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Preface

As one strolls along the aisles of a supermarket, one passes a wide variety of food products,
both natural and manufactured, which exist either partly or wholly as emulsions or which
have been in an emulsified form sometime during their production. Common examples
include milk, flavored milks, creams, salad dressings, dips, coffee whitener, ice cream, soups,
sauces, mayonnaise, butter, margarine, fruit beverages, and whipped cream. Even though
these products differ widely in their appearance, texture, taste, and shelf life, they all consist
(or once consisted) of small droplets of one liquid dispersed in another liquid. Consequently,
many of their physicochemical and sensory properties can be understood by applying the
fundamental principles and techniqueseofulsion sciencédt is for this reason that anyone

in the food industry working with these types of products should have at least an elementary
understanding of this important topic.

The primary objective of this book is to present the principles and techniques of emulsion
science and show how they can be used to better understand, predict, and control the
properties of a wide variety of food products. Rather than describe the specific methods and
problems associated with the creation of each particular type of emulsion-based food product,
| have concentrated on an explanation of the basic concepts of emulsion science, as these are
applicable to all types of food emulsion. Details about the properties of particular types of
food emulsion are described in the latest edition of an excellent book edited by S.E. Friberg
and K. LarssonKood Emulsions3rd edition, Marcel Dekker, New York, 1997), which
should be seen as being complementary to this volume.

It is a great pleasure to acknowledge the contributions of all those who helped bring this
book to fruition. Without the love and support of my best friend and partner Jayne and of my
family, this book would never have been completed. | also thank all of my students and co-
workers who have been a continual source of stimulating ideas and constructive criticism and
my teachers for providing me with the strong academic foundations on which | have at-
tempted to build. Finally, | thank all those at CRC Press for their help in the preparation of
this book.

©1999 CRC Press LLC



The Author

Dr. David Julian McClements has been an Assistant Pro-
fessor in the Department of Food Science at the University
of Massachusetts since 1994. He received a B.S. (Hons) in
food science (1985) and a Ph.D. in “Ultrasonic Character-
ization of Fats and Emulsions” (1989) from the University
of Leeds (United Kingdom). He then did postdoctoral re-
search at the University of Leeds, University of California
at Davis, and the University College Cork in Ireland, be-
fore joining the University of Massachusetts. Dr.
McClements’ research interests include ultrasonic charac-
terization of food emulsions, food biopolymers and col-
loids (focusing on emulsions, gels, and micellar systems),
protein functionality, and physicochemical properties of
lipids.

Dr. McClements has co-authored a book entidet
vances in Food Colloidwith Professor Eric Dickinson and co-edited a book entitledel-
opments in Acoustics and Ultrasoniggh Dr. Malcolm Povey. In addition, he has published
over 100 scientific articles as book chapters, encyclopedia entries, journal manuscripts, and
conferenceproceedingsDr. McClementsecentlyreceivedthe Young Scientistawardfrom
the American ChemicalSociety’s Division of Food and Agriculture in recognitionof his
achievements.

©1999 CRC Press LLC



1 Context and Background

1.1. EMULSION SCIENCE IN THE FOOD INDUSTRY

Many natural and processed foods consist either partly or wholly as emulsions or have been
in an emulsified state at some time during their production; such foods include milk, cream,
butter, margarine, fruit beverages, soups, cake batters, mayonnaise, cream liqueurs, sauces,
desserts, salad cream, ice cream, and coffee whitener (Friberg and Larsson 1997, Krog et al.
1983, Jaynes 1983, Dickinson and Stainsby 1982, Dickinson 1992, Swaisgood 1996). Emul-
sion-based food products exhibit a wide variety of different physicochemical and organolep-
tic characteristics, such as appearance, aroma, texture, taste, and shelf life. For example, milk
is a low-viscosity white fluid, strawberry yogurt is a pink viscoelastic gel, and margarine is

a yellow semisolid. This diversity is the result of the different sorts of ingredients and
processing conditions used to create each type of product. The manufacture of an emulsion-
based food product with specific quality attributes depends on the selection of the most
appropriate raw materials (e.g., water, oil, emulsifiers, thickening agents, minerals, acids,
bases, vitamins, flavors, colorants, etc.) and processing conditions (e.g., mixing, homogeni-
zation, pasteurization, sterilization, etc.).

