easily deformed. Thisisimportant for
emulsion and foam formation (Sec. 3.6.2) and for the avoidance of coalescence (Sec. 3.6.4).

2. Contact angles are affected, which isimportant for wetting and dispersion events. The contact angle determines whether a
particle can adsorb on afluid interface and to what extent it then sticks out in either fluid phase. These aspects have an important
bearing on stability of some emulsions (Sec. 3.6.5) and foams (Sec. 3.7.2).

3. A decreaseininterfacia free energy will proportionally dow Ostwald ripening. The rate of Ostwald ripening may also be
affected by the surface dilationa modulus (Sec. 3.7.2).

4. The presence of surfactants allows the creation of surface-tension gradients and this may be their most important function. It is
essentia for formation and stability of emulsions and foams (Secs. 3.6.2, 3.6.4, 3.7.1, and 3.7.2).

5. Adsorption of surfactants onto particles may greatly modify (colloidal) interparticle forces, mostly enhancing repulsion and
thereby stability. Thisisdiscussed in Section 3.3.

6. Small-molecule surfactants may undergo specific interactions with macromolecules. They often associate with proteins,
thereby materidly dtering protein properties. Another exampleisthe interaction of some polar lipids with amylose.

3.3 Colloidal Interactions

In Section 3.1.2 colloids were defined and classified. Generally, between particlesforces act that originate from materia
properties of the particlesand the interstitia fluid. These colloiddl
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interaction forces act in adirection perpendicular to the particle surface, contrary to the surface forces discussed in Section 3.2,
which act in the direction of the surface. Colloidd interaction hasimportant consequences.

1. It determines whether particleswill aggregate (Sec. 3.4.3), which, in turn, may determine further physica ingtability, for
ingtance, sedimentation rate. (Note on terminology: The terms flocculation and coagulation are dso used, often with amore
specific connotation; the former would, for instance refer to reversible aggregation, and the latter to irreversible.)

2. Aggregating particles may form anetwork (Sec. 3.5), and the rheologica properties and the stability of systems containing
networks strongly depend on colloidal interaction.

3. It may greatly affect susceptibility of emulsion dropletsto (partia) coa escence (Secs. 3.6.4-5).
Literature on colloid science can be found in textbooks mentioned in the Bibliography.

3.3.1 Van der Waals Attraction

Van der Wadls forces between molecules are ubiquitous, and they also act between larger entities such as colloida particles.
Sincetheseforces are additive, it turns out that, within certain limits, the dependence of the interaction force on interparticle
distance (as measured between the outer surfaces) is much weaker between particles than between molecules. For two identical
spherical particlesthe van der Wadsinteraction freeenergy is

VA = -Ar/12hh<~10 nm
(12)

wherer isparticleradius, hisinterparticle distance, and A isthe Hamaker constant. The last depends on the material of the
particles and the fluid in between, and it increases in magnitude as the differences in the properties of the two materiasincrease.
For most particlesin water, A isbetween 1 and 1.5 timesKT (4-—6 x 102! J). Tabulated vaues are available [27,72].

If both particles are of the same materia and the fluid in between is different, A dwaysis positive and the particles attract each
other. If thetwo particles are of different materials, A may be negative and there would be van der Wad s repulsion, but thisis
fairly uncommon.

3.3.2 Electric Double Layers

Mogt particlesin an agueous solution exhibit an ectric charge, because of adsorbed ions or ionic surfactants. In most foods,
charges predominantly are negative. Since the system must be eectroneutral, the particles are accompanied by a cloud of
oppositey charged ions, caled counterions. An example of the distribution of counterions and coionsisgivenin Figure 10a. Itis
gpparent that a a certain distance from the surface, the concentrations of positive and negative chargesin the solution become
equal. Beyond that distance, the charge on the particle is neutralized, due to an excess of counterionsin the eectric double layer.
The latter is defined as the zone between the particle surface and the plane at which neutralization is achieved. The double layer
should not be envisaged as being immobilized, because solvent molecules and ions diffusein and out of the layer.

Thedectricd effects are usualy expressed in the eectric potentid Y . Itsvaue, as afunction of the distance h, from the surface,
isgiven by
y =y0e*" (13)
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FIGURE 10
The electric double layer: (a) the distribution of counterions
and coions as a function of the distance from the charged
surface, and (b) the potentigl as a function of distance for
three values of the ionic strength I; the broken lines indicate the
Debye length.

wherey O isthe potentid at the surface and the nomina thickness of the eectric double layer or Debye length 1/k isgiven by

K= 303 fnm™")
(134)
for dilute agueous solutions at room temperature. Theionic strength | isdefined as
f=158% & F?
2" (1a)

where mismolar concentration and Z is valence of each of theionic species present. Note that for asalt like NaCl, | equas
molarity of the solution, but thisis not so if ions of higher valence are present. For CaCls, | isthreetimesthe molarity.

Caculations of the potential as afunction of distance are given in Figure 10b. lonic strengths in aqueous foods vary from 1 mM
(atypica tap water) to more than 1 M (pickled materias). Thel of milk isabout 0.075 M, and of blood about 0.14.
Consequently, the thickness of the double layer is often only about 1 nm or less. This has important consequences when both
negative and positive charges occur on one particle. If the distance between charged groups (or clusters of charged groups) on a
surface (or on amacromolecule) islessthan, say, 2/k, only the average potentia is sensed from adistance. If, on the other hand,
the distance between chargesis greater than 2/k, the charges can be sensed separate from each other, enabling positive groups
on one particle or macromolecule to react with negative groups on another one, forming sat bridges. Thisis, of course, relevant
for proteins, which often are amphipolar.

Electrical interactions depend on the surface potentia, and this, in turn, is often influenced by pH. For most food systems, values
of ly o, are below 30 mV. At ahigh concentration of counterions (especialy if these are divalent), ion pairs can be formed
between counterions and charged groups on the particle surface thereby lowering ly o.

In anonagueous phase, the didectric constant generally is much smaller than in water, and Equation 13aisno longer valid.
Moreover, theionic srength in this Stuation generdly will be negligible. Thismeansthat evenif thereisacharged surface (as
may be the case for aqueous dropletsfloating in ail), dectrica interaction forceswill usualy be unimportant.
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3.3.3DLVO Theory

If dectrically charged particles having the same sign come very close to each other, their eectric double layers overlap. Thisis
sensed and the particles repulse each other. The repulsive ectric interaction free energy Ve can be calculated. For spheres of
equd szeitis

VE = (4.3 x 10°%)ryd In(l + &) (15)

which would bevdid for h <10 nm, ly o} <40 mV, kr> 1, in water at room temperature.

Theinteraction energies Va (due to van der Wads attraction) and Ve can be added, and this hasled to the first useful theory for
colloid gtahility, the DLV O (Deryagin-Landau, Verwey-Overbeek) theory. Thistheory enables caculation of thetota free
energy V needed to bring two particles from infinite distance to adistance h. Particle radius can be determined, severa Hamaker
constants are known, K is derived from theionic strength and the electrokinetic (or zeta) potential, which often is assumed to be
equal toY o, can be experimentaly determined by electrophoresis. Thetotal interaction energy isusualy divided by KT, that is,
the average free energy involved in an encounter between two particles by Brownian (heat) motion.

Some plots of V/KT versus h are presented in Figure 11. If V isnegativefor al h, the particles will aggregate. If thereisa
maximum in the curve (asin Fig. 11anear x) that is much larger than KT, particles may never overcomethisfree energy barrier;
if, on the other hand the maximum is somewhat lower, say 10KT, two particles may occasiondly reach the“ primary minimum?”
(asinFig. 11anear y) and becomeirreversbly aggregated. If thereisasufficiently deep “secondary minimum” (Fig. 11abear 2),
the particles readily become aggregated, but not fully irreversibly. It isseenthat Yo (Fig. 11b) and ionic strength (Fig. 11c) have
large effects on stability. Also the effect of particle radius seemsto be large (Fig. 11d), but the DLV O theory appearsto be
incorrect in predicting the effect of size.

Quite generdly, the DLV O theory—though very successful for many inorganic systems—seemsto be inadequate for predicting
stability of biogenic systems. Milk fat globules, for example, are stable against aggregation at their isodectric pH (3.8), where
they have zero surface
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Examples of the colloidal interaction free energy V (in unitdofk a
function of interparticle distance h according to the DLV O theory for
spherical particles in water. lllustrated are effects of the magnitude of
(a) the Hamaker constarf (b) surface potentiaf 0, (c) ionic strength
I; and (d) particle radius r. Unless indicated otherwhsd,.25 kT; y =15
mV; =10 mM; r=1m.
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potential, so that the DLV O theory would predict zero repulsion [84]. Consequently, interaction forces other than those
consdered in this theory must be important.

3.3.4 Steric Repulsion

As depicted in Figure 4, some adsorbed molecules (polymers, Tweens®, etc.) have flexible molecular chains (“hairs’) that
protrude into the continuous phase. These may cause steric repulsion. Two mechanisms can be distinguished. Firgt, if the surface
of another particle comes close, the hairs are restricted in the conformations they can assume, which impliesloss of entropy, that
IS, increase of free energy, and repulsion occurs. This volume-restriction effect can be very large, but it can be of importance
only if the surfaces have avery low hair density (number of hairs per unit ared). Thisis because the hairy layers start to overlap
on gpproach of the particles and then a second mechanism will act before the first one comesinto play. The overlap causesan
increased concentration of protruding hairs and thereby an increased osmotic pressure; thiswould lead to water moving to the
overlap region, which resultsin repulsion. However, thisistrue only if the continuous phase isagood solvent for the hairs; if itis
not, attraction may result. For example, emulsion droplets covered by casein have protruding hairs, providing stability to the
droplets. If ethanol isadded to the emulsion, the solvent quality is strongly decreased and the droplets aggregate [16].

In some cases, steric repulsion free energy can be cdculated with reasonable accuracy [22]. If these values are added to the van
der Waals attraction, curvesfor tota interaction versusinterparticle distance are obtained. Schematic examples are shown in
Figure 12. The solvent quality usually is of overriding importance and if it isgood, repulsion can be very strong; see curvec
versusd. Only for large particles (strong van der Wadl s attraction) and afairly thin adsorbed layer (short hairs) will aggregation
occur in agood solvent (curve a, which shows aminimum free energy of about -12 KT).
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Hypothetical examples of theeffects of particle size, thickness of the layer of
protruding molecular chains, and the quality of the solvent for those chains
on the colloidal interaction free energy (V in unitsigfdetween identical

spherical particles as a function of the interparticle distance h. The interaction

is supposed to be due to van der W aals attraction and steric repulsion. Curves:
(a) good solvent, thin layer, particle diameter 2B, (b) same, but diameter

0.5 mm; (c) relatively poor solvent, thick layer diameter @r8; (d)
same, but good solvent.
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In practical food systems calculation of steric repulsion usudly is not possible because the situation can be complex. For
example, the nature of the adsorbing molecules can vary grestly [18,22,81].

It should aso be mentioned that adsorbing polymers may cause bridging aggregation, by becoming smultaneoudy adsorbed
onto two particles[22,81]. Thismay happen if too little polymer is present to fully cover the particle surface area or with certain
methods of processing.

3.3.5 Depletion I nteraction

Nonadsorbing polymers are depleted near an interface, because the center of amolecule cannot come closer to the interface
than the effective radius of the (random coil) molecule. Closeto the interface, thereisthus alayer with a polymer concentration
lower than in the bulk. This depletion layer has athickness (d) that is about equa to the radius of the gyration (R) of the polymer
molecules (Fig. 13). If the particles come close to each other, the depletion layers overlap, implying that the polymer
concentration in the bulk becomes lower. Thisleadsto alarger mixing entropy, that is, to alower free energy and to adriving
forcefor particle aggregation. An estimate of the depletion free energy can be obtained from

Volhy = =2mellosm (28 — k)2 (16)
where P osn isthe osmotic pressure caused by the dissolved polymer. It is, in first approximation, proportiona to the molar
concentration of the polymer, but it will be more concentration dependent in a good solvent. Thus polysaccharides a low
concentrations can cause depletion aggregation in foods; for example, 0.03% xanthan may be sufficient [16]. Fairly high
concentrations of polymer often lead to immobilization of the particles (Section 3.4.2), thereby causing the system to befairly
sable.

FIGURE 13
Schematic depiction of the depletion of non adsorbing
macromolecules (radius of gyration Ry, depicted—except for
one example of arandom coil—by small open circles) from the
surface of colloidal particles (radius r, depicted by large
circles), and of the overlap of the depletion zones (bounded
by broken lines) if the particles are aggregated. (From Ref. 81).
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TABLE 5 Factors Affecting the Magnitude of the
Contribution to the Interaction Free Energy Between
Particles by Van der W aals Forcas (), Electrostatic
Forces ¥ &), and Steric Interaction¥( ¢): +, Effect; -,
No Effect; (+), Effect Under Some Conditions

Variable Va VE Vs
Particle size + + )
Particle material +

Adsorbed layer €] + +
pH - + a
lonic strength - + a
Solvent quality - - +

4n the absence of electrical charges.

3.3.6 Other Aspects

It should now be clear that severa kinds of colloidal interactions can occur in foods and that the kind and concentration of
surfactants present strongly influence these interactions. Even in the Smplest cases, severa variables areimportant (Table 5).

Severd additiona complications may be mentioned. The DLV O theory does not apply at very small distances. One cause may
be surface roughness. Another may be solvation repulsion. If solvent molecules are attracted by the materia on the outside of
the particle, thismay cause some repulsion at short distance [28]. Thismay affect the depth of the primary minimum (in plots of
V vs. h) and thereby theirreversibility of aggregation.

Hydrophobic interactions also may occur, and they generaly cause attraction. The effect isthe result of poor solvent qudity
(Sec. 3.3.4 and Chap. 2). Thistype of interaction has a strong temperature dependence, being very wesk near 0°C and
increasing with increasing temperature.

Such hydrophobic interactions may, in principle, occur if aprotein isthe surfactant. However, repulsonismorelikely inthis
case. Usudly thisis caused by acombination of steric and eectrogtatic repulsion, but calculation of the interaction free energy
generdly isnot possible.

Another aspect is double adsorption, that is, adsorption of a substance onto alayer of surfactant. There are many examples of
polysaccharides adsorbing onto particles that are aready covered with small-molecule surfactants or proteins[3]. Generd rules
cannot be given, but akind of bridging aggregation occursin many cases. It thusturns out that added polysaccharides can act in
variousways. If they adsorb they can provide steric repulsion, but under other conditions they can cause bridging aggregation. If
they do not adsorb they may cause depletion aggregation, but at high concentration they may stabilize the system.

3.4 Liquid Dispersions
3.4.1 Description

Severd typesof liquid dispersons exist. The discussions herewill be limited to suspensions (solid particlesin aliquid) and to
those aspects of emulsionsthat follow the same rules. Foods
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that are sugpensonsinclude skim milk (casein micdlesin serum); fat crystasin oil; many fruit and vegetable juices (cdls, cell
clusters, and cdll fragmentsin an agueous solution); and some fabricated foods, such as soups. During processing (food
fabrication), suspensions are also encountered, such as sarch granulesin water, sugar crystalsin a saturated solution, and
protein aggregatesin an aqueous phase.

Dispersons are subject to severd kinds of ingtability, and these are schematicdly illustrated in Figure 14. Changesin particle size
and in their arrangement are distinguished. Formation of small aggregates of particles may be considered to belong to both
categories. Dissolution and growth of particles depend on concentration of the materid, on its solubility, and on diffuson. Ina
supersaturated solution nuclestion must occur before particles can be formed. Dissolution, nucleation, and growth will not be
discussed further. Ostwald ripening is discussed in Sections 3.2.4 and 3.7.2 and coa escence in Section 3.6.4. The other
changes are discussed next.

The various changes may affect each other, asisillustrated in Figure 14. Moreover, sedimentation is enhanced by any growthiin
particle Size, and sedimentation will enhance the rate of aggregation if the particlestend to aggregate. Agitation of the liquid may
enhance the rate of some changes, but it can aso disturb sedimentation and disrupt large aggregates.

3.4.2 Sedimentation

If thereisadifferencein dengty () between the dispersed phase (subscript D) and the continuous phase (subscript C), thereisa
buoyancy force acting on the particles. According to Archimedes, thisisfor spheresapd® (.0-:c)/6, where a is acceleration.
The sphere now
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Illustration of the various changes in dispersity. Highly schematic.
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Schematic examples of non-Newtonian
flow behavior of liquids: apparent
viscosityh " as a function of shearing
stresss. Curve listypical for a
polymer
solution. Curve 2is typical for a
slightly
aggregating dispersion of very small
particles. Curve 3is typical for a
system
exhibiting ayield stress.

sediments at alinear velocity nand feds afriction force, which is, according to Stokes, 3pdhcn, where he isthe viscosity of the
continuous phase. By putting both forces equa, the equilibrium or Stokes sedimentation velocity is obtained:

Ns=a(ro - rc)d?/18he (17)

= 3 3
Erpedy [l

If the particles show asize distribution, d? should be replaced by , Where ni isthe number of particles per unit
volumein dassi with diameter d.