Traditionally, the food industry largely relied on craft and tradition for the formulation of
food products and the establishment of processing and storage conditions. This approach is
unsuitable for the modern food industry, which must rapidly respond to changes in consumer
preferences for a greater variety of cheaper, healthier, and more convenient foods (Sloan
1994, 1996; Katz 1997). In addition, the modern food industry relies increasingly on large-
scale production operations to produce vast quantities of foods at relatively low cost. The
development of new foods, the improvement of existing foods, and the efficient running of
food-processing operations require a more systematic and rigorous approach than was used
previously (Hollingsworth 1995).

Two areas which have been identified as being of particular importance to the improve-
mentof food productsare:

1. Enhanced scientific understanding of food properties. An improved understand-
ing of the factors that determine the bulk physicochemical and organoleptic prop-
erties of emulsions will enable manufacturers to create low-cost high-quality food
products in a more systematic and reliable fashion (Kokini et al. 1993, Rizvi et al.
1993).

2. Development of new analytical techniques to characterize food properties. The
development and application of new analytical techniques to characterize the
properties of emulsions are leading to considerable advances in research, develop-
ment, and quality control (Dickinson 1995a,b; Gaonkar 1995). These techniques
are used in the laboratory to enhance our understanding of the factors which
determine the properties of foods and in the factory to monitor the properties of
foods during processing in order to ensure that they meet the required quality
specifications.
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Emulsion science is a multidisciplinary subject that combines chemistry, physics, and
engineering (Sherman 1968a; Becher 1957, 1983; Hiemenz 1986; Hunter 1986, 1989, 1993;
Evans and Wennerstrom 1994). The aim of the emulsion scientist working in the food
industry is to utilize the principles and techniques of emulsion science to enhance the quality
of the food supply and the efficiency of food production. This book presents the conceptual
and theoretical framework required by food scientists to understand and control the properties
of emulsion-based food products.

1.2. GENERAL CHARACTERISTICS OF FOOD EMULSIONS
1.2.1. Definitions

An emulsion consists of two immiscible liquids (usually oil and water), with one of the
liquids dispersed as small spherical droplets in the other (Figure 1.1). In most foods, the
diameters of the droplets usually lie somewhere between 0.1 andmi@Dickinson and
Stainsby 1982; Dickinson 1992; Walstra 1996a,b). Emulsions can be conveniently classified
according to the distribution of the oil and aqueous phases. A system which consists of oll
droplets dispersed in an aqueous phase is calledil-#mwater or O/W emulsion (e.g.,
mayonnaise, milk, cream, soups, and sauces). A system which consists of water droplets
dispersed in an oil phase is calledater-in-oil or W/O emulsion (e.g., margarine, butter, and

FIGURE 1.1 Microscopic image of a 20 wt% tetradecane oil-in-water emulsion stabilized by 1 wt%
whey protein isolate obtained using confocal scanning fluorescence microscopy. The dark regions are
the oil droplets, and the light regions are the aqueous phase.
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spreads).The substancehat makesup the dropletsin an emulsionis referredto as the

dispersé or internal phase whereashe substancéhat makesup the surroundingliquid is

calledthe continuows or externalphase It is alsopossibleto preparemultiple emulsionsof

the oil-in-water-in-oil (O/W/QO) or water-in-oil-in-water (W/O/W) type (Dickinson and

McClements1995). For example,a W/O/W emulsionconsistsof water dropletsdispersed
within largeroil droplets,which arethemselvedispersedn an aqueousontinuousphase
(Evisonet al. 1995).Recently researcthasbeencarriedout to createstablemultiple emul-

sionswhich can be usedto control the releaseof certainingredients,reducethe total fat

contentof emulsion-baseébod products,or isolateoneingredientfrom another(Dickinson

and McClements1995).

Theconcentratiorof dropletsin anemulsionis usuallydescribedn termsof thedispersed-
phasevolumefraction (¢) (Sectionl.3.1). Theprocesof convertingtwo separatémmiscible
liquids into anemulsion,or of reducingthe size of the dropletsin a preexistingemulsion,is
known as homogenizatio. In the food industry, this processis usually carried out using
mechanicatlevicesknownashomogenizersvhich subjecttheliquids to intensemechanical
agitation(Chapter6).

It is possibleto form an emulsionby homogenizingoure oil and purewatertogetherbut
thetwo phasesapidly separaténto a systemwhich consistsof alayerof oil (lower density)
ontop of alayerof water(higherdensity).This is becausealropletstendto mergewith their
neighborsvhenthey collide with them,which eventuallyleadsto completephaseseparation.
The driving force for this process is the fact that the contact between oil and water molecules
is energeticallyunfavorable(lsraelachvili1992), so that emulsionsare thermodynamically
unstabé systems(Chapter7). It is possibleto form emulsionsthat are kinetically stable
(metastable)Yor a reasonableperiod of time (a few days, weeks, months, or years) by
including substanceknown asemulsifies and/orthickeningagens prior to homogenization
(Chapterd). Emulsifiersaresurface-actie moleculeswhich absorbto the surfaceof freshly
formeddropletsduringhomogenizationforming a protectivemembraneavhich preventshe
dropletsfrom comingcloseenoughtogetherto aggregatg¢Chapterss and 7). Most emulsi-
fiers are amphiphilc molecules(i.e., they have polar and nonpolarregionson the same
molecule).Themostcommonemulsifiersusedin thefood industryareamphiphilicproteins,
small-moleculesurfactantsandphospholipid§Chapted). Thickeningagentsareingredients
which are usedto increasethe viscosity of the continuousphaseof emulsions,and they
enhanceemulsionstability by retardingthe movementof the droplets.The mostcommon
thickeningagentsusedin the food industryare polysaccharide§Chapterd). A stabilize is
anyingredientthatcanbe usedto enhancehe stability of anemulsionandmaythereforebe
eitheran emulsifier or a thickeningagent.

An appreciatiorof the differencebetweerthethermodynamictability of a systemandits
kinetic stability is crucialfor anunderstandingf thepropertieof food emulsiongDickinson
1992). Consider a system which consists of a large number of molecules that can occupy two
different states’g,,,, and E,,, (Figure 1.2). The statewith the lowestfree energyis the one
which is thermodynamically favorable and therefore the one that the molecules are most
likely to occupy. At thermodynamic equilibrium, the two states are populated according to
the Boltzmann distribution (Atkins 1994):

Prigh  _ expD (Bow — Enigh) O

Diow B_ KT (1.1)

where @ is the fraction of molecules that occupies the energy [Eyé&lis Boltzmann's
constantk = 1.38x 1022 J K1), andT is the absolute temperature. The larger the difference
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Elow

FIGURE 1.2 Difference betweenthermodynamicand kinetic stability. A systemwill remainin a
thermodynamically unstable or metastable state for some time if there is a sufficiently large energy
barrier preventing it from reaching the state with the lowest free energy.

betweenthe two energylevels comparedto the thermal energyof the system(kT), the
greaterthe fraction of moleculesn the lower energystate.In practice,a systemmay not be
ableto reachequilibrium during the time scaleof an observatiorbecausef the presence
of anenergybarrier(AE*) betweerthetwo stategFigurel.2). A systemin the high energy
statemustacquireanenergygreaterthanAE* beforeit canmoveinto thelow energystate.
The rate at which a transformationfrom a high to a low energystate occurstherefore
decreasess the height of the energybarrierincreasesWhenthe energybatrrieris suffi-
ciently large,the systemmay remainin a thermodynamicallyunstablestatefor a consider-
ablelength of time, in which caseit is saidto be kinetically stableor metastablgAtkins
1994).In food emulsionsthereareactuallyalargenumberof intermediatenetastablstates
betweenthe initial emulsion and the separatedphases,and there is an energy barrier
associateavith a transitionbetweeneachof thesestates Neverthelessit is often possible
to identify a single energybarrier, which is associatedvith a particularphysicochemical
processthatis the mostimportantfactorin determiningthe overall kinetic stability of an
emulsion(Chapter7).