For gravity sedimentation a=0=9.81 m.sec?, and for centrifugd sedimentation a=Rw?, where Risthe effective radius of the
centrifuge and w its rotation rate in radians per second. To give an example: If the sphere diameter is 1 nm, the dengity
differenceis 100 kg.n3, and the viscosity of the continuous phaseis 1 mPa.sec (i.e., water), the spheres would sediment under
gravity at arate of 55 nm.sec* or 4.7 mm per day. Sedimentation greatly depends on particle size, and spheres of 10 mmwould
move 47 cmin aday. Normally, viscosity decreases and sedimentation rate increases with increasing temperature. If the density
differencein Equation 17 is negative, sedimentation is upward, and one commonly spesks of creaming.

Equation 17 isvery useful to predict trends, but it isamost never truly valid. Among the many factors causing deviation from
Equation 17 [83], the following are the most important for foods:

1. The particles are not homogenous spheres. Any anisometric particle tends to sediment more dowly, becauseit orients
itself during sedimentation in such away asto maximizefriction; that is, a plate-shaped particle will adopt a* horizonta”
orientation. An aggregate of particles, even if spherical, sediments more dowly than a homogeneous sphere of the same size,
sncetheinterdtitia liquid in the aggregate causes the effective dengty differenceto be smdler.

2. Convection currentsin the dispersion, caused, for instance, by dight temperature fluctuations, may strongly disturb
sedimentation of smdl particles (<~1 nm).
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3. If the volume fraction of particles] isnot very small, sedimentation is hindered. For j =0.1, the sedimentation rateis
aready reduced by about 60%.

4. If particles aggregate, sedimentation velocity increases: Theincreasein d? is aways larger than the decreasein Dr .
Moreover, aslarger aggregates sediment faster they overtake smaller ones, and thus become ever larger, leading to an even
greater acceleration of sedimentation rate. This may enhance sedimentation by orders of magnitude. A good exampleis
rapid creaming in cold raw milk, where fat globules aggregate due to the presence of cryoglobulins [84].

5. An assumption implicit in Equation 17 isthat viscodity is Newtonian, that is, independent of shear rate (or shear stress),
and thisis not true for many liquid foods. Figure 15 gives some examples of the dependence of apparent viscosity on shear
stress. The stress caused by aparticle is given by the buoyancy force over the particle cross section, that is, 2/3g Dr d for
spheres under gravity. The stressis on the order of amillipasca for many particles. Thisthen isthe stressthat the particles
sense during sedimentation. Viscosity should be measured at that stress (or the corresponding shear rate, given by h'/s),
whereas most viscometers apply stresses of well over 1 Pa. Figure 15 shows that the apparent viscosity can differ by orders
of magnitude, according to the shear stress applied.

Also showninFigure 15 isan example of aliquid exhibiting asmall yidd stress. Below that stressthe liquid will not flow.
However, thisis never noticed during handling, because theyidd stressis so very small (astress of 1 Pacorrespondsto a
water “column” of 0.1 mm height). Nevertheess, such asmall stress often is sufficient to prevent sedimentation (or
creaming), aswell as aggregation. Among liquid foods exhibiting ayidd stress are soyamilk, many fruit juices, chocolate
milk, and several dressings. These aspects are discussed further in Section 3.5.2 and in Ref. 71.

3.4.3 Aggregation Kinetics

Particlesin aliquid exhibit Brownian motion and thereby frequently encounter each other. Such encounters may lead to
aggregation, defined as agtate in which the particles stay close together for amuch longer time than they would in the absence of
attractive colloida interaction. Therate of aggregation isusually ca culated according to Smoluchowski's theory of perikinetic
aggregation [54]. Theinitia aggregeation rate in adilute digpersion of spheresof equa sizeis

-dN/dt = 4kTN2/3hW (18)

where N isthe number of particles, that is, unaggregated particles plus aggregates, per unit volume. The stability factor Wwas
assumed to equa unity by Smoluchowski. The time needed to halve the number of particlesthenis

tos = ph/8KT] (18a)

where]j isthe particle volumefraction. Thisresultsin d®/10] secondsfor particlesin water at room temperature where disin
micrometers. For d=1 nmandj =0.1, thiswould be 1 sec, implying that aggregation is very rapid.

In most practical situations, aggregation is much dower, because W often hasalarge value. If it isdesired to increase the halving
time from 1 sec to 4 months, thiswould need aW of 107. The magnitude of the stability factor is primarily determined by the
colloidal repulsion between the particles (Sec. 3.3).

Direct use of Equation 18 to predict Sability israrely possiblein food systems. There are numerous complications. Some of the
more important ones are that (a) it ismostly impossble
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to establish the value of W, (b) the stability factor may change with time, (c) there are other encounter mechanisms, dueto
streaming (agitation) or to sedimentation, and (d) aggregation may take various forms, leading to coalescence or to aggregates,
which may be compact or tenuous. There are even more complications. Nevertheless, gpplication of aggregation theory oftenis
possible and useful, but it isfar more intricate than can be discussed here [8,81,83].

3.4.4 Reversibility of Aggregation

According to the nature of the interaction forces between aggregated particles (Sec. 3.3), agents can be added to cause
deaggregation. This can occur during processing, or can be donein the laboratory to establish the nature of the forces. It
should be redlized that often more than one type of forceis acting. Diluting with water may cause deaggregation (a) dueto
lowering of osmotic pressure (if depletion interaction was the main cause of aggregation), (b) dueto lowering ionic strength
(which enhances dectrodtatic repulsion), or (¢) due to enhancing solvent quality (which can increase steric repulsion). Electric
forces can a'so be manipulated by atering pH. Bridging by divaent cations can often be undone by addition of achelating agent,
say ethylenediaminetetraacetic acid (EDTA). Bridging by adsorbed polymers or proteins can mostly be undone by addition of a
suitable small-molecule surfactant (Sec. 3.2.2). Reversal of specific interactions, such as-S-S- bridges, requires specific
reagents. Also, achange in temperature can affect aggregate Sability, by atering solvent qudity.

If the forces between the particlesin an aggregate are not very strong, deaggregation can be achieved by shear forces. These
exert astress hG, where G isthe shear rate. In water, G=10° sec’* would be needed to achieve ashear stress of 1 Pa, which
does not seem very large. However, the shear force acting on an aggregate is proportiona to aggregate diameter squared, and
large aggregates often have weak spots, because of their inhomogeneity. This means that aggregates often are degraded to a
certain Sze by agiven shear rate.

Another aspect isthat bonds may strengthen after aggregation. It may be better to speak of junctions between particles, since
any such junction may represent many (often hundreds of) separate bonds. The strengthening may occur by severa mechanisms
[81].

3.5G€ds

Many foods are “ soft solids,” and these can often be said to be gels or gel-like. Some generd aspects of idealized model
systemswill be discussed here, with principles being emphasized. Especidly the mechanicd (i.e,, rheologica and fracture)
properties[e.g., 47] cannot be discussed in depth, because it would take far too much space and is outside the realm of this
book. Neverthel ess, some basic facts involving rheology are needed to understand gel properties.

3.5.1 Description

From arheologica viewpoint atypical gel isamateria that exhibitsayield stress, has viscod astic properties and has amoderate
modulus (say, <10° P4). Thisisillustrated in Figure 16a When asmall stress @ = %) 5046 on the materidl, it behaves
eladticaly: It ingtantaneoudy deforms, keeps the shape obtained aslong as the stress acts, and returnsingtantaneoudy to its
origind shape as soon asthe stressis removed. For agreater stress, the materia may show viscodagtic behavior: It first deforms
elagticaly but then starts to flow; after remova of the stressit only partly regainsitsorigina shape. Figure 16b illustratesthe
differences between aliquid, asolid, and aviscodagtic materid. Strain (€) means relative deformation, and strain rateisits
change with time (de/dt) (the latter may be equd to the shear rate or to some other parameter, according to the type of
deformation). Figure 16 aso explainswhat yield stress
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FIGURE 16
Characteristics of a visco-elastic material: (a) Example of the relation
between deformation (strain) and time, when a visco-elastic material is
suddenly brought under a certain stress, as well as after removal of the
stress. The broken line is for a stress below the yield stress. (b) Strain rate
as a function of stress for a Newtonian liquid, a viscoelastic material, and
an elastic solid.

(Sy) means. The behavior of aviscoeastic materia greatly depends on the time scale of the deformation. Rapid
deformation—for instance, achieved by applying a fluctuating stress a high frequency—impliesashort time scale. At very short
time scalesagd isamost purely dastic, and at very long time scalesamost purdly viscous. Also theyidd stressmostly istime
dependent, being smaler at longer time scaes. All these rheologica parameters may vary greatly in magnitude among gels. For
instance, yield stresses from 10° to 10* Pa have been observed.

From astructura point of view, agd has a continuous matrix of interconnected materid with much interdtitial solvent. Figure 17
illustrates three main types of gels occurring in food systems; moreover, intermediate and combined types occur. The various
types have different properties; for instance, particle gels are much coarser than polymer gels, thus having a much grester
permesbility (Sec. 3.5.2).

The mechanical properties of various gels differ greatly. To explain this, the behavior a large deformations should be
considered [47,55,66,67]. Figure 18a gives ahypothetica stress-strain curve, ending at the point where fracture occurs.
Fractureimpliesthat the stressed specimen breaks, mostly into many pieces; if the materia contains alarge proportion of
solvent, the space between the pieces may immediately become filled with solvent, rather than air. The modulus of the materia
(G), dso caled dtiffness, is stress divided by strain, provided this quotient is constant. For most gel's, proportionality of stress
and strainisonly observed a very smadl strains, and at larger strains the quotient may be caled an apparent modulus. The
drength of the material isthe stress at fracture (S+). Termslike firmness, hardness, and strength are often used rather
indiscriminately; sensoric firmness or hardness often correlates with fracture stress. Modulus and fracture stress need not be
closaly corrdated, asisclear in Figure 18b. These parameters also vary grestly with concentration of the gelling materid. It is
frequently observed that addition of inert particles (“fillers’) to agelling materia increases the modul us but decreases the fracture
stress[38]. Part of the explanation of these divergenciesisthat amodulusis predominantly determined by number and strength
of the bondsin the gel, whereas fracture properties highly depend on large-scale inhomogeneities.

The gtrain at fracture (€) may be called longness, but thisterm isrardly used. The terms shortness and brittleness are used, and
they are closdly related to 1/e. The train at fracture may vary widely; for gelatin € may be 3, and for some polysaccharide gels
only 0.1. For gelsas
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FIGURE 17
Schematic illustrations of three main types of gel. The dots in
frame (@) denote cross-links. Note the differences in
approximate scale.

depicted in Figure 17aand b, & greetly depends on length and stiffness of the polymer chains between crosslinks.

Another parameter isthe toughness or work of fracture Er.. Thisis derived from the area under the curve in Figure 18aand
expressed in joules per cubic meter.

All these parameters depend on time scale or rate of deformation, but in various manners. Severa gelsdo not fracture at all
when deformed dowly, but do so when deformationisrapid. In some cases, it iseven difficult to distinguish between yielding
and fracture. For some gels, fractureitself takesalong time.

Gelsmay be formed in various ways, according to the kind of gelling materid. Polymer moleculesin solution [e.g., 4] behave
more or less as random coils, effectively immobilizing alarge amount of solvent (water), thereby increasing viscosity
consderably. If the polymer concentration is not very low, theindividua moleculestend to interpenetrate and form
entanglements. This gives the solution some eadticity, but no yidd stress. Gdlation is caused by formation of intermolecular
cross-links. These can be covalent bonds, salt bridges, or microcrystalline regions. Covaent bonds are provoked by added
reagents or by increased temperature. The latter can occur with some proteins, where -S—S- bridges form during heating. For
polyeectrolytes,
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(a) Hypothetical example of the relation between stress and strain
when deforming a viscoelastic material until it fractures. The modulus
equals tara. See text. (b) Relation between modulus and fracture stress
for gels of various materials (curdlan is a bactéridl3-glucan) at varying
concentration. (After Ref. 31.)

that is, charged polymers such as proteins, formation of sdt bridges may induce gelation. Other polymers gd by forming
microcrystaline regions that act as cross-links. These are commonly formed on cooling, because then areversible trangtion
occursthat involves giffening and localized crystalization of polymer chains.

Polymer gels are often discussed in terms of the so-called rubber theory, whereiit is assumed that the polymer chains between
cross-links are very long and can assume alarge number of conformations. Deforming the gel leadsto a decreasein the possible
number of conformations and thereby to a decrease in entropy. In such an idedl entropic gel, the elastic modulusis smply

= kT (19)

where nisthe number of effective cross-links per unit volume. Aswill be seen later, only afew food polymer gels behavelike
this.

Particle gels may form because of aggregation, induced by achangein pH, ionic strength, solvent qudity, etc. (Section 3.3). In
these gdls, the entropy |loss on deformation is negligible and they derive their dastic modulus from deformeation of bonds, an
enthalpic effect. Particle gels are often fractal in nature [86]. If attractive particles encounter each other at random they form
aggregates, and as these aggregates encounter other aggregates, larger aggregates form. Thisiscalled cluster-cluster
aggregation. The relation between the average number of particlesin an aggregate N, and the radius of the aggregate Rthenis

N, = (Rr)° (20)

whereT isthe radius of the primary (component) particlesand D isacongtant < 3 and is called the fractd dimensiondlity.
Becauseit issmaller than 3, aggregates become more tenuous (rarefied) when they increase in size. The average volume fraction
of particlesin an aggregateisgiven by
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where N isthe number of primary particles that a sphere of the same radius can contain assuming close packing. It is gpparent
that ] « decreases as Rincreases. When | « becomes equa to the volume fraction of primary particlesin the sysem, j , the
aggregates touch each other and agel forms. Thisimplies an unequivoca gel point. It asoimpliesthat agd isformed for anyj ,
however smdll, dthough the gd may be extremely wesk. The critical radius of the aggregates at gelation isgiven by

R, =Trj ¥®3 (22)

The size of the largest holesin the gel network equas about R... Often, itisfoundthat D = 2.2 and it then followsthat forj =
0.01, R./r=316. For j =0.1theratiois 18, and forj =0.4 it is about 3.

Although particles gels may seem to be rather disordered structures, smple scaling laws hold. Such relations can be given for
rheological properties and permeability (seelater). Such smple relations do not exist for most polymer gels.

3.5.2 Functional Properties

Food technologists make gels for a purpose, often to obtain a certain consstency or to provide physica stability. The properties
desired and the means of achieving those are summarized in Tables 6 and 7. Consistency has dready been briefly discussed,
but the message of Table 6 isan important one: According to the purpose in mind, the rheologica measurements must be of a
relevant type and conducted at the relevant time scale or strain rate. This need not be difficult. For instance, to evaluate stand-up
(i.e, the propengty of apiece of gel, say, apudding, to keep its shape under its own weight), measurement of a modulus makes
no sense. The proper experiment is Smply watching the piece, and possibly measuring the height of aspecimen that will just start
yielding. To ensure stand-up, the yield stress must be greater than gxr xH, where H is specimen height. For apiece 10 cm tall,
thiswould be about 10x10°x0.1=10° Pa. It should be rediized that yield stress often is smaler when time scaleislonger.

Very weak gels were briefly discussed in Section 3.4.2. In daily life, such asystem appearsto beliquid—that is, it will readily
flow out of abottleif itsyield stressis <10 Paor so; but it nevertheless has elastic properties at extremely small stresses. This
small yied stress may be sufficient to prevent sedimentation. A good exampleissoyamilk (Fig. 19). Soyamilk contains small
particles, congsting of cell fragments and organelles. These particles aggregate, forming

TABLE 6 Consistency of Gels: Specification of the Mechanical Characteristics Desired of Gels Made for a
Given Purpose

Property desired Relevant parameters Relevant conditions
“Stand-up” Yield stress Time scale
Firmness Modulus or fracture stress or yield stress Time scale, strain
Shaping Yield stress + restoration time Several

Handling, slicing Fracture stress and work of fracture Strain rate

Eating characteristics Yield or fracture properties, or both Strain rate

Strength (e.g., of film) Fracture properties Stress, time scale
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TABLE 7 Gel Properties Needed to Provide Physical Stability
Prevent or impede Cel property needed
Motion of particles

Sedimentation High viscosity; or significant yield stress + short restoration time
Aggregation High viscosity or significant yield stress
Local volume changes
Ostwald ripening Very high yield stress
Coalescence Very high yield stress
Motion of liquid
Leakage Low permeability and significant yield stress
Convection High viscosity or significant yield stress
Motion of solute

Diffusion Small diffusivity

awesk reversble gd. If processing conditions are appropriate, the yield stressis sufficient to prevent these particles, and even
larger particles, from sedimenting.