1.2.2.  Mechanisms of Emulsion Instability

Theterm“emulsionstability” is broadlyusedto describethe ability of anemulsionto resist
changesn its propertieswith time (Chapter7). Neverthelesstherearea variety of physico-
chemical mechanismswhich may be responsiblefor alterationsin the propertiesof an
emulsion,andit is crucial to be clearaboutwhich of thesemechanismsreimportantin the
systemunderconsiderationA numberof the mostimportantphysicalmechanismsespon-
sible for the instability of emulsionsare shownschematicallyin Figure 1.3. Creamirg and
sedimentatio are both forms of gravitational separation Creamingdescribeghe upward
movementof dropletsdueto the fact that they havea lower densitythan the surrounding
liquid, whereassedimentatiordescribegshe downwardmovemenof dropletsdueto the fact
that they have a higher density than the surrounding lilodculation andcoalescene are
both types of droplet aggregationFlocculationoccurswhen two or more dropletscome
togetherto form anaggregatén which the dropletsretaintheir individual integrity, whereas
coalescence is the process where two or more droplets merge together to form a single larger
droplet.Extensivedropletcoalescenceaneventuallyleadto theformationof aseparatéayer
of oil on top of a sample,which is known as“oiling off.” Phaseinversionis the process
wherebyanoil-in-wateremulsionis convertednto awater-in-oilemulsionor vice versa.The
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Stablf? &3 O inversion
Emulsion I

\

Creaming  Sedimentation Flocculation Coalescence

FIGURE 1.3 Food emulsionsmay becomeunstablethrough a variety of physical mechanisms,
including creaming, sedimentation, flocculation, coalescence, and phase inversion.

factorswhich determingheseandthe othermajorformsof emulsioninstability arediscussed
in Chapter7, along with methodsof controlling and monitoring them. In addition to the

physicalprocessementionedabove,it shouldbe notedthattherearealsovariouschemical,
biochemical,and microbiological processeghat occurin food emulsionswhich can also

affect their shelf life and quality.

1.2.3. Ingredient Partitioning in Emulsions

Most food emulsionscanconvenientlybe consideredo consistof threeregionswhich have
differentphysicochemicapropertiestheinterior of the droplets,the continuougphaseand
theinterface(Figure1.4). The moleculesn anemulsiondistributethemselveamongthese
three regions accordingto their concentrationand polarity (Wedzicha1988). Nonpolar
moleculestend to be locatedprimarily in the oil phase,polar moleculesin the aqueous
phaseandamphiphilicmoleculesat the interface.lt shouldbe notedthat evenat equilib-
rium, thereis a continuousexchangeof moleculesbetweenthe different regions,which
occursat a rate that dependson the masstransportof the moleculesthroughthe system.
Moleculesmay alsomove from oneregionto anotherwhenthereis somealterationin the
environmentakonditionsof an emulsion(e.g.,a changein temperatureor dilution within
the mouth). The location and masstransportof the moleculeswithin an emulsionhavea
significantinfluenceon the aroma,flavor releasetexture,andphysicochemicastability of
food productqDickinsonandStainsby1982 Wedzichaetal. 1991,CouplandandMcClements
1996, Landy et al. 1996).

Interfacial

Continuous
Phase

FIGURE 1.4 Theingredientsin an emulsionpartition themselvedetweenthe oil, water,andinter-
facial regionsaccordingto their concentratiorand interactionswith the local environment.
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1.2.4. Dynamic Nature of Emulsions

Many of the properties of emulsions can only be understood with reference to their dynamic
nature. The formation of emulsions by homogenization is a highly dynamic process which
involves the violent disruption of droplets and the rapid movement of surface-active mol-
eculesfrom the bulk liquids to theinterfacialregion(Chapter6). Evenaftertheir formation,

the droplets in an emulsion are in continual motion and frequently collide with one another
because of their Brownian motion, gravity, or applied mechanical forces (Melik and Fogler
1988, Dukhin and Sjoblom 1996, Lips et al. 1993). The continual movement and interactions
of droplets cause the properties of emulsions to evolve over time due to the various desta-
bilization mechanisms mentioned$ection 1.2.2An appreciation of the dynamic processes
that occur in food emulsions is therefore extremely important for a thorough understanding
of their bulk physicochemical and organoleptic properties.

1.2.5. Complexity of Food Emulsions

Most food emulsions are much more complex than the simple three-component (oil, water,
andemulsifier)systemslescribedn Sectionl.2.1 Theagueouphasemay containa variety

of water-soluble ingredients, including sugars, salts, acids, bases, surfactants, proteins, and
carbohydrates. The oil phase usually contains a complex mixture of lipid-soluble compo-
nents, such as triacylglycerols, diacylglycerols, monoacylglycerols, free fatty acids, sterols,
and vitamins. The interfacial region may contain a mixture of various surface-active compo-
nents, including proteins, phospholipids, surfactants, alcohols, and solid particles. In addition,
these components may form various types of structural entities in the oil, water, or interfacial
regions, such as fat crystals, ice crystals, protein aggregates, air bubbles, liquid crystals, and
surfactant micelles. A further complicating factor is that foods are subjected to variations in
their temperature, pressure, and mechanical agitation during their production, storage, and
handling, which can cause significant alterations in their overall properties.

It is clear from the above discussion that food emulsions are compositionally, structurally,
and dynamically complex materials and that many factors contribute to their overall proper-
ties. One of the major objectives of this book is to present the conceptual framework needed
by food scientists to understand these complex systems in a more systematic and rigorous
fashion. Much of our knowledge about these complex systems has come from studies of
simple model systemg(Section1.5). Neverthelessthereis an increasingawarenes®f the
need to elucidate the factors that determine the properties of actual emulsion-based food
products. For this reason, many researchers are now focusing on the complex issues that need
to be addressed, such as ingredient interactions, effects of processing conditions, and phase
transitions (Dickinson 1992, 1995b; Dickinson and McClements 1995; Dalgleish 19964a;
Hunt and Dalgleish 1994, 1995; Demetriades et al. 1997a,b).

1.3.  EMULSION PROPERTIES
1.3.1. Dispersed-Phase Volume Fraction

The concentration of droplets in an emulsion is usually described in termsdi§pleesed-

phase volume fractioyp), which is equal to the volume of emulsion dropléfs) divided

by the total volume of the emulsioWd: @ = V,/Ve. Knowledge of the dispersed-phase
volume fraction is important because the droplet concentration influences the appearance,
texture, flavor, stability, and cost of emulsion-based food products. In some situations, it is
more convenient to express the composition of an emulsion in terms of the dispersed-phase
mass fractiond,), which is related to the volume fraction by the following equation:

©1999 CRC Press LLC



_ op,
P20+ (1 - @p,

P (1.2)

wherep, andp, arethedensitief the continuousanddisperseghasestespectivelyWhen
the densitiesof the two phasesare equal,the massfraction is equivalentto the volume
fraction. The dispersed-phaseolume fraction of an emulsionis often known becausehe
concentratiorof theingredientausedto preparet is carefully controlled.Neverthelesdpcal
variationsin dispersed-phaseolume fraction occur within emulsionswhen the droplets
accumulateat eitherthetop or bottomof anemulsiondueto creamingor sedimentationln

addition, the dispersed-phaseolume fraction of an emulsionmay vary during a food-
processingperation(e.g.,if amixeror valveis not operatingefficiently). Consequentlyit

is importantto have analytical techniquesto measuredispersed-phasgolume fraction
(Chapter10).

1.3.2. Particle Size Distribution

Many of the mostimportant propertiesof emulsion-basedood products(e.qg., shelf life,
appearancetexture, and flavor) are determinedby the size of the dropletsthey contain,
(Dickinson and Stainsby 1982, Dickinson 1992). Consequentlyjt is importantfor food
scientiststo be ableto reliably control, predict, measureandreportthe size of the droplets
in emulsions.In this section,the most important methodsof reporting droplet sizesare
discussedMethodsof controlling, predicting,andmeasuringiropletsizearecoveredn later
chapterqChapterss, 7, and 10).