Also, some mixtures of polysaccharides, such as solutions of xanthan gum and locust bean gum, even if very dilute, can exhibit a
smdl yield stress (Fig. 15, curve 3). Thisyield stress can prevent sedimentation of any particles present [39].

Sometimesit is desired to arrest the motion of liquid, in which a case permeability is an essential parameter. According to
Darcy'slaw, the superficid velocity n of aliquid through a porous matrix, for instanceagd, is

stress (Pal
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FIGURE 19
Flow curves (shear stress vs. shear
rate) of soya milk. The yield stress is
given by the y intercept of the lines.
Curves 1 and 2 are for milk made from
dehulled soya beans, about 6% dry
matter; 3 and 4 from whole beans,
about 7% dry matter. Curves 1 and 3,
soaking of the beans overnight at
room temperature; curves 2 and 4,
soaking 4 h at 60°C. (From Ref. 45.)
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where Q isthe volume flow rate (m?.sec?) through a cross-sectional areaA and Dr isthe pressure difference over distance X.
The permesbility B (m?) isamateria constant that varies greatly among gels. A particle gl like renneted milk (built of paracasein
micelles) has a permeability of the order of 10°? m?, whereas apolymer gd (e.g., gelatin) typicaly would haveaB of 10%. In
the latter case, leakage of liquid from the ge would be negligibly Sow.

Swelling and syneresis are additiond properties of gels. Syneresisrefersto expulsion of liquid fromthe gdl, and it isthe
opposite of swelling. There are no genera rules governing their occurrence. In apolymer gdl, lowering of solvent quality (e.g., by
changing temperature), adding sdt (in the case of polyeectrolytes), or increasing the number of cross-links or junctions may
cause syneresis. However, because both the pressure difference in Equation 23 and B are usudly very smdll, syneresis (or
swelling) oftenisvery dow. In particle gds, syneress may occur much faster, dueto the far grester permesbility. It iswell
known that renneted milk is proneto syneresis, an essentid step in cheese making. The combination of varigblesinfluencing
syneresisisintricate [68].

Transport of asolute through theliquid in agel hasto occur by diffusion, because convection generdly is not possible. The
diffusion coefficient D isnot greatly different from that in solution, at least for small moleculesin anot very concentrated gel. The
Stokesreation for diffusivity D=kT/6phr, wherer is molecule radius, cannot be applied. The macroscopic viscosity of the
sysemisirrdlevant, snceit concerns here the viscosity as sensed by the diffusing molecules, which would be the viscosity of the
solvent. On the other hand, the solute has to diffuse around the strands of the gel matrix, and the hindrance will be greater for
larger molecules and smdler pores between strandsin the gdl. These aspects areillustrated in Figure 20.

Olgel) /0 {water)
1.0

small molecule

protein

0.5

virus

] T T T
] 1 ? 3

% polysaccharide

FIGURE 20
Diffusion of solutes in polysaccharide
gels. Highly schematic examples after
results by Muhr and Blanshard [42].



Page 129

3.5.3 Some Food Gels

Thefairly theoretica points discussed earlier will now beillustrated by discussing some food gels.
3.5.3.1 Plagtic Fats[60,77]

If atriacylglyceral oil iscooled, fat crystals can form and these will aggregate. Thereisvan der Wadl s attraction between the
crystals and no repulsion (except at very small distance). The crystalsform afractd gd, at least under some conditions[75].
Subsequently, the aggregated crystals may to some extent grow together (fuse) by local accretion of solid materid, becauseit
may take along time before fat crystalization has reached an equilibrium state. Thisresultsin arigid and brittle network. The
modulusisfairly high (eg., 10° Pa), the proportionality between stress and strain extends only for astrain of at most 0.01, and
yielding occurs at astrain of about 0.1; the yield stressin this caseis about 10° Pa. These values greatly increase asthe fraction
solid increases. Permesability ranges from about 10*° to 10 m?, according to crystal size and fraction solid. These properties
are characterigtic of what isknown asaplastic fat.

3.5.3.2 Caseinate Gels[70,82,86]

Milk contains casein micelles, protei naceous aggregates of about 120 nm average diameter, each containing some 10* casein
molecules (see Chap. 14). The micelles can be made to aggregate, by lowering the pH to about 4.6 (thereby decreasing electric
repulsion) or by adding a proteolytic enzyme that removes the parts of K-casein moleculesthat protrude into the solvent (thereby
decreasing seric repulson). Fractal gels are formed with afractal dimensiondity of about 2.3. The permeability, which is about
2 x 10"*n for average casein concentration (C), is thus strongly dependent on the latter, being about proportional to €. For
casain gels (Fig. 21a) alinear relation exists between |og modulus and log casain concentration, in accordance with their fractal
nature. The different dopesimply adifferencein structure. Apparently, theinitialy tortuous strandsin rennet gels become
straightened soon after formation, whereas the strandsin acid gels remain tortuous.

Thebuilding blocks of the gd, that is, the casein micelles, are themsdves deformable, and
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FIGURE 21
Dependence of the modulus of various gels on mass concentration of gelling
material. Note that some of the abscissas are logarithmic, others linear. (a) Casein
gels, made by slow acidification or by renneting. (b) Agar and gelatin gels. (c)
Gels of K-carrageenan of two molar masses in 0.1 molar KCI. (d) Heat-set gels of
bovine serum albumin; the figures near the curves denote pH/added NaCl (molar).
Approximate results, only meant to illustrate trends. From various sources.
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the junctions between them are flexible. Thus, the gdl israther weak and deformable. For acid casein gdls, fracture Stressis
about 100 Pa, and fracture strain about 1.1; for rennet gels, these values are about 10 Paand 3, respectively. The acid gdl is
thus shorter (more brittle). These results apply to long time scales, say 15 min; at shorter time scales, the fracture stressis much
greater. Applying astress of dightly over 10 Pato arennet gel will causeflow (thereis no detectable yield siress), and after
consderable time fracture will occur. Applying astress of 100 Paleadsto fracture within 10 sec. Similar behavior isfound for
some other types of particle gelsbut isby no meansuniversal.

All these vaues depend on conditions applied, especialy temperature. It is seen that the modulus of acasain gd islarger at
lower temperature (Fig. 22a). This may appear strange, since hydrophobic bonds between casein molecules are considered to
play amajor part in keeping the gel together, and these bonds decrease in strength with decreasing temperature. Presumably, a
decrease of hydrophobic bond strength (low T) leadsto swelling of the micelles, to alarge contact area between adjoining
micelles, and to agreater number of bonds per junction. Conversaly, ahigher temperature of gel formation leadsto alarger
modulus (at least for acid gels; Fig. 22a), and thisis due to a somewhat different network geometry, not to adifference in type of
bonds.

At temperatures above about 20°C, rennet gels show syneresis. Syneresis accompanies rearrangement of the network of
particles, which implies that some deaggregation occurs. In aregion where no liquid can be expdled, that is, interndly inthe gd,
rearrangement occurs aswell, leading to both denser and less dense regions. Thisis called microsyneress; it goes aong with an
increase in permeability and causes the straightening of the network strands mentioned above.

3.5.3.3 Gelatin [10,34]

Of dl food gels, gelatin is closest to an idedl entropic gel. The flexible molecular strands between cross-links are long and this
causesthe gd to be very extensble. It isaso predominantly eastic because the cross-links arefairly permanent (at least at low
temperature). The dependence of modulus on concentration (Figure 21b) isin reasonable agreement with Equation 19 (data not
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FIGURE 22

Dependence of the modulus of various gels on temperature of measurement. Arrows
indicate the temperature sequence. (a) Acid casein gels (2.5%); figures on curves denote
temperature of formation and ageing. (b) Gelatin (2.5%); the broken line indicates the
relation according to Equation 19. (c) k-carrageenan (1%); figures on curves denote
concentration of CaCl . (d) b-Lactoglobulin (10%) at two pH values. Data represent trends;
results may vary greatly depending on heating or cooling rate and other conditions.
After various sources.
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shown), but the temperature dependenceis not (see Fig. 22b). This discrepancy stems from the mechanism of cross-linking.
Despite the severe trestment of the collagen during preparation of gelatin, the molecules retain much of their length and produce
highly viscous agueous solutions. Upon cooling, the moleculestend to form triple helices (broadly speaking proline helices) like
thosein collagen. Thisappliesto only part of the gelatin, and the helical regions are rdlatively short. Presumably, agelatin
molecule sharply bends at a so-called b-turn, and then forms ashort double helix. Subsequently, athird strand may wind around
thishelix, thereby completing it. If the third strand is part of another molecule, across-link isformed; if not, thereisno cross-
link. Regardless of how this develops, groups of triple helicestend to align themselvesin apardld array, forming microcrystaline
regions, and these condtitute cross-links (Fig. 23a). It would follow from this mechanism that the kinetics of gelation areintricate,
which isindeed the case. Also, rheological properties can be strongly dependent on temperature history.

3.5.3.4 Polysaccharides [40,49]

Despite the wide range of polysaccharide types (see Chap. 4), some generd rules governing their gelling behavior exist. Unlike
gelain, most polysaccharide chains are fairly stiff; appreciable bending can occur only if chain length exceeds about 10
monomers (monosaccharide resdues). This characteristic causes polysaccharides to produce highly viscous solutions; for
example, 0.1% xanthan will increase the viscosity of water by at least afactor of 10. Some polysaccharides can form gels.
Broadly speaking, the gd cross-links consst of microcrystalline regions (see Fig. 17b), involving an appreciable portion of the
materid. This meansthat the length of strands between cross-linksis not very long. Combined with chain stiffness, thisleadsto
rather short gels, very unlike rubber gels. Actualy, they are intermediate between entropic and enthapic gels. Of course, thereis
consderable variation among polysaccharidesin this regard.

Cross-links among polysaccharide molecules can be any of the following three types, eech illustrated by one example:

Type 1. Single helices. These helices, asfound in amylose, arrange themselvesin microcrystaline regions and, if the
concentration is sufficiently greet, gelation will occur. With amylopectin, Smilar behavior is observed.

Type 2. Double helices. These occur in k-carrageenan below asharply defined temperature. Each helix generdly involves one
molecule. Double helix formation between two moleculesis very unlikely for geometric reasons. As soon as even avery short

helix would have formed, the rotational freedom of the remaining part of each molecule involved would be very much reduced.
Consequently, double hdicesinvolving

>

FIGURE 23
Various types of junctions in polymer gels. (a) Partly stacked triple
helices as in gelatin. (b) Stacked double helices as in carrageenans. (c)
“Egg box” junction as in alginate, dots denote calciumions. (d)
Swollen starch grains in a concentrated starch gel. Helices are
schematically indicated by crosslines. The scales of a-c and d are very
different.
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two molecules will berare. Cross-links arise because the fiff helicesform microcrystaline regions (Fig. 23b). Helix
formation isvery rapid (milliseconds), whereas gelation takes longer (several seconds). As soon asthe helices“mdlt,” so
doesthegdl.

Type 3. “Egg-box” junctions. These occur with some charged polysaccharides, such as dginate, when divaent cationsare
present (Fig. 23c). Alginate has negative charges, often spaced at regular distances, dlowing divalent cations, such as Ca?, to
establish bridges between two pardld polymer molecules. Inthisway, fairly rigid junctions are formed. It islikely that the
junctions further arrange themsalvesin microcrystaline regions. The junctions do not readily “melt” unlessthe temperatureis near
100°C.

Many factors may affect gelation and gdl properties of polysaccharides. Theseinclude molecular structure, molar mass (Fig.
21c), temperature (Fig. 22c), solvent quality, and, for polyelectrolytes, pH and ionic strength (Fig. 22¢).

3.5.3.5 Globular Proteins[11,56,57]

Severd globular proteinsform irreversible heat-setting gels (Fig. 22d). The proteins denature, that is, unfold, and then mutualy
react. The gel bondsformed may be-S-S- linkages (or possibly other covalent bonds), salt bridges, and/or hydrophobic bonds.
A fairly large concentration of protein is needed to obtain tiff gels (Fig. 21d). The structures, and thereby rheologica properties
of the gels, vary greatly with type of protein, pH, ionic strength and rate of heating. Although proteins are polymers, the gelsare
not typica polymer gels, nor are they quite like casein gels. At pH vauesfar from the isodlectric pH, fairly week fine-stranded
gelsaretypically formed. The strands of these gels have athickness of ~ 10 nm and their structure is somewhat irregular. Near
theisodectric pH, stiffer gelsform and they look like particle gels. The particles are about 1 mm in diameter or more, and thus
contain numerous molecules, at least 10°. These gels are often fracta-like [ 74]. The two types should differ grestly in
permesbility, though substantiating determinations gppear not to have been made.

Structure formation during extrusion is comparable to heat-setting of globular proteins. An important example involves protein-
rich products from soya [35]. Spinning of proteins, however, may involve different mechanisms[73].

3.5.3.6 Concentrated Starch Gels[30]

Starch (see Chap. 4) occurs naturaly in rigid granules, mostly between 5 and 100 M in diameter, that are insoluble in water.
Part of the amylopectin is present in microcrystaline regions, which gives the granules consderablerigidity. If starch granules are
hested in excesswater, they gdatinize. Thisinvolves swelling, aswater up to severa timestheir own weight istaken up; melting
of microcrystdlites; and leaching of some amylose. The swollen granules remain intact upon cooling, unlessvigorous agitation is
applied. Dilute gdlatinized starch suspensions gdl in roughly the same way as does amylose; that is, leached amylose formsagel
network in which the swollen granules are trapped.

A concentrated, gelatinized starch solution—above 5-15%, depending on starch type—forms avery different kind of gel. The
granules swell until they virtualy fill the whole volume, deforming each other in the process (Fig. 23d). Especidly for potato
gtarch, the swollen granulesinterlock, asin ajig-saw puzzle. A very thin layer of gelled amylose solution is present between the
granules and may act asintergranule glue. Therheologica properties of the gel are dominated by those of the granules. A freshly
made gel can be deformed very much and it is purely elastic (like arubber ball) if deformation isvery fast. Sower deformation
may lead to fracture. Presumably, the individua granules are rubber-like.

During storage of concentrated starch gel's, considerable rearrangement of the molecules
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occurs. Thisislike partia crystallization and happensfaster a alower nonfreezing temperature. Thisleadsto anincreasein
number and particularly strength of microcrystaline junctions. The granules and the gel become stiffer (the modulusincreases). It
aso resultsin an increase of the fracture stress and a decrease of the fracture strain of the gel upon aging. These “retrogradation”
phenomenaare of great importance in the staling of bread.

3.5.3.7 Mixed Gels

It should now be clear that the structure and properties of gel's can vary greatly. The modulus of a1% gel can vary by dmost 5
orders of magnitude and the strain at fracture by afactor of 100. The preceding discussion of starch gels gives one example of
how the various rheological and fracture properties can be related to each other. In that case mogt relations can be explained,
even semiquantitatively. However, nearly every system exhibits specific relations that are often poorly understood.

The Stuation becomes even more complicated when mixed gels are considered. Some mixtures of polysaccharides may show
enhanced gelation at alower concentration [9,41]. For instance, dilute xanthan or locust bean gum solutions do not show an
gppreciableyield stress, but dilute mixed solutions do. Filled sysems may dso have greetly dtered properties from unfilled
[9,38]. Phase separation can aso occur if the polymers are thermodynamically incompatible. For instance, mixed solutions of a
highly soluble polysaccharide and a protein can separate into two phases, onerich in protein and the other rich in polysaccharide
[61,62]. In other cases, amixed polymer solution forms a coacervate, that is, a phase containing a high concentration of both,
leaving another phase that is depleted of polymers. This can occur if the polymers have opposite charge.

Complete foods are still more complicated than the systems so far discussed [26]. Neverthel ess, knowledge of the principles
provided can be of great help in understanding food behavior and for designing experimentsto Study it.

3.6 Emulsions
3.6.1 Description
Emulsonsare dispersions of one liquid in another. The most important variables determining emulsion propertiesare:

1. Type, that is, o/w or w/o. This determines, among other things, with what liquid the emulsion can be diluted (Section 3.1.2).
The o/w emulsions are most common, examples being milk and milk products, sauces, dressings, and soups. Butter and
margarine are w/o emulsions, but they contain other structural eementsaswell.

2. Droplet size digtribution. This has an important bearing on physical stability, smaler drops generdly giving more stable
emulsions. Also the energy and the amount of emulsifier needed to produce the emulsion depend on the droplet Size desired. A
typical mean droplet diameter is1 mm, but it can range between 0.2 and several micrometers. Because of the great dependence
of stability on droplet Sze, the width of the Size distribution is aso important.

3. Volume fraction of dispersed phase (j ). In most foods, j is between 0.01 and 0.4. For mayonnaise it may be 0.8, which is
above the value for maximum packing of rigid spheres, roughly 0.7; this means that the oil droplets are somewhat distorted.

4. Composition and thickness of the surface layer around the droplets. This determinesinterfacia tension, colloida interaction
forces, etc. (Section 3.2.7).
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5. Composition of the continuous phase. This determines solvent conditions for the surfactant and thereby colloida interactions.
The viscosity of the continuous phase has a pronounced effect on creaming.

Unlike the solid particlesin a suspension, emulsion droplets are sphericd (greatly smplifying many predictive ca culations) and
deformable (allowing droplet disruption and coaescence), and their interfaceisfluid (dlowing interfacid tenson gradientsto
develop). Neverthdess, in most conditions, emulsion droplets behave like solid particles. From Equation 9, the L aplace pressure
of adroplet of 1 "m radius and interfacia tension 9=5 mN.m* is 10* Pa. For aliquid viscosity of h=10" Pa.sec (water) and a
velocity gradient achieved by dirring of G=10° sec? (thisis extremely vigorous), the shear stress hG acting on the droplet would
be 10° Pa. Thisimpliesthat the droplet would be deformed only dightly. Also, the surfactant at the droplet surface dlowsthis
surface to withstand a shear stress (Section 3.2.6). For the conditions mentioned, an interfacial tension difference between two
sides of the droplet of 1 mN . m™* would suffice to prevent laterd mation of the interface, and a difference of this magnitude can
be achieved readily. It can be concluded that emulsion droplets behave like solid spheres, unless stirring is extremely vigorous or
droplets are very large.

3.6.2 Emulsion Formation [76,80]

In this section the size of the droplets and the surface load obtained during making of emulsions are discussed, especidly when
protein is used as a surfactant.

To make an emulsion, one needs ail, water, an emulsfier (i.e., asurfactant), and energy (generally mechanica energy). Making
dropsiseasy, but to break them up into small droplets mostly is difficult. Dropsresist deformation and thereby break up
because of their Laplace pressure, which becomes larger as droplet size decreases. This necessitates alarge input of energy.
The energy needed can be reduced if the interfacia tension, hence the Laplace pressure, is reduced by adding an emulgfier,
though thisis not the latter'smain role.

The energy needed to deform and break up dropletsis generdly provided by intense agitation. Agitation can cause sufficiently
strong shear forcesiif the continuous phaseis very viscous. Thisis common when making w/o emulsions, resulting in droplets
with diameters down to afew micrometers (which is not very smdl). In o/w emulsionsthe viscosity of the continuous phase
tends to be low, and to break up dropletsinertia forces are needed. These are produced by the rapid, intensive pressure
fluctuations occurring in turbulent flow. The machine of choiceisthe high-pressure homogenizer, which can produce droplets as
smdl as 0.2 Mm. The average droplet size obtained is about proportiona to the homogenization pressure to the power -0.6.
When using high-speed dirrers, faster girring, longer tirring, or girring in asmaler volume result in smdler droplets, however,
average droplet diameters below 1 or 2 mm usualy cannot be obtained.

However, thisis not the whole story. Figure 24 shows the various processes that occur during emulsification. Besides disruption
of droplets (Fig. 24a), emulsifier hasto be transported to the newly created interface (Fig. 24b). The emulsfier isnot
trangported by diffusion but by convection, and this occurs extremely quickly. Theintense turbulence (or the high shear rate, if
that isthe Stuation) also leadsto frequent encounters of droplets (Fig. 24c and d). If these are as yet insufficiently covered by
surfactant, they may coalesce again (Fig. 24c). All these processes have their own time scales, which depend on severa
conditions, but amicrosecond isfairly characteristic. Thismeansthat al processes occur numerous times, even during one
passage through a homogenizer vave, and that a steady state—where break-up and coal escence balance each other—is more
or less obtained.

Therole of theemulgfier isnot yet fully clear, but it isfairly certain that the Gibbs-
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FIGURE 24
Important processes occurring during emulsification. The
drops are depicted by thin lines and the emulsifier by
heavy lines and dots. Highly schematic and not to scale.

Marangoni effect iscrucia (Fig. 25). If two drops move toward each other (Fig. 25a), which they frequently do at great speed
during emulsfication, and if they areinsufficiently covered by emulsifier, they will acquire more emulsfier during their gpproach,
but the least amount of emulsifier will be available where the film between dropletsisthinnest. Thislead to aninterfacid tenson
gradient, with interfacid tenson (9) being largest where thefilm isthinnest (Fig. 25b).
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FIGURE 25
Diagram of the
Gibbs-Marangoni effect acting
on two approaching emulsion
droplets during emulsification.
Emulsifier molecules indicated
by Y. See text for further
discussion. (After Ref. 80.)
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The gradient causes the emulsifier, and thereby the droplet surfaces, to movein the direction of large 9, carrying liquid aong with
it (Fig. 25b). Thisisthe Marangoni effect (seeaso Fig. 9). The streaming liquid will thus drive the droplets away from each
other (Fig. 25c), thereby providing a self-stabilizing mechanism. The magnitude of the effect depends on the Gibbs eladticity of
thefilm, which istwice the surface dilationa modulus (Sec. 3.2.5). The Gibbs dadticity generaly increases with increasing molar
concentration of surfactant in the continuous phase. It therefore decreases during emulsification, because theinterfacial area
increases, whereby the adsorbed amount of surfactant increases.

The Gibbs-Marangoni effect occurs only if the emulsifier isin the continuous phase, since otherwise ag gradient cannot develop.
Thisisthe basis of Bancroft'srule: The phasein which the emulsifier is (most) soluble becomes the continuous phase. Hence the
need for a surfactant with high HLB number for o/w emulsonsand alow HLB for w/o emulsions (Sec. 3.2.2).

Proteins are the emulsifiers of choice for o/w food emulsions because they are edible, surface active, and provide superior
resistance to coaescence [ 78]. They cannot be used for w/o emulsions because of their insolubility in oil. Proteins do not give a
very low interfacid tension (Section 3.2.2, Fig. 5) and their Gibbs-Marangoni effect isnot very strong, presumably because of
their low molar concentration. Therefore, the droplets obtained are typicaly not very small for given conditions. However,
droplets can be made smdler by applying more intense emulsification, such asagreater homogeni zation pressure. Some
examples of average droplet size (ds) are given in Figure 26. At large emulsifier concentration, d.s reaches a plateau vaue. This
vaueissmaller for the nonionic surfactant than for the proteins, because the former produces alower interfacia tenson. The
nonionic is aso more effective a low concentration than the proteins, presumably because of astronger Gibbs-Marangoni
effect.

It is also seen that the various proteins give about the same plateau vaue for dus. Thisis not strange because they produce
comparable values for theinterfacid tension (about 10 mN.n1%). However, at low concentrations large differencesin d.s are
apparent. Severa tests
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FIGURE 26
Influence of emulsifier concentration
(%w/w)

on volume/surface average droplet
diameter dvs for various emulsifiers.
Emulsions contained about 20%
triacylglycerol oil in water and were
prepared under constant conditions
(moderate emulsification intensity). B,
blood protein; C, sodium caseinate; N,
nonionic small-molecule surfactant; S,
soya protein; W, whey protein.
A pproximate results from various
sources.
The broken line indicates approximately
the conditions during determination of
the so-called emulsifying activity index.
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have been devel oped to evauate the suitability of proteins as emulsifiers. The well-known emulsfying activity index (EAI)
involves emulsifying alarge quantity of oil in adilute protein solution [46]. Thistest corresponds roughly to the conditions
indicated by the broken linein Figure 26. Thisisnot reditic for most practica stuations, because the protein/ail ratio normally
would be much larger. Consequently, EAI values are often irrelevant.

Attempts have been made to explain differencesin EAI of various proteins by differencesin their surface hydrophobicity [29].
However, the correation is poor and other workers have refuted this concept [e.g., 52]. In the author's view, proteins differ
primarily in emulsifying efficiency because they differ in molar mass. For alarger molar mass and the same mass concentration,
the molar concentration is smaller, and the latter is presumably the most important varigble in providing astrong Gibbs-
Marangoni effect. Proteins of asmaller molar masswould thus be more efficient emulsfiers. (However, avery smal molar mass,
as obtained, for instance, by partia hydrolysis of the protein, would not be desirable, because emulsions obtained with fairly
smdll peptides usudly show rapid coalescence.) It should be redlized that severa protein preparations, especidly indudtrial
products, contain molecular aggregates of various size, thereby greatly increasing effective molar mass and decreasing
emulsfying efficiency. By and large, protein preparations that are poorly soluble are poor emulsfiers. Asarule, well-soluble
proteins are about equally suitable to make an emulsion (i.e., obtain smal droplets), if present at not too low a concentration.

Another important variableisthe surface load (G. If an emulsfier tendsto give ahigh G, rdatively much of it is needed to
produce an emulsion. Compare, for instance, whey protein and soya protein in Figures 26 and 27. Moreover, afairly high Gis
usually needed to obtain a stable emulsion. In the case of small-molecule surfactants, equilibrium is reached between Gand bulk
concentration of surfactant according to the Gibbs relation (Eq. 5). Consequently, knowledge of total surfactant concentration,
of o/w interfacid area, and of the adsorption isotherm (e.g., Fig. 5, lower part) dlows calculation of G, irrespective of the
manner of formation of theemulson. This

oy proten

Ha - coseinate

/A lmg.m®)

FIGURE 27
Protein surface loaddj as a
function of protein concentration
(c) per unit oil surface area (A)
created by emulsification. The
broken line indicates 100%
adsorption. (From Ref. 85.)
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is not the case when aprotein (or other polymer) isthe emulsifier, because thermodynamic equilibrium is not reached (Sec.
3.2.2). The surface load of a protein can depend on the way of making the emulsion, in addition to the variables mentioned. It
has been observed that plots as given in Figure 27 are more suitable to relate Gto protein concentration.

Figure 27 gives some examples of results obtained for various proteins. If ¢/Aisvery small, some proteins presumably almost
fully unfold at the o/w interface, and form astretched polypeptide layer, with aGof about 1 mg.m2. Many highly soluble
proteins give a plateau vaue of about 3 mg.n2. Aggregated proteins can yield much larger vaues. It may aso be noted that any
large protein aggregates present tend to become preferentialy adsorbed during emulsification, thereby further increasing G

An emulsfier isneeded not only for the formation of an emulsion, but dso for providing stability of the emulsion once made. Itis
of importanceto clearly distinguish between these main functions, since they often are not related. An emulsfier may be very
suitable for making smdl droplets, but may not provide long-term stability against coalescence, or vice versa. Evauation of
proteins merely for their ability to produce smal dropletsistherefore not very useful. Another, usualy desirable, feature of a
surfactant isto prevent aggregation under various conditions (pH near the isoelectric pH, high ionic strength, poor solvent
qudity, high temperature). Types of emulsion ingtability and means of prevention are discussed next.

3.6.3 Types of Instability [17,43,59,78,83]

Emulsions can undergo severd types of physical change asillustrated in Figure 28. Thefigure pertainsto o/w emulsions, the
difference with w/o emulsionsisthat downward sedimentation rather than creaming would occur.

Ostwald ripening (Fig. 28a) does not normally occur in o/w emulsions, because triacylglycerol oils are commonly used and they
areinsoluble in water. When essentid oils are present (e.g., citrusjuices), some have sufficient solubility so that smaller droplets
gradudly disap-
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FIGURE 28
Types of physical instability for
oil-in-water emulsions. Highly

schematic.

The size of the contact area denoted in

(d)
may be greatly exaggerated; the short
heavy lines in (e) denote triacylglycerol
crystals.




Page 139

pear [19]. W/o emulsions may exhibit Ostwald ripening. Dataiin Table 4 show only avery smal solubility excessfor al-um
droplet, but it would be sufficient to produce marked Ostwald ripening during prolonged storage. This can easily be prevented
by adding a suitable solute to the water phase, that is, onethat isinsolublein ail. A low concentration of salt (say, NaCl) will do:
Assoon asasmall droplet shrinks, its salt concentration and osmotic pressure increase, thereby producing adriving force for
water trangport in the opposite direction. The net result isastable droplet size digtribution.

The other ingtabilities are discussed in other sections: creaming in 3.4.2, aggregation in 3.3 and 3.4.3, codescencein 3.6.4, and
partial codescencein 3.6.5.

The various changes may affect each other. Aggregation gregtly enhances creaming, and if this occurs, creaming further enhances
aggregation rate, and so on. Coaescence can only occur if the droplets are close to each other, that is, in an aggregateor ina
cream layer. If the cream layer is more compact, which may occur if individua, fairly large droplets cream, coaescence will be
fagter. If partiad coaescence occursin acream layer, the layer may assume characteristics of asolid plug.

It is often desirable to establish what kind of instability has occurred in an emulsion. Coalescence leadsto large drops, not to
irregular aggregates or clumps. Clumps dueto partial coaescence will coalesce into large droplets when heated sufficiently to
melt the triacylglycerol crystals. A light microscope can be used to establish whether aggregation, coaescence, or partia
coaescence has occurred. Section 3.4.4 gives some hints for distinguishing among various causes of aggregation. It isfairly usua
that coalescence or partia coaescence leadsto broad size distributions, and then the larger droplets or clumps cream very

rapidly.

Agitation can disturb creaming and may disrupt aggregates of weakly held droplets, but not clumps formed by partia
coaescence. Slow agitation tends to prevent any true coaescence.

If ar isbeaten in an o/w emulsion, thismay lead to adsorption of droplets onto air bubbles. The droplets may then be disrupted
into smaller ones, due to spreading of oil over the alw interface (Sec. 3.2.3). If the droplets contain crystalline fat, clumping may
occur; beating in of air thus promotes partial coaescence. Thisiswhat happens during churning of cream to make butter and
also during whipping of cream. In the latter case, the clumped, partialy solid droplets form a continuous network that
encapsulates and stabilizes the air bubbles and lends tiffness to the foam.

A way to prevent or retard all changes except Ostwald ripening is to cause the continuous phaseto gel (Sec. 3.5). Examplesare
butter and margarine. Here, the water droplets are immobilized by anetwork of fat crystals. Moreover, some crystals become
oriented at the oil/water interface because of the favorable contact angle (Sec. 3.2.3). In thisway, the droplets cannot closely
encounter each other. If the product is heated to melt the crystals, the agqueous dropl ets readily coaesce. Often, asuitable
surfactant is added to margarine to prevent rapid coaescence during heating, since this would cause undesirable spattering.

3.6.4 Coalescence [21,78,83]

Thisdiscusson will focus on o/w emulsions. Thetheory isdill in agate of some confusion. Asaprdiminary remark it should be
noted that factors governing coaescence during emulsion formation (Sec. 3.6.2) differ completely from those that are important
in“finished” emulsions. The latter are considered here.

Coa escenceisinduced by rupture of the thin film (lamella) between close droplets. If asmall holeis somehow formed in the
film, the dropletswill immediately flow together. Film ruptureis a chance event and this hasimportant consequences:. (a) The
probability of coalescence, if possible, will be proportiona to the time that the droplets are close to each other. Hence,
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itisespecidly likely in acream layer or in aggregates. (b) Coalescenceisafirst-order rate process, unlike aggregation, whichis
in principle second order with respect to time and concentration. (¢) The probability that rupture of afilm occurswill be
proportiond to itsarea. Thisimpliesthat flattening of the droplets on gpproach leading to formation of agreater film area, will
promote coal escence. Oil droplets normally found in food emulsions do not show such flattening, because their Laplace
pressures are too high (Fig. 28d isthus mideading in this respect).

Thereisno generally accepted coa escence theory, but the author fedsthat the following principles are valid. Codescenceisless
likely for:

1. Smaller droplets. They lead to asmaller film area between droplets, and hence alower probability of rupture of the film;
more coal escence events are needed to obtain droplets of a certain size; the rate of creaming is decreased. In practice,
average droplet Sze often isthe overriding variable.

2. A thicker film between droplets. Thisimpliesthat strong or far-reaching repulsive forces between droplets (Sec. 3.3)
provide stability against codescence. For DLV O-typeinteractions, it turns out that coalescence will dways occur if the
droplets are aggregated in the primary minimum (Fig. 11). Steric repulsion is especidly effective against coaescence,
because it keepsthe droplets relatively far apart (Fig. 12).

3. A greater interfacia tension. Thismay appear strange, because a surfactant is needed to make an emulsion and a
surfactant decreases 9. Moreover, asmaller g impliesasmaller surface free energy of the system. However, it isthe
activation free energy for film rupture that counts and that islarger for alarger 9. Thisis because alarger 9 makesit more
difficult to deform thisfilm (bulging, development of awave onit), and deformation is needed to induce rupture.

Based on these principles, proteins appear to be very suitable for preventing coal escence, and this agrees with observation.
Proteins do not produce avery smal 9, and they often provide considerable repulsion, both eectric and steric. Figure 29 shows
results of experimentsinwhich
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Time (tc) for coalescence of droplets of
various diameter (d) with a planar o/w
interface. in 20-min-old 1 nom protein
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smdl dropletsin adilute protein solution were alowed to cream to planar o/w interfaces of various age and the time needed for
coalescence was observed. A strong effect of droplet sizeis gpparent. The results were obtained under conditions (protein
concentration and adsorption time) where the surface load of the proteins would have been only about 0.5 mg.m2, implying very
weak repulsion. In cases where athicker adsorbed layer was alowed to form, the authors found virtually no coaescence of
small droplets.

Figure 29 shows no significant difference between proteinsin their ability to prevent coadescence. Thisisdso the generd
experience in practice, except for gelatin, which isless effective than most other proteins. Under severe conditions (see later),
differences among proteins may be observed, with caseinates tending to be superior. Partid hydrolysis of proteins can severely
impair their ability to prevent coaescence. Attempts have been made to relate the coa escence inhibiting ability of proteins (and
of other surfactants) to various properties, particularly surface shear viscosity of the adsorbed protein layer (Section 3.2.5).
Unfortunately, this quantity often is named “film strength,” amideading term. In some cases a positive correation between
surface shear viscosity and coaescence stability is observed, but there are several instances where deviation from this
relationship are very large. Some positive correlations may have been due to areation between surface shear viscosity and
surface load.

Most smal-molecule surfactantsyidd asmal interfacid tenson. Becauseasmall g favors coa escence, surfactants that provide
considerable steric repulsion, such asthe Tweens®, are among the most effective. lonic surfactants are effective against
codescence only a very low ionic strength.

Small-molecule surfactants present in (added to) protein-stabilized emulsons tend to displace protein from the droplet surface
(Sec. 3.2.2, Fig. 6), and this generdly leads to |ess resistance to coalescence. If coaescenceis desired, this provides amethod
to achieveit; for example, add sodium lauryl sulfate and some sdlt (to lower double layer thickness), and rapid coa escence will
usualy occur.

Food emulsions may exhibit codescence under extreme conditions. For example, during freezing, formation of ice crystalswill
force the emulsion droplets closer together, often causing copious coa escence on thawing. Something similar happens upon
drying and subsequent redispersion; here codescenceis dleviated by ardatively high concentration of “solids not fat.” In such
cases, best stability is obtained by having small droplets and athick protein layer, such as of Nacasenate.

Ancther extreme condition is centrifuging. This causes acream layer to form rapidly, apressing of dropletstogether with
aufficient force to cause considerable flattening even of smdl droplets, and likely codescence. Thisimpliesthat centrifugation
teststo predict coal escence stability of emulsons are usudly not valid, since the conditions during centrifugation differ so gregily
from those during handling of emulsions. (This does not mean that centrifugation tests to predict creaming are useless. They can
be quite helpful, provided that the complications discussed in Sec. 3.4.2 are taken into account.)

Predicting codescencerate is aways very difficult. The best gpproach isto use a sendtive method to estimate average droplet
size (e.g., turbidity at asuitable wavelength) and establish the change over time (perhaps 1 day). Even then, extrapolation may
result in error: protein layers around droplets tend to age (Sec. 3.2.2) and become better inhibitors of coalescence.

3.6.5 Partial Coalescence [5-7,12,64]

In many o/w food emulsions part of the ail in the droplets can crystalize. The proportion of fat solid, y, depends on the
composition of the triacylglycerol mixture and on temperature (Chap. 5). In emulsion droplets, y can aso depend on
temperature history, snce afindy
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emulsified oil can show considerable and long-lasting supercooling [ 77]. If an emulsion droplet containsfat crystas, they usudly
form acontinuous network (Sec. 3.5.3). These phenomenagrestly affect emulsion stability.

Oil droplets containing anetwork of fat crystals cannot fully codesce (Fig. 28e). If the film between them ruptures, they form an
irregular clump, held together by a“neck” of liquid dil. True and partid coaescence thus have rather different consequences.
Partial coal escence causes an increase in the gpparent volume fraction of dispersed materia, and if the origina volumefractionis
moderate or high and shear rateisfairly smal, asolid or gel-like network of partidly coadesced clumps can form. Thisisdesired,
for instance, inice cream, whereit gives the product a desirable texture (“dryness,” lack of stickiness, melt-down resistance).

Rupture of the film between close droplets containing some solid fat can be triggered by acrysta that protrudes from the dropl et
surface and piercesthe film. This happens particularly in ashear field, and then it may occur very much faster, for instance, about
sx orders of magnitude fagter than true coal escence (same emulsion, no fat crystals). Thisimpliesthat partial codescenceisfar
more important than true coa escence in o/w emulsionsthat are subject to fat crystalization.

Thekinetics of particle coaescence are complicated and variable. Thisis due to the numerous variables affecting it. In many
emulsions, large particles (origind droplets or clumps adready formed) are more proneto partia coaescence than small ones,
leading to a self-acce erating process, which soon leads to very large clumpsthat cream very rapidly. The remaining layer may
then exhibit a decreased average droplet size. Other emulsions may smply show agradua increase in average particle size with
time.

The most important factors affecting the rate of partial coaescence generdly are (Fig. 30):

1. Shear rate. This has various effects. (a) Because of the shear, droplets encountering each other tend to roll over each other,
thereby greatly enhancing the probability that
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Schematic depiction of rate of partial
coalescence (Q) in protein-stabilized emulsions
as influenced by: (a) shear rate G (sec “1); (b)

volume fractioij ; (c) proportion of fat solig ;
(d) mean droplet diameter drn); (e) protein
surface load3(mg.m 3); and (f) concentration
of added small-molecule surfactant ¢ (%), on
partial coalescence rate Q. Various sources.
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aprotruding crystal can pierce the film between them. (b) The encounter rate between particlesis proportiond to shear rate
(Section 3.4.3). (c) The shear force tends to press approaching droplets closer together, thereby enhancing the possibility that a
protruding crystal can pierce thefilm. Thus, shear rate has avery large effect on the rate of partia coal escence, and thisinfluence
Is accentuated when flow is turbulent.

2. Volume fraction of droplets. For ahigher | , therate of partial coaescenceis obvioudly greater, being about second order
with respect toj .

3. Fat crygdlization. If thefraction solid, Y, isO partid codescenceisimpossible, and it also can not occur for Y =1. For fairly
lowy, partid coaescence rate generaly increaseswith increasingy, asthis causes more crystals to protrude. However, the
relation betweeny and rateisvariable, and the curvein Figure 30c only provides an example. Thevariability islargdy dueto
variation in crystal Sze and arrangement. An important aspect isthat the crystals must form anetwork throughout the droplet to
support protruding crystals. Theminimumy needed for such anetwork often is of the order 0.1. If most of the oil iscrystalized
and the crystals are very small, the crystal network may tenacioudly hold the remaining ail, thereby preventing partia
codescence, evenif thefilmispierced. The protrusion distance may also depend on'y, temperature history, crystal size, and
crystal shape.

4. Droplet diameter. A relation as depicted in Figure 30d is usualy observed, but the scale of droplet size may vary among
emulsions. The effect of d presumably isdueto (a) larger droplets sensing alarger shearing force; (b) larger droplets exhibiting a
larger film area between two droplets; and (c) a positive correlation between droplet size and crystal size.

5. Surfactant type and concentration. Two effects are of major importance. First, these variableswill determine the oil-crystal-
water contact angle (Sec. 3.2.3) and thereby affect the distance agiven crystal can protrude. Second, these variables determine
repulsion (strength and range) between the droplets. The weaker the repulsion, the easier it isfor two dropletsto closdly
approach each other, thusincreasing the likelihood that a protruding crystal will pierce the film between them. The repulsion,
together with the droplet size, will thus determine what minimum shear rate is needed for partia coalescence to occur; values
between 5 and 120 sec* have been observed. Some emulsions show no partial coalescence at all at the shear rates studied. The
best type of surfactant to achievethisis, again, aprotein, if the surface load is large enough (Fig. 30e). Addition of asmall-
molecule surfactant generaly leadsto displacement of the protein from the interface (Sec. 3.2.2), thereby grestly enhancing
partial codescence (Fig. 30f). This gpproach is commonly used in ice cream mixes.

3.7 Foams

In asense, foams are much like o/lw emulsions; both are dispersions of ahydrophobic fluid in ahydrophilic liquid. However,
because of considerable quantitative differences, their properties dso are quditatively different. Quantitative information isgiven
in Table 8. It isevident that bubble diameter is so large as to exclude foam bubbles from the redlm of colloids. Large diameters,
combined with large dengity difference, cause foam bubblesto cream faster than emulsion droplets by severa orders of
magnitude. Thereatively high solubility of ar in water causes rgpid Ostwald ripening (often called disproportionation in foams).
If the gas phase is CO, asit isin some foods (bread, carbonated beverages), the solubility is even higher, by afactor of about
50. The characteristic time scales during formation are two or three orders of magnitude longer for
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TABLE 8 Comparison of Foams and Emulsions: Order of Magnitude of Some Quantities

Property Foam Emulsion o/w Emulsion w/o Units
Drop/bubble diameter 108 106 106 m
Volume fraction 0.9 0.1 0.1

Drop/bubble number 10° 10%” 10%" m3
Interfacial tension 0.04 0.006 0.006 N.mt
Laplace pressure 102 10* 10% Pa
Solubility Din C 22 0 0.15 vol%
Density difference D-C -108 -102 102 kg.m3
Viscosity ratio D/C 10* 10? 102

Time scale? 103 10°® 10°° sec

Key:D, dispersed phase (air in the case of foam); C, continuous phase.

&Characteristic times during formation.

foamsthan for emulsions. Because creaming and Ostwald ripening occur so fast, formation and instabilities often cannot be
separated, which makesthe study of foamsrather difficult.

Severd aspects of foams will be briefly discussed here. A few have dready been mentioned in Section 3.1.2. Surface
phenomenaare of overriding importance to foam production and properties, and background information is provided in Section
3.2. Further sources of literature are Refs. 23, 48, and 79. For churning and whipping of cream see Ref. 43. Also, some of the
books mentioned in the bibliography, especidly Dickinson's, have chapters on foam.

3.7.1 Formation and Description

In principle, foams can be made in two ways, by supersaturation or mechanically.
3.7.1.1Via Supersaturation

A gas, usualy CO: or N:O because of their high solubility, isdissolved in theliquid a high pressure (afew bars). When the
pressure isreleased, gas bubblesform. They do not form by nucleation; a spontaneoudy formed gas bubble would have aradius
of, say, 2 nm, which would imply a L aplace pressure (Eq. 9) of about 10° Pa, or 10° bar. To achieve this, the gaswould haveto
be brought to this pressure, which is, of course, impractical. Instead, gas bubbles aways grow from small air pocketsthat are
aready present a the wall of the vessel or on bailing chips. The contact angle gas/water/solid may be as high as 150 degreesfor
afairly hydrophobic solid, and thisalows small air pocketsto remain in crevices or sharp dentsin the solid (Fig. 7d). For a
negative curvature, air could even remain thereif less than saturated.

To give an example, if apressurized bottle of acarbonated liquid is opened, the overpressure is released, CO. becomes
supersaturated, and it diffuses toward small air pocketsin the bottle wall. These grow, and become did odged when large
enough, leaving aremnant from which another bubble can grow. The bubbles rise while growing further, and a creamed layer of
bubblesisformed, that is, afoam. These bubblesaways arefairly large, say 1 mm.

Another exampleistheformation of CO: in aleavened dough. Excess CO: collects at sites of tiny entrapped smdll air bubbles,
and these Stesgrow in size. Some of them grow to form visible gas cells, creating a macroscopic foam structure.
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3.7.1.2 By Mechanical Forces

A gas stream can be led through narrow openingsinto the aqueous phase (sparging); this causes bubblesto form, but they are
fairly large. Smaler bubbles can be made by besting air into the liquid. At firgt, large bubblesform, and these are broken up into
progressively smaller ones. Shear forces are typicaly too weak to obtain small bubbles and the breakup mechanism presumably
involves pressure fluctuationsin aturbulent field, asistrue during formation of o/w emulsions (Sec. 3.6.2). Bubbles of about 0.1
mm can be obtained in thisway, which isthe method of choicein industria processing. The method aso enables the amount of
ar incorporated to be controlled. Thisis often expressed as percent overrun, that is, the relative increase in volume, which is
equal to 100] /(1-j ), where] isthevolume fraction of air (or gas) in the system.,

3.7.1.3 Foam Formation and Structure

To make afoam, asurfactant is needed. Almost any type will do, sncethe only criterion for itsfunctiondity isthat acertain g
gradient be created. This does not mean that any surfactant is suitable to make a stable foam, aswill be discussed later. A fairly
low concentration of surfactant suffices. During beating, asurface areaof, say 10° m? per m® agueous phase is produced.
Assuming asurfaceload of 3 mg surfactant per n?, about 0.1% of surfactant would be more than sufficient.

Figure 31 illustrates the stages in foam formation after creation of initia bubbles. For most surfactants, Ostwald ripening will be
subgtantia even during foam formation, implying that very smal bubbleswill soon disgppear and the bubble size distribution will
becomefairly narrow. As soon as beating stops, bubblesrise rapidly and form afoam layer (unlessliquid viscosity is quite high).
The buoyancy force soon is sufficient to cause mutua deformation of bubbles, causing the formation of flat lamellae between
them. The stress due to buoyancy isroughly equa to I waeH, where H isthe height in the foam layer, about 100 Pafor H=1
cm.

However, thereis marked stress concentration as spherical bubbles come into contact, and this means that bubbleswith a
Laplace pressure of 10° Pawould become significantly flattened. Further drainage of interstitid liquid causes the bubblesto
attain apolyhedra shape. Where three lamellae meet (never > 3, because that would yield an unstable conformation), a prism-
shaped water volume, bounded by cylindrical surfaces, isformed. This structural eement is called a Plateau border. Residua
small bubbles usudly disappear by Ostwald ripening. Inthisway, afarly regular polyhedral foam isformed, not unlike a
honeycomb structure. In the lower part of afoam layer, bubbles remain more or less spherical.
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Subsequent stages (a, b, and c) in the formation of a foam,
once bubbles have been created. Thickness of the lamellae
between bubbles is too small to be shown on this scale (bubble
diameter <1 mm).
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Asthefoam keeps draining (see dso the following section), the volume fraction of air increases. The Laplace pressurein the
Plateau bordersislower that in the lamellag, and this causesliquid to flow to the Plateau borders. Because the latter are
interconnected, they provide pathway's through which the liquid can drain. As drainage continues, aj value of 0.95 can readily
be reached, which corresponds to an “ overrun” of 2000%. Such afoam isnot very substantial asafood. To avoid excessive
drainage, small filler particles may be incorporated, but they should be hydrophilic; otherwise, considerabl e coa escence of
bubbles can occur (Sec. 3.7.2). Small protein-coated emulsion droplets will function well, and they areincorporated in severa
whipped toppings. Another gpproach is gelation of the aqueous phase. Thisis employed in many aerated food products, such as
meringues, foam omelets, bavarois, bread, and cakes. By letting the system gl in an early stage, it isalso possibleto makea
foam with spherica rather than polyhedra bubbles (“Kuge schaum™). Otherwise, only smal bubblesin afarly thin layer of foam
can retain aspherical shape.

A polyhedra foam itself may be consdered agdl. Deformation of the foam causes an increase in curvature of bubbles, a
corresponding increase in Laplace pressure, and dastic behavior a smal deformation. Then, at greater stress, bubbles dip past
each other and viscodlastic deformation occurs. Thereisthusayield stress, which isreadily observed, snce evenfairly large
portions of foam retain shape under their own weight. Theyield stress usually exceeds 100 Pa.

3.7.2 Stability
Foams are subject to three main types of ingtability:

1. Ostwald ripening (digproportionation), which isthe diffusion of gasfrom small to larger bubbles (or to the atmosphere).
This occurs because the pressurein asmall bubble is greater than in larger ones.

2. Drainage of liquid from and through the foam layer, dueto gravity.
3. Codescence of bubbles dueto ingtahility of the film between them.

These changes are to some extent interdependent: Drainage may promote cod escence, and Ostwald ripening or coaescence
may affect drainagerate.

Theseingtabilities are governed by fundamentaly different factors, aswill be made clear next. Unfortunately, most studies have
failed to distinguish between the three types of ingtability. One reason for this may be the lack of suitable methodsto follow
bubble size digtribution.

3.7.2.1 Ostwald Ripening’

Thisisoften by far the most important type of ingtability. Within minutes after formation, noticeable coarsening of the bubble size
distribution often occurs. It happens most rapidly at the top of afoam layer, because the air can diffuse directly to the
amosphere and the layer of water between bubbles and atmosphereis very thin. Ostwald ripening dso occursinsdeafoam a a
ggnificant rate.

The classical trestment of Ostwald ripening rate, based on Equation 10 and the diffusion laws, isby de Vries[14]. He
considered asmall bubble of radius ' surrounded by very much larger bubbles at an average distance d. The changein radius
with timet then would be given by
_,.lm = r.;f' — (RTDsyipi)r (24)
e . AP, _ . :
where D isthe diffusion coefficient of the gasin water, ™ issolubility for (mol - m® - PY), gisinterfacid tension (mostly
about 0.05 N.m%) and p isambient pressure (Pa). It follows

“See Sec. 3.2 for fundamental aspects.
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from Equation 24 that abubble will shrink ever faster asit becomes smdler. Furthermore, since g and solubility for most gasesin
water are high, shrinkageisfast asillustrated by the following examples. A nitrogen bubble of radius of 0.1 mm at d=1 mmin
water will disappear in about 3 min, and a CO: bubblein about 4 sec. Thisis not quite redigtic, since the geometric assumptions
underlying Equation 24 are not fully met in practice, and also because the process is somewhat dower if amixture of gases, like
air, is present. Moreover, as the remaining bubbles become larger, the rate of change decreases with time. Neverthel ess,
Ostwald ripening can occur very fast.

Can Ostwald ripening be stopped or retarded? If abubble shrinks, its area decreases and its surface load (G) increases,
provided the surfactant does not desorb. If no desorption occurs, g islowered, the Laplace pressure (Eq. 9) islowered, and the
driving force for Ostwald ripening decreases. It will even stop as soon as the surface dilational modulus, Es, which isameasure
of the changein g with change in area (see Eq. 11), becomes equal to 9/2. However, surfactant normally desorbs and Es
therefore decreases, a arate that depends on severa factors, especialy surfactant type. For afoam made with small-molecule
surfactants, desorption occurs readily and retardation of Ostwald ripening is never great. Proteins, however, desorb very
duggishly (see Sec. 3.2.2), E« remains high (Section 3.2.6), and Ostwald ripening will be greztly retarded [50].

Some proteins produce tenacious layers at the alw interface because of cross-linking reactions between adsorbed molecules
(Section 3.2.2). Egg white especidly isagood foam stabilizer. During foaming, strong surface denaturation occurs, leading to
fairly large protein aggregates. These remain irreversibly adsorbed, resulting in avery strong resistance to Ostwald ripening.
Something smilar can be achieved with solid particles, if they have asuitable contact angle (Fig. 7). An exampleis provided by
the partialy solid fat globules in whipped cream, which completely coat the air bubbles, and aso form anetwork throughout the
system (see Sec. 3.6.5).

Many complex systems contain at least some solid particlesthat act in this manner (being smal and fairly hydrophilic). Bubble
shrinkage occurs until the adsorbed solid particles touch each other. Then asmall but stable bubble remains. Thisis presumably
the cause of many undesirable persstent foams. Another example is the gas cdllsin bread dough [69]. They show extensive
Ostwald ripening, and the number of visble celsin thefina product islessthan 1% of those origindly present. This does not
mean that al the others have disgppeared. In fact, many tiny cells remain, presumably stabilized by solid particles. They are not
visible but scatter light sufficiently to give the bread its white gppearance.

It should be mentioned that Ostwald ripening can be prevented by ayield stressin the agueous phase, but it would need to be
high, at least about 10* Pa.

3.7.2.2 Drainage

As mentioned in Sec. 3.2.6, immobilization of the alw interface by means of ag gradient is essentid to prevent dmost
instantaneous drainage (Figure 9C and D). The maximum height that a vertica film (lamella) between two bubbles can have
while preventing motion of thefilm surfacesisgiven by

Hmax =2 Dg/r gd (25)

The maximum vaue that Dg (between top and bottom of avertica film) can assume equals the surface pressure P, which would
be about 0.03 N.m*. For an agueous film of thickness 0=0.1 mm, Hra would be 6 cm, far more than needed in food foams (6
cmis, indeed, about the height of the largest foam bubbles floating on a detergent solution).
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Thedrainagetime of asingle verticad film with immobilized surfacesis given by

(&) = GniHiped?

f nHipg (26)
where t(d) isthe time needed for the film to drain to agiven thickness d. For awater film of a1 mm height, only 6 sec of
drainage is required to achieve athickness of 10 "m. However, the drainage rate diminishes with decreasing thickness, and it
would take 17 days of drainage to achieve d=20 nm. The latter is the approximate thickness a which colloidal interaction forces
between the two film surfaces come into play, and it gppears that this point is usually not reached within the lifetime of afoam.

Predicting the drainagerate in ared foamisfar more difficult, and accurate cal culations cannot be made. Equation 26 will serve
to provide approximate (order of magnitude) values. Drainage can, of course, be dowed down considerably by increasing the
viscosity. For this purpose, viscosity should be measured at fairly low shear stress. A yidld stress of about gHr waer (Where His
the height of the foam layer) will dso arrest drainage.

3.7.2.3 Coalescence
The mechanism differswith circumstances. Three cases are important.

1. Thick films. Thisrefersto filmsthick enough so that colloidd interaction between the two surfacesis negligible. In this section
the Gibbs stabilizing mechanism is essentid (Sec. 3.2.6, especidly Fig. 9E). Film rupture, and thereby bubble codescence, will
occur only when surfactant concentration isvery low, and only during foam formation. If afilmisrapidly siretched, aswill aways
occur during whipping, rupture occurs more readily (it causes E« to decrease). Thus, it is observed that thereis an optimum
whipping speed for foam formation, thet is, one that achieves grestest air incorporation.

2. Thinfilms. Asmentioned earlier, drainage will amost never lead to films thin enough for colloidal interactions to become
important. However, water may evaporate from the film, especialy at the top of afoam. If so, film rupture may, and often will,
occur. The consderations given in Section 3.6.4 roughly apply. Compared to emulsions, g islarge (more stable), but film areaiis
very large (lessstable). Again, proteins may yield the most stable films, especidly if they form thick adsorbed layers.

3. Films containing extraneous particles. It is often observed that the presence of extraneous particles, especidly lipids, isvery
detrimenta to foam stability. Such particles can cause rupture of relatively thick films, and possible mechanismsareindicated in
Figure 32. In casesaand b, a hydrophobic particle becomestrapped in athinning film, coming into contact with both air
bubbles. Because of the obtuse contact angle (Fig. 7), the curvature of the film surface where it reaches the particleresultsina
high Laplace pressure. Hence, the water flows away from this high pressure region and the film breaks. Hydrophilic particles, on
the other hand, may adsorb and not induce film rupture.

In cases ¢ and d, contact with one air bubble would suffice. An oil droplet reaching the alw interface (case €) will suddenly ater
its shape. It may grestly flatten, depending on the three interfacia tensions (Fig. 7). Thisinduces water to flow away from the
flattening droplet, and if thefilmisfairly thin, it can lead to film rupture. In case d the contact angle as measured in the ail is zero.
Thisisequivaent to the existence of a positive soreading pressure Ps. Oil then spreads over the alw interface, dragging water
aong with it, which may, again, lead to film rupture.
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FIGURE 32
Mechanisms of rupture of an aqueous film (lamella) between air
bubbles, as induced by extraneous particles; 1, 2, and 3 denote
subsequent stages. (a) Solid particle; (b and c) oil droplets; (d) oil
droplet or composite particle. A is air; W is wagis contact
angle (measured in the water phade)is viscosity P sis
spreading pressure. See text for further discussion.

The surface pressure usudly is negativeif the foaming agent is a small-molecule surfactant, but for many proteinsit can be
positive—hence the detrimental effect of fat on the stability of beer foam, whichis primarily stabilized by proteins and other
polymers.

The situation can even be more complicated. For adroplet to come into contact with air, the thin aqueous film between droplet
and air bubble hasto bresk. Since both bubble and droplet are covered by surfactants that may provide colloidal repulsion,
rupture of thisfilm may not readily occur. If the droplet containsfat crystas, something smilar to theinduction of partia
coaescence may happen (Sec. 3.6.5)—that is, aprotruding crystal can piercethefilm. It isindeed observed, that partia
crystalization of the ail in the droplets may greetly enhance their destabilizing activity.

Finally, the number concentration of particles should be considered. A typica foam (Table 8) contains about 10 lamellae per
cubic meter of liquid phase. Presumably, 10'° particles per cubic meter would suffice to cause overwhelming coalescence,
provided the particles can induce film rupture. If the concentration of extraneous particlesis much smaller, the foam may remain
fairly sable.

Inatypica whipping cream, the number of particles, that is, partidly solid fat globules, isvery large, about 10'%/m?. These
globules can induce film rupture according to mechanism d (Fig. 32). However, their large concentration causes amost
smultaneous adsorption of many globules very close to each other. Spreading of liquid oil over any distance then isnot possible,
and film rupture will rarely occur. However, if whipping goes on, the fat globules undergo extensive partial codescence, large
clumps are formed, and eventualy their number becomes so small that film rupture can occur. In other words, overwhipping
destroys the foam made at an earlier stage.
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Frequently Used Symbols
A (Specific) surface area (M, m?)
Hamaker constant J
a Thermodynamic activity (molefraction)
Accderation (m. sec?)
B Permesbility ()
c Concentration (kg. mr3; mal. m3; moles per liter)
D Diffusion coefficient (nrt.sec?)
Fractd dimensiondity (=)
d Paticle diameter (m)
Ex Surface dilationd modulus (N.m%)
F Force (N)
G Veocity gradient, sheer rate (sec?h)
Elagtic shear modulus (Pa)
g Accderation dueto gravity (9.81 m.sec?)
H Height (m)
h Interparticle distance (m)
I lonic strength (moles per liter)
k Boltzmann constant (1.38x10% J. KY)
I Distance, length (m)

m Concentration (moles per liter)



N

pL

Re

Va

Ve

Vr

Vs

Tota number concentration

Number of particlesin classi

Pressure

L aplace pressure

Volumeflow rate

Universa gas constant

Radius of aggregate (floc)

Criticd radius

Radius of gyration

Particleradius

Solubility of gas

Temperature (absolute)

Time

Havingtime

Interaction free energy

Part of V dueto van der Waals attraction
Part of V dueto éectrogtatic repulsion

Part of V dueto steric repulsion

Veodty

Stokes velocity of particle

Sahility ratio

Distance

Vdence

(m?)
(m?)
(Pa)
(Pa)

(m® .sec?)

(8.314J. mol™* . K1)

(m)

(m)

(m)

(m)

(mal.m®.Pat)

(K)

(sec)

(sec)

Q)

(m.sect)

(m.sect)

=)

(m)

=)






Greek Symbols
G Surface excess (load)
g Surface (interfacid) tension
d Layer (film) thickness
e Strain (relative deformation)
€ Strain at fracture
q Contact angle
k Reciprocal Debyelength
h Viscosity
he Surface shear viscosity
P Surface pressure
P Spreading pressure
P osm Osmotic pressure
r Mass density
S Stress
Str Fracture stress
Sy Yield stress
] Volumefraction
y Fraction solid

Subscripts

(mol.m?, kg.n?)
(N.m?%

(m)

(red)
(m)
(Pa. sec)
(N.secm?)
(N.m)
(N.m™)
(Pa)
(kg.nm?)
(Pa)

(Pa)

(Pa)

=)

=)
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A Air

C Continuous phase
D Dispersed phase
O QOil

S Solid

w Water (aqueous phase)
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Carbohydrates comprise more than 90% of the dry matter of plants. They are abundant, widely available, and inexpensive. They
are common components of foods, both as natural components and as added ingredients. Their useislargein terms of both the
quantities consumed and the variety of productsin which they are found. They have many different molecular structures, sizes,
and shapes and exhibit avariety of chemica and physica properties. They are amenable to both chemica and biochemica
modification, and both modifications are employed commercialy in improving their properties and extending their use. They are
aso safe (nontoxic).

Starch, lactose, and sucrose are digestible by humans, and they, a ong with p-glucose and p-fructose, and human energy
sources, providing 70-80% of the caories in the human diet worldwide. In the United States, they supply lessthan that
percentage, in fact only about 50%, of the human caoric intake. Heal th organizations recommend that the percentage of the total
caories the average American consumesin the form of fat (about 37%) be reduced to no more than 30% and that the difference
be made up with carbohydrate, especialy starch.

The term carbohydrate suggests agenera dementa composition, namely C«(H-0)y,) which sgnifies molecules containing carbon
atoms along with hydrogen and oxygen atomsin the same ratio asthey occur in water. However, the great mgjority of natural
carbohydrate compounds produced by living organisms do not have this smple empirical formula. Rather, most of the natura
carbohydrateisin the form of oligomers (oligosaccharides) or polymers (polysaccharides) of smple and modified sugars.”
Lower molecular weight carbohydrates are often obtained by depolymerization of the natural polymers. This chapter beginswith
apresentation of the smple sugars and builds from there to larger and more complex structures.

4.1 Monosaccharides[8,27]

Carbohydrates contain chira carbon atoms. A chira carbon atom isonethat can exist in two different spatial arrangements
(configurations). Chira carbon atoms are those that have four different groups attached to them. The two different arrangements
of the four groupsin space (configurations) are nonsuperimposable mirror images of each other. In other words, oneisthe

*Carbohydrates that cannot be broken down to lower molecular weight carbohydrates by hydrolysis are monosaccharides, a term that
indicates that they are the monomeric building units of the oligo- and polysaccharides. Monosaccharides are commonly referred to
simply as sugars. However, as will be explained later, table sugar (sucrose) is not a monosaccharide.
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FIGURE 1
Chiral carbon atom. A, B, D, and E represent different
atoms, functional groups, or other groups of atoms
attached to carbon atom C. W edges indicate
chemical bonds projecting outward from the plane of
the page; dashes indicate chemical bonds projecting
into or below the plane of the page.

reflection of the other that we would seein amirror, with everything thet is on the right in one configuration on the left in the other
andviceversa(Fig. 1).

D-Glucose, the most abundant carbohydrate and the most abundant organic compound (if al its combined formsare
congdered), belongsto the class of carbohydrates called monosaccharides. M onosaccharides are carbohydrate molecules that
cannot be broken down to smpler carbohydrate molecules by hydrolyss, so they are sometimes referred to as ssmple sugars.
They can be joined together to form larger structures, namely, oligosaccharides and polysaccharides (see Secs. 4.2 and 4.3),
that can be converted into monosaccharides by hydrolyss.

D-Glucose is both apolya cohol and an ddehyde. It is classfied as an adose, adesignation for sugars containing an adehyde
group (Table1). The ending -ose signifies asugar; and-sgnifies an ddehyde group. When db-glucose is written in an open or
verticd, straight-chain fashion, known as an acyclic structure to organic chemigts, with the adehyde group (position 1) at the top
and the primary hydroxyl group (position 6) at the bottom, it is seen that all secondary hydroxyl groups are on carbon atoms
having four different substituents attached to them.

TABLE 1 Classification of Monosaccharides

Kind of carbonyl group

Number of carbon  Aldehyde Ketone
atoms
3 Triose Triulose
4 Tetrose Tetrulose
5 Pentose Pentulose
6 Hexose Hexulose
7 Heptose Heptulose
8 Octose Octulose

9 Nonose Nonulose
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These carbon atoms are therefore chiral. Glucose has four chiral carbon atoms: C-2, C-3, C-4, and C-5. Naturally occurring
glucose is designated as the o form, specificaly p-glucose. It has amolecular mirror image, termed the L form, specificaly L-
glucose. Since each chira carbon atom hasamirror image, there are 2" arrangements for these atoms. Therefore, in asix-
carbon ddose, there are 2* or 16 different arrangements of the carbon atoms containing secondary hydroxyl groups, alowing
formation of 16 different six-carbon sugars with an adehyde end. Eight of these belong to the b-series (see Fig. 3); eight are
their mirror images and belong to the L-series. All sugarsthat have the hydroxyl group on the highest numbered chird carbon
atom (C-5inthis case) positioned on the right-hand side are arbitrarily called p-sugars, and al with aleft-hand positioned
hydroxyl group on the highest numbered chiral carbon atom are designed L-sugars. Two structures of b-glucosein its open-
chain, acyclic form (caled the Fischer projection) with the carbon atoms numbered in the conventional manner are givenin
Figure 2. In this convention, each horizontal bond projects outward from the plane of the page and each vertical bond projects
into or below the plane of the page. It is customary to omit the horizonta linesfor covalent chemica bonds to the hydrogen
atoms and hydroxyl groups asin the structure on the right. Because the lowermost carbon atom isnonchira, it is meaninglessto
designate the relative positions of the atoms and groups atached to it. Thus, it isusudly written as -CH-OH.

D-Glucose and dl other sugars containing sSix carbon atoms are called hexoses, the most common group of aldoses. The
categorical names are often combined, with a six-carbon-atom al dehyde sugar being termed an aldohexose.

There are two a doses containing three carbon atoms. They are b-glycerose (p-glyceraldehyde) and L-glycerose (L-
glyceraldehyde), each possessing only one chird carbon atom. Aldoses with four carbon atoms, the tetroses, have two chira
carbon atoms; adoses with five carbon atoms, the pentoses, have three chird carbon atoms and comprise the second most
common group of aldoses. Extending the series above Sx carbon atoms gives heptoses, octoses, and nonosese, which isthe
practical limit of naturally occurring sugars. Development of the eight b-hexoses from p-glyceroseis shown in Figure 3. Inthis
figure, the circle represents the aldehyde group; the horizonta lines designate the location of each hydroxyl group onitschira
carbon atom, and at the bottoms of the vertical lines are the terminal, nonchira primary hydroxyl groups. This

H—C=0 HC =0 C-1
H— C — OH ]HLOH g
HO~ C ~—H 110(_|‘.II C-3
H— C — OH i1{|:-::+11 C-4
Hee @ ~0H Hr:LOH C-5
M~ 0H CH,OH C-6

:

H

FIGURE 2

D-Glucose (open-chain or acyclic structure).
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FIGURE 3
Rosanoff structure of th2-aldoses containing from three to six carbon atoms.

shorthand way of indicating monosaccharide structuresiis called the Rosanoff method. Sugarswhose namesareinitalicsin
Figure 3 are commonly found in plants, dmost exclusively in combined forms. They therefore are present in our dietsin
combined froms. p-Glucose isthe only free aldose usudly present in natural foods, and then only in smal amounts.

L-Sugars are less numerous and |ess abundant in nature than are the b forms but neverthel ess have important biochemica roles.
Two L-sugars found in foods are L-arabinose and L-ga actose, both of which occur as unitsin carbohydrate polymers
(polysaccharides).

In the other type of monosaccharide, the carbonyl function is aketone group. These sugars are termed ketoses. (Ket- signifies
the ketone group.) The suffix designating aketose in systematic carbohydrate nomenclature is-ulose (Table 1). b-Fructose (Fig.
4) isthe prime example of this sugar group. It is one of the two monosaccharide units of the disaccharide sucrose (see Sec.
4.2.3) and makes up about 55% of high-fructose corn syrup and about 40% of honey. b-Fructose has only three chira carbon
atoms, C-3, C-4, and C-5. Thus, there are only 22 or 8 pb-ketohexoses. b-Fructoseisthe principa commercia ketose and the
only onefound freein natura foods, but, like b-glucose, only in smal amounts.

4.1.1 Monosaccharide | somerization

Simple aldoses and ketoses containing the same number of carbon atoms are isomers of each other; that is, ahexoseand a
hexul ose both have the empirica formula CsH120s and can
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FIGURE 4

D-Fructose (open-chain or acyclic structure).

be interconverted by isomerization. 1somerization of monosaccharidesinvolves both the carbonyl group and the adjacent
hydroxyl group. By thisreaction, an ddoseis converted into another aldose (with opposite configuration of C-2) and the
corresponding ketose, and aketose is converted into the corresponding two aldoses. Therefore, by isomerization, b-glucose, d-
mannose, and b-fructose can be interconverted (Fig. 5). |somerization can be catalyzed by either abase or an enzyme.

4.1.2 Monosaccharide Ring Forms

Carbonyl groups of ddehydes are reactive and easily undergo nucleophilic attach by the oxygen atom of a hydroxyl group to
produce ahemiacetal. The hydroxyl group of a hemiacetal can react further (by condensation) with a hydroxyl group of an
acohol to produce an acetd (Fig. 6). The carbonyl group of aketonereactssimilarly.

Hemiacetal formation can occur within the same adose or ketose sugar molecule wherein the carbonyl function reacts with one
of itsown properly positioned hydroxyl groups, asillugtrated in Figure 7 with b-glucose laid coiled on itsside. The resulting six-
membered sugar ring is called apyranose ring. Notice that for the oxygen atom of the hydroxyl group at C-5 to react to form the
ring, C-5 must rotate to bring its oxygen atom upward. This rotation brings the hydroxymethyl group (C-6) to aposition above
thering. The representation of the b-glucopyranose ring used in Figure 7 istermed a Haworth projection.

Sugars occur lessfrequently in five-membered (furanose) rings (Fig. 8).

Il[l." 0 HOC {.'JI_\UEJ T HC=0
HCOH I.l'-:].'-E C=0 N HOCH
IO HOCH HOCH HoCH HOCH
: I. e | i | —— | ——— |
HEON 10 N0 HCOH HCOE
I ! : | |
RO 1O HC{OH HCOH IO
|_ A ! | |
Cl,0n CHL 00 CHL, 1 CHLCE CHL,OH
-Glucose franz-cnediol DeFructose crv-enediol D-Mannose
FIGURE 5

Interrelationship ob-glucoseD-mannose, and-fructose via isomerization.
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FIGURE 6
Formation of an acetal by reaction of an aldehyde with
methanol.

To avoid clutter in writing the ring structures, common conventions are adopted wherein ring carbon atoms are indicated by
anglesin thering and hydrogen atoms attached to carbon atoms are eliminated dtogether. A mixture of chiral formsisindicated

by awavy line (Fig. 9).

When the carbon atom of the carbonyl group isinvolved in ring formation, leading to hemiacetd (pyranose or furanose ring)
development, it becomes chird. With p-sugars, the configuration that has the hydroxyl group located below thering isthe dpha
form. For example, therefore, a-p-glucopyranoseis b-glucose in the pyranose (Six-membered) ring from with the configuration
of the new chira carbon atom, C-1, termed the anomeric carbon atom, apha. When the newly formed hydroxyl group at C-1is
abovethering, it isin the beta position, and the structure is named b-b-glucopyranose. This designation holdsfor al b-sugars.
For sugarsin the L-series, the oppogite istrue—that is, the anomeric hydroxyl group is up in the dphaanomer and down in the
beta anomer. * (See, for example, Fig. 8.) Thisis so because, for example, a-p-glucopyranose and a-L-glucopyranose are
mirror images of one another.

However, pyranose rings are not flat with the attached groups sticking straight up and straight down as the Haworth structure
suggests. Rather, they occur in avariety of shapes (conformations), most commonly in one of two chair conformations, so caled
because they are shaped somewhat like a chair. In this shape, one bond on each carbon atom does project either up or down
from thering; these are cdled axia bonds or axid positions. The other bond not involved in ring formation is either up or down
with respect to the axia bonds but with respect to the ring projects out around the perimeter in what is called an equatorial
position (Fig. 10).

Using b-b-glucopyranose as an example, C-2, C-3, C-5, and the ring oxygen atom remain in aplane, but C-4 israised dightly
abovethe plane and C-1 is positioned dightly below the plane asin Figures 10 and 11. This conformation is designated *C.. The
notation C indicates that the ring is chair-shaped; the superscript and subscript numbers indicate that C-4 is above the plane of
the ring and C-1 below the plane. There are two chair forms. The second, *C., has
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FIGURE 7

Formation of a pyranose hemiacetal ring frorglucose.

*Thea andb ring forms of a sugar are known as anomers. The two anomers comprise an anomeric pair.
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OH

FIGURE 8
L-Arabinose in the furanose ring
from anda-L-configuration.

al the axia and equatoria groups reversed. The six-membered ring distorts the norma carbon and oxygen atom bond angles
lessthan do rings of other sizes. The gtrain isfurther lessened when the bulky hydroxyl groups are separated maximally from
each other by the ring conformation that arranges the greatest number of them in equatoria rather than axia positions. The
equatoria pogtion isenergeticaly favored, and rotation of carbon atoms takes place on their connecting bondsto swive the
bulky groupsto equatoria positionsin so far aspossible.

As noted, b-p-glucopytanose has dl its hydroxyl groupsin the equatorial arrangement, but each is bent either dightly above or
dightly below the true equatorid position. In b-p-glucopyranose, the hydroxyl grouse, al of which arein an equatoria position,
dternate in an up-and-down arrangement, with that at C-1 positioned dightly up, that on C-2 dightly down, and continuing with
an up-and-down arrangement. The bulky hydroxymethyl group, C-6 in hexoses, isdmost dwaysin aserically free equatorial
position. If b-glucopyranosewerein a

I !
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c-T-Glucopyranose B-D-Glucopyrandase
FIGURE 9

D-Gucopyranose as a mixture of two chiral forms.
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FIGURE 10
A pyranose ring showing the equatorial (solid line) and
axial (dashed line) bond positions.

1C. conformation, all the bulky groupswould be axid; so very little b-glucopyranose exists in the *C. conformation, amuch
higher energy form.

Six-membered sugar rings are than quite stable if bulky groups, such as hydroxyl groups and the hydroxymethyl group, arein
equatoria positions. Thus, b-p-glucopyranose dissolvesin water to give arapidly equilibrating mixture containing the open chain
form and itsfive, Six-, and seven-membered ring forms. At room temperature, the sx-membered (pyranose) ring forms
predominate, followed by the five-membered (furanose) ring forms and only atrace of the seven-membered ring forms. The
anomeric arrangement of each ring may be aphaor beta. The open-chain, dehydo form constitutes only about 0.003% of the
totd forms (Fig. 12).

4.1.3 Glycosides

The hemiacetal form of sugars can react with an acohol to produce afull aceta, called aglycosde. The acetal linkage at the
anomeric carbon atom isindicated by the -ide ending. In the case of p-glucose reacting with methanoal, the product ismainly
methyl @-p-glucopyranoside, with less methyl b-p-glucopyranoside (Fig. 13).

The two anomeric forms of the five-membered-ring furanosides are also formed, but being higher energy structures, they
reorganize into more stable forms and are present a equilibrium in comparatively low quantities. The methyl group in this case,
and any other group bonded to a sugar to make aglycoside, istermed an aglycon. Glycosides undergo hydrolysistoyield a
reducing sugar (see Sec. 4.1.4.1) and a hydroxylated compound in the presence of warm or hot agueous acid.

4.1.4 Monosaccharide Reactions

All carbohydrate molecules have hydroxyl groups available for reaction. Simple monosaccharide and most other low-molecular-
welght carbohydrate molecules aso have carbonyl groups available for reaction. Formation of pyranose and furanoserings
(cyclic hemiacetals) and of glycosides (acetals) of Monosaccharides has aready been presented.
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FIGURE 11

b-D Glucopyranose in
the “C1 conformation.

All bulky groups arein
equatorial positions,

and all hydrogen atoms
are in axial positions.
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4.1.4.1 Oxidation to Aldonic Acids and Aldonolactones
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Aldoses are readily oxidized to ddonic acids. The reaction is commonly used for quantitative determination of sugars. One of the
earliest methods for quantitative measurement of sugars employed Fehling solution. Fehling solution is an dkaine solution of
copper(I1) that oxidizes an aldose to an aldonate and in the process is reduced to copper(l), which precipitates as brick-red
Cu0. Variations, the Nelson-Somogyi and Benedict reagents, are till used for determining amounts of reducing sugarsin foods

and other biologica materids.
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FIGURE 13
Methyl a-D-glucopyranoside (left) and
methyl
b-D-glucopyranoside (right).
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Because, in the process of oxidizing the aldehyde group of an aldose to the st of acarboxylic acid group, the oxidizing agent is
reduced, aldoses are called reducing sugars. Ketoses are a so termed reducing sugars because, under the alkaline conditions of
the Fehling test, ketoses are isomerized to ddoses. Benedict reagent, which is not akaline, will react with adoses but not with
ketoses.

A smple and specific method for quantitative oxidation of b-glucose to b-gluconic acid uses the enzyme glucose oxidase, with
theinitid product being the 1,5,-lactone (an intramolecular ester) of the acid (Fig. 14). The reaction is commonly employed to
measure the amount of b-glucosein foods and other biologica materids, including the b-glucose level of blood. o-Gluconic acid
iIsanaturd congtituent of fruit juices and honey.

Thereaction given in Figure 14 is aso used for the manufacture of commercia p-gluconic acid and its lactone. p-Glucono-delta-
lactone (GDL ), p-glucono-1,5-lactone according to systematic nomenclature, hydrolyzesto completion in water in about 3 hr at
room temperature, effecting adecreasein pH. Itsdow hydrolysis, dow acidification, and mild taste set GDL gpart from other
food acidulants. It isused in meats and dairy products, but particularly in baked goods as a component of chemicd leavening
agentsfor preleavened products.

4.1.4.2 Reduction of Carbonyl Groups|[9]

Hydrogenation is the addition of hydrogen to a double bond. When applied to carbohydrates, it most often entails addition of
hydrogen to the double bond between the oxygen atom and the carbon atom of the carbonyl group of an aldose or ketose.
Hydrogenation of b-glucoseis easily accomplished with hydrogen gas under pressure in the presence of Raney nickd. The
product is p-glucitol, commonly known as sorbitol, where the -itol suffix denotes asugar acohol (an ddital) (Fig. 15). Alditols
are aso known as polyhydroxy acohols and as polyols. Because it is derived from ahexose, p-glucitol (sorbitol) is specificdly a
hexitol. It isfound widdy distributed throughout the plant world, ranging from algae to higher orderswhereit isfound in fruits
and berries, but the amounts present are generaly small. It is 50% as Sweet as sucrose, is sold both asa syrup and as crystals,
and isused as agenerd humectant.

p-Mannitol can be obtained by hydrogenation of -mannose. Commercidly, it is obtained aong with sorbitol from
hydrogenolysis of sucrose. It develops from hydrogenation of the b-fructose component of sucrose and from isomerization of p-
glucose, which can be controlled
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Oxidation ofD-glucose catalyzed by glucose oxidase.
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Reduction ob-glucose.

by the dkalinity of the solution undergoing cataytic hydrogenation (Fig. 16). b-Mannitol, unlike sorbitol, is not a humectant.
Rather, it crystdlizes easly and isonly moderately soluble. It has been used as anonsticky coating on candies. It is65% as
sweet as sucrose and is used in sugar-free chocolates, pressed mints, cough drops, and hard and soft candies.

Xylitol (Fig. 17) is produced from hydrogenation of D-xylose obtained from hemicelluloses, especidly from birch trees. Its
crystas have an endothermic heat of solution and give a cool fed when placed in the mouth. It isused in dry hard candiesand in
sugarless chewing gum. It isabout 70% as sweet as sucrose. When xylitol isused in place of sucrose, thereisareductionin
denta caries because xylitol is not metabolized by the microflora of the mouth to produce plaques.

4.1.4.3 Uronic Acids

Thetermind carbon atom (at the other end of the carbon chain from the ddehyde group) of amonosaccharide unit of an oligo-
or polysaccharide may occur in an oxidized (carboxylic acid) form. Such an ddohexose with C-6 in the form of acarboxylic
acid group iscaled auronic acid. When the chiral carbon atoms of auronic acid are in the same configuration asthey arein p-
galactose, for example, the compound is b-galacturonic acid (Fig. 18), the principal component of pectin (see Sec. 4.10).

CH, 01 CH,OH CH,OH
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|
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| reduction | + |
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| | |
HCOH HCOH HCOE
CH,OH CH,OH CH,OH
D-Fructose D-Glucitol D>-Mannitol
FIGURE 16

Reduction ob-fructose.
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FIGURE 17
Xylitol.

4.1.4.4 Hydroxyl Group Esters

The hydroxyl groups of carbohydrates, like the hydroxyl groups of smple acohols, form esters with organic and someinorganic
acids. Reaction of hydroxyl groups with acarboxylic acid anhydride or chloride (an acyl chloride) in the presence of asuitable
base produces an ester.

a0 O () £

ROH + RWC-0-C-R g RA-C-Cl— R-0-C-R = HO-C-Raor FICI

2

Acetates, succinate half-esters, and other carboxylic acid esters of carbohydrates occur in nature. They are found especidly as
components of polysaccharides. Sugar phosphates are common metabolic intermediates (Fig. 19).

Monoesters of phosphoric acid are also found as constituents of polysaccharides. For example, potato starch contains asmall
percentage of phosphate ester groups. Corn starch contains even less. In producing modified food starch, corn starch is often
derivatized with one or the other or both of mono- and distarch ester groups (see Sec. 4.4.9). Other esters of starch, most
notably the acetate, succinate and substituted succinate half-esters, and distarch adipates, are in the class of modified food
starches (see Sec. 4.4.9). Sucrose (see Sec. 4.2.3) fatty acid esters are produced commercialy as emulsfiers. Members of the
family of red seaweed polysaccharides, which includes the carrageenans (see Sec. 4.8), contain sulfate groups (half-esters of
sulfuric acid, R-OS0:s ).

4.1.4.5 Hydroxyl Group Ethers

The hydroxyl groups of carbohydrates, like the hydroxyl groups of smple alcohols, can from ethers aswell as esters. Ethers of
carbohydrates are not as common in nature as are esters. However, polysaccharides are etherified commercially to modify their
properties and make them more useful. Examples are the production of methyl (-O-CHs), sodium carboxy-

OH

FIGURE 18
D-Galacturonic acid.
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methyl (-O-CH:-CO:"Na), and hydroxypropyl (-O-CHz-CHOH-CHs) ethers of cellulose and hydroxypropyl ethers of starch,

al of which are approved for food use.

A speciad type of ether, an internal ether formed between carbon atoms 3 and 6 of ab-gaactosyl unit, isfound inthered

seaweed polysaccharides, specifically agar, furcellaran, kappa-carrageenan, and iota-carrageenan (see Sec. 4.8) (Fig. 20). Such

aninternd ether isknown

FIGURE 20
A 3,6-anhydroa-D-galactopyranosyl unit found in red
seaweed polysaccharides.
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asa 3,6-anhydro ring, whose name derives from the fact that the elements of water (HOH) are removed during its formation.

A series of nonionic surfactants based on sorbitol (D-glucitol) isused in foods as water-in-oil emulsifiers and as defoamers. They
are produced by esterification of sorbitol with fatty acids. Cyclic dehydration accompanies esterification (primarily at a primary
hydroxyl group, i.e., C-1 or C-6) so that the carbohydrate (hydrophilic) portion is not only sorbitol but aso its mono- and
dianhydrides (cyclic ethers). The products are known as sorbitan esters (Fig. 21). The product called sorbitan monostearate is
actualy amixture of partid stearic (Cis) and pamitic (Cis) acid esters of sorbitol (p-glucital), 1,5-anydro-p-glucitol (1,5
sorbitan), 1,4-anhydro-p-glucitol (1,4-sorbitan), both internal (cyclic) ethers, and 1,4:3,6-dianhydro-p-glucitol (isosorbide), an
interna dicyclic ether. Sorbitan fatty acid esters, such as sorbitan monostearate, sorbitan monolaturate, and sorbitan monool egte,
are sometimes modified by reaction with ethylene oxide to produce so-caled ethoxylated sorbitan esters, also nonionic
detergents approved by the FDA for food use.

4.1.4.6 Nonenzymic Browning [10,12,30,59]

Under some conditions, reducing sugars produce brown colorsthat are desirable and important in some foods. Other brown
colors obtained upon heeting or during long-term storage of foods containing reducing sugars are undesirable. Common
browning of foods on heating or on storageis usudly due to achemica reaction between reducing sugars, mainly p-glucose, and
afree amino acid or afree amino group of an amino acid that is part of aprotein chain. Thisreaction is called the Maillard
reaction. It isaso called nonenzymic browning to differentiate it from the often rapid, enzyme-catalyzed browning commonly
observed in freshly cut fruits and vegetables, such as apples and potatoes.

When adoses or ketoses are heated in solution with amines, avariety of reactions ensue, producing numerous compounds,
some of which are flavors, aromas, and dark-colored polymeric materials, but both reactants, disappear only dowly. The
flavors, aromas, and colors may be either desirable or undersirable. They may be produced by frying, roasting, baking, or
storage.

Thereducing sugar reacts reversibly with the amineto produce a glycosylamine, asillustrates with b-glucose (Fig. 22). This
undergoes areaction caled the Amadori rearrangement to give, in the case of p-glucose, aderivative of 1-amino-1-deoxy-p-
fructose. Reaction continues, espectialy at pH 5 or lower, to give an intermediate that dehydrates. Eventualy afuran derivetive
isformed; that from ahexose is 5-hydroxymethyl-2-furd dehyde (HMF) (Fig. 23). Under less acidic conditions (higher than
pHYS), the reective cyclic compounds (HMF and others) polymerize quickly to a dark-colored, insoluble material containing
nitrogen.

Maillard browning products, including soluble and insoluble polymers, are found where reducing sugars and amino acids,
proteins, and/or other nitrogen-containing compounds are heated together, such asin soy sauce and bread crusts. Maillard
reaction products are important contributorsto the flavor of milk chocolate. The Maillard reaction is aso important in the
production of caramels, toffees, and fudges, during which reducing sugars aso react with milk
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FIGURE 21

Anhydrob-glucitols (sorbitans).
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Products of reaction di-glucose with an amine (RNH »).

proteins. b-Glucose undergoes the browning reaction faster than does b-fructose. Application of heet is generdly required for
nonenzymic browning. While Maillard reactions are useful, they dso have anegative side. Reaction of reducing sugars with
amino acids destroys the amino acid. Thisisof particular importance with L-lysine, an essentia amino acid whose €-amino group
can react when the amino acid is part of aprotein molecule. Also, arelationship has been found between formation of mutagenic

compounds and cooking of protein-rich foods. Mutagenic heterocyclic amines have been isolated from broiled and fried meat
and fish, and from beef extracts.

Heating of carbohydrates, in particular sucrose (see Sec. 4.2.3) and reducing sugars, without nitrogen-containing compounds
effects acomplex group of reactions termed caramelization. Reaction isfacilitated by smal amounts of acids and certain sdlts.
Mostly thermolysis causes dehydration of the sugar molecule with introduction of double bonds or formation of anhydro rings.
Introduction of double bonds leads to unsaturated rings such as furans. Conjugated double bonds absorb light and produce
color. Often unsaturated ringswill condense to polymersyielding useful colors. Cataysts increase the reaction rate and are often
used to direct the reaction to specific types of carame colors, solubilities, and acidities.

Brown caramel color made by heating a sucrose (see Sec. 4.2.3) solution with ammonium bisulfite is used in cola soft drinks,
other acidic beverages, baked goods, syrups, candies, pet
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Conversion of the Amadori product into HMF.

foods, and dry seasonings. Its solutions are acidic (pH 2—4.5) and contain colloidal particles with negative charges. The acidic
st catalyzes cleavage of the glycosidic bond of sucrose; the ammonium ion participatesin the Amadori rearrangement. Another
carame color, aso made by heating sugar with ammonium salts, is reddish brown, imparts pH vaues of 4.2—4.8 to water,
contains colloidal particleswith positive charges, and is used in baked goods, syrups, and puddings. Caramel color made by
hesting sugar without an ammonium sdt is aso reddish brown, but contains colloida particleswith dightly negative charges and
has asolution pH of 3-4. It isused in beer and other alcoholic beverages. The nonenzymic browning caramel pigments arelarge
polymeric molecules with complex, variable, and unknown structures. It is these polymersthat form the colloida particles. Their
rate of formation increases with increasing temperature and pH.

Certain pyrolytic reactions of sugars (Fig. 24) produce unsaturated ring systems that have unique flavors and fragrancesin
addition to the coloring materids. Maltol (3-hydroxy-2-methylpyran-4-one) and isomaltol (3-hydroxy-2-acetylfuran) contribute
to theflavor of bread. 2H-4-Hydroxy-5-methylfuran-3-one can be used to enhance various flavors and sweeteners.
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Some pyrolytic reaction products of sugars.
4.2 Oligosaccharides

An oligosaccharide contains 2 to 20 sugar units joined by glycosidic bonds. When amolecule contains more than 20 units, itisa
polysaccharide.

Disaccharides are glycos des in which the aglycon isamonosaccharide unit. A compound contai ning three monosaccharide units
isatrisaccharide. Structures containing from 4 to 10 glycosyl units, whether linear or branched, are tetra-, penta-, hexar, octa,
nona-, and decasaccharides, and so on.

Because glycosidic bonds are part of acetal structures, they undergo acid-catalyzed hydrolysis, thet is, cleavage in the presence
of aqueous acid and heat. Only afew oligosaccharides occur in nature. Mogt are produced by hydrolysis of polysaccharidesinto
smdler units

4.2.1 Maltose

Maltose (Fig. 25), which can be obtained by hydrolysis of starch, isan example of adisaccharide. The end unit on theright (as
customarily written) has apotentidly free ddehyde group; therefore, it isthe reducing end and will bein equilibrium with dpha
and beta six-membered ring forms, as described earlier for monosaccharides. Since O-4 is blocked by attachment of the second
D-glucopyranosyl unit, afuranose ring cannot form. Matose is areducing sugar becauseits ddehyde group isfreeto react with
oxidants and, in fact, to undergo dmost al reactions asthough it were present as afree ddose.

Maltoseis readily produced by hydrolysis of starch using the enzyme b-amylase (see Sec. 4.4.8). It occurs only rarely in plants,
and even then, it resultsfrom partid hydrolysis of starch. Matoseis produced during mating of grains, especidly barley, and
commercidly by the specific enzyme-catalyzed hydrolysis of starch using b-amylase from Bacillus bacteria, dthough the b-
amylases from barley seed, soybeans, and sweet potatoes may be used. Maltose is used sparingly as amild sweetner for foods.
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FIGURE 25

Maltose.
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4.2.2 lactose

The disaccharide lactose (Fig. 26) occursin milk, mainly free, but to asmal extent as a component of higher oligosaccharides.
The concentration of lactose in milk varies with the mammalian source from 2.0 to 8.5%. Cow and goat milks contain
4.5-4.8%, and human milk about 7%. Lactoseisthe primary carbohydrate source for developing mammas. In humans, lactose
congtitutes 40% of the energy consumed during nursing. Utilization of lactose for energy must be preceded by hydrolysisto the
congtituent monosaccharides, b-glucose and p-gaactose. Milk aso contains 0.3-0.6% of lactose-containing oligosaccharides,
many of which areimportant as energy sources for growth of a specific variant of Lactobacillus bifidus, which, asaresult, is
the predominant microorganism of theintestind flora of breast-fed infants.

Lactoseisingested in milk and other unfermented dairy products, such asice cream. Fermented dairy products, such as most
yogurt and cheese, contain less lactose because during fermentation some of the lactose is converted into lactic acid. Lactose
simulatesintestinal adsorption and retention of cacium. Lactoseis not digested until it reaches the smdl intestine, where the
hydrolytic enzyme lactaseislocated. L actase (a b-galactosidase) is amembrane-bound enzyme located in the brush border
epithdid cdlsof the smdl intestine. It catalyzesthe hydrolysis of lactose into its constituent monosaccharides, b-glucose and p-
galactose. Of the carbohydrates, only monosaccharides are absorbed from the intestines. Both b-glucose and p-galactose are
rapidly absorbed and enter the blood stream.

lactase )
. « D-glucose + D-galactose

3

If for some reason the ingested lactose is only partidly hydrolyzed, that is, only partidly digested, or isnot hydrolyzed at dl, a
clinica syndrome caled lactose intolerance results. If thereisadeficiency of lactase, somelactose remainsin the lumen of the
small intestine. The presence of lactose tendsto draw fluid into the lumen by osmosis. Thisfluid produces abdomind distention
and cramps. From the small intestine, the lactose passes into the large intestine (colon) where it undergoes anaerobic bacteria
fermentation to lactic acid (present as the lactate anion) and other short-chain acids (Fig. 27). The increase in the concentration
of molecules, that is, theincreasein osmoldlity, resultsin till greater retention of fluid. In addition, the acidic products of
fermentation lower the pH and irritate the lining of the colon, leading to an increased movement of the contents. Diarrheaiis
caused both by the retention of fluid and the increased movement of the intestinal contents. The gaseous products of
fermentation cause bloating and cramping.

lactose

Lactose intoleranceis not usualy seen in children until after about 6 years of age. At this

CH,OH

OH

FIGURE 26
Lactose.
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The fate of lactose in the large intestine of persons with
lactase deficiency.

point, the incidence of |actose-intolerant individuas beings to rise and increases throughout the life span, with the greatest
incidence in the elderly. Both the incidence and the degree of lactose intolerance very by ethnic group, indicating that the
presence or absence of lactase is under genetic control.

There are two ways to overcome the effects of lactase deficiency. Oneisto remove the lactose by fermentation; that produces
yogurt and buttermilk products. Another isto produce reduced-lactose milk by adding lactase to it. However, both products of
hydrolyss, b-glucose and p-galactose, are sweeter than lactose, and at about 80% hydrolysis, the taste change becomes too
evident. Therefore, most reduced-lactose, milk has the lactose reduced as close as possible to the 70% government-mandated
limit for aclaim. In atechnology under development, live yogurt cultures are added to refrigerated milk. The bacteriaremain
dormant in the cold and do not change the flavor of the milk, but upon reaching the small intestine, release lactase.

Other carbohydrates that are not completely broken down into monosaccharides by intestina enzymes and are not absorbed
aso passinto the colon. There they also are metabolized by microorganisms, producing lactate and gas. Again diarrheaand
bloating result. This problem can occur from eating beans, because beans contain atrisaccharide (raffinose) and a
tetrasaccharide (stachyose) (see Sec. 4.2.3) that are not hydrolyzed to monosaccharides by intestina enzymes and thus pass
into the colon, where they are fermented.

4.2.3 Sucrose [35,39]

The per person daily utilization of sucrose, usudly caled smply sugar or table sugar, in the United States averages about 160 g,
but sucroseis aso used extensvely in fermentations, in bakery products whereit isaso largely used up in fermentation, and in
pet food, so the actua average daily amount consumed by individuasin foods and beveragesin about 55 g (20 kg or 43
Ib/year). Sucrose is composed of an ap-glucopyranosyl unit and ab-p-fructofursanosyl unit linked head to head (reducing end
to reducing end) rather than by the usua head-to-tail linkage (Fig. 28). Since it has no reducing end, it is a nonreducing sugar.

There are two principal sources of commercia source—sugar cane and sugar beets. Also present in sugar beet extract area
trisaccharide, raffinose, which has ap-gaactopyranosyl unit attached to sucrose, and atetrasaccharide, stachyose, which
contains another p-galactosyl unit (Fig. 29). These oligosaccharides are aso found in beans, are nondigestible, and are the
source of the flatulence associated with eating beans.

Commercid brown sugar is made by treating white sugar crystals with molassesto leave a coating of desired thickness. Grades
range from light yellow to dark brown. Confection, or
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Sucrose.

powdered, sugar is pulverized sucrose. It usually contains 3% corn starch as an anticaking agent. To make fondant sugar, which
isused inicings and confections, very fine sucrose crystal's are surrounded with a saturated solution of invert sugar, corn syrup,
or maltodextrin.

For many food product applications, sucroseis not crystallized; rather, it is shipped as arefined aqueous solution known as
liquid sugar. Sucrose and most other low-molecular-weight carbohydrates (for example, monosaccharides, dditols,
disaccharides, and other low-molecular-weight oligosaccharides), because of their great hydrophilicity and solubility, can form
highly concentrated solutions of high asmoldity. Such solutions, as exemplified by pancake and waffle syrups and honey, need
no preservatives themsalves and can be used not only as sweeteners (although not al such carbohydrate syrups need have much
sweetness) but aso as preservatives and humectants.

A portion of the water in any carbohydrate solution is nonfreezable. When the freezable water crystalizes, thet is, formsice, the
concentrations of solute in the remaining liquid phase increases, and the freezing point decreases. Thereisaconsequentia
increasein viscogdity of the remaining solution. Eventualy, the liquid phase solidifies asaglassin which the mobility of dl
molecules becomes grestly restricted and diffusion-dependent reactions become very dow
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FIGURE 29
Sucrose, raffinose, and stachyose. (For
explanation of the shorthand designations of structures,
see Sec. 4.3.)

*See Section 4.4.8 for a description of the latter two products. Invert sugar is the equimolar mixiugéuabse an®-fructose formed
by hydrolysis of sucrose.
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(see Chap. 2); because of the restricted motion, these glass-state water molecules cannot crystdlize. In thisway, carbohydrates
function as cryoprotectants and protect against the dehydration that destroys structure and texture caused by freezing.

The sucrase of the human intestind tract catalyzes hydrolysis of sucroseinto b-glucose and p-fructose, making sucrose one of
the three carbohydrates (other than monosaccharides) humans can utilize for energy, the other two being lactose and starch.
IMonosaccharides (p-glucose and p-fructose being the only significant onesin our diets) do not need to undergo digestion before
absorption.

4.3 Polysaccharides[42,47,55]

Polysaccharides are polymers of monosaccharides. Like the oligosaccharides, they are composed of glycosyl unitsin linear or
branched arrangements, but most are much larger than the 20-unit limit of oligosaccharides. The number of monosaccharide
unitsin a polysaccharide, termed its degree of polymerization (DP), varies. Only afew polysaccharides have a DP less than 100;
most have DPsin the range 200-3000. The larger ones, like cdllulose, have a DP of 7000-15,000. It is estimated that more
than 90% of the considerable carbohydrate massin natureisin the form of polysaccharides. Polysaccharides can be either linear
or branched. The general scientific term for polysaccharidesis glycans.

If dl the glycosyl units are of the same sugar type, they are homogeneous as to monomer units and are called homoglycans.
Examples of homoglycans are cellulose (see Sec. 4.5) and starch amylose (see Sec. 4.4.1), which are linear, and tarch
amylopectin (see Sec. 4.4.2), which is branched. All three are composed only of b-glucopyranosyl units.

When apolysaccharide is composed of two or more different monosaccharide units, it isaheteroglycan. A polysaccharide that
contains two different monosaccharide unitsis diheteroglycan, a polysaccharide that contains three different monosaccharide
unitsisatriheteroglycan, and so on. Diheteroglycans generally are either linear polymers of blocks of smilar units dternating
aong the chain, or consst of alinear chain of onetype of glycosyl unit with a second present as single-unit branches. Examples
of the former type are algins (see Section 4.9) and of the latter guar and locust bean gums (see Sec. 4.6).

In the shorthand notations of oligo-and polysaccharides, the glycosyl units are designated by the first three letters of their names
with thefirgt |etter being capitdized, except for glucose, whichis Glc. If the monosaccharide unit isthat of ab-sugar, thep is
omitted; only L sugars are S0 designated, such as LAra. The size of thering is designated by an italicized p for pyranosyl or f for
furanosyl. The anomeric configuration is designated with @ or b as a