If all the dropletsin an emulsionare of the samesize, the emulsionis referredto as
monodispersebutif thereis arangeof sizespresentthe emulsionis referredto aspolydis-
perse Thesizeof thedropletsin a monodispersemulsioncanbe completelycharacterized
by a single number,suchasthe dropletdiameter(d) or radius(r). Monodispers@mulsions
are sometimesusedfor fundamentalstudiesbecausethe interpretationof experimental
measurementss much simpler than that of polydisperseemulsiors. Neverthelessfood
emulsionsalways containa distribution of dropletsizes,and so the specificationof their
droplet size is more complicatedthan that of monodisperseystemsldeally, one would
like to haveinformation aboutthe full particle sizedistribution of an emulsion(i.e., the
sizeof eat of the dropletsin the system) Neverthelessin many situations knowledge
of the averagesize of the dropletsand the width of the distributionis sufficient (Hunter
1986).

1.3.2.1. Presenting Particle Size Data

The numberof dropletsin most emulsionsis extremelylarge, and so their size can be
consideredo vary continuouslyfrom someminimumyvalueto somemaximumvalue.When
presentingparticle size data, it is convenientto divide this size rangeinto a numberof
discretesize classesand stipulatethe numberof dropletsthat fall into eachclass(Hunter
1986). The resultingdatacanthenbe representedh tabularform (Table 1.1) or plottedas
a histogramthat showsthe numberof dropletsin eachsize class(Figure1.5). Ratherthan
presentingthe numberof droplets(n,) in eachsize class,it is often more informative to
presenthe dataasthe numberfrequencyf; = n,//N, whereN is the total numberof droplets,
or asthe volumefrequency@ = vi/V, wherey, is the volume of the dropletsin theith size
classandV is the total volume of all the dropletsin the emulsion.It shouldbe notedthat
the shapeof a particle size distribution changesappreciablydependingon whetherit is
presentedsa numberor volumefrequency(Table1.2). Thevolumeof adropletis propor-
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TABLE 1.1
The Particle Size Distribution of an Emulsion Represented in Tabular Form

Size class d; f; &; C(d;)
(om) (m) N; (%) (%) (%)

041-0.054 0.048 0 0.0 0.0 0.0
0.054-0.071 0.063 2 0.1 0.0 0.1
0.071-0.094 0.082 4 0.2 0.0 0.3
0.094-0.123 0.108 50 25 0.0 2.8
0.123-0.161 0.142 84 4.2 0.1 7.0
0.161-0.211 0.186 152 7.6 0.3 14.6
0.211-0.277 0.244 224 11.2 1.1 25.8
0.277-0.364 0.320 351 17.6 3.9 43.35
0.364-0.477 0.420 470 23.5 11.8 66.85
0.477-0.626 0.551 385 19.2 21.8 86.1
0.626-0.821 0.723 190 9.5 24.3 95.6
0.821-1.077 0.949 64 3.2 18.5 98.8
1.077-1.414 1.245 21 1.0 13.7 99.85
1.414-1.855 1.634 3 0.2 4.4 100
1.855-2.433 2.144 0 0.0 0.0 100

Note The volume frequency is much more sensitive to larger droplets than is the number frequency.

tional tod3, and so a volume distribution is skewed more toward the larger droplets, whereas
a number distribution is skewed more toward the smaller droplets.

A particle size distribution can also be represented as a smooth curve, such as the distri-
bution functionF(d;), or the cumulative functior(d;) (Figure 1.5). The (number) distribu-
tion function is constructed so that the area under the curve between two droplek aizés (
d, + &d) is equal to the number of droplets) (in that size range (i.en; = F(d))dd) (Hunter
1986). This relationship can be used to convert a histogram to a distribution function or vice
versa. The cumulative function represents the percentage of droplets that are smald|er than
(Figure 1.5). The resulting curve has an S-shape which varies from 0 to 100% as the particle
size increases. The particle size at which half the droplets are smaller and the other half are
larger is known as the median droplet diametg).

1.3.2.2. Mean and Standard Deviation

It is often convenient to represent the size of the droplets in a polydisperse emulsion by one
or two numbers, rather than stipulating the full particle size distribution (Hunter 1986). The
most useful numbers are the mean diametgrwhich is a measure of the central tendency

of the distribution, and the standard deviatiol, (vhich is a measure of the width of the
distribution:

d=Ynd/N o:\f[zm(q—‘@HN (1.3)

The above mean is also referred to as the mean length diati¢tee¢ause it represents
the sum of théengthof the droplets divided by the total number of droplets. If all the droplets
in a polydisperse emulsion were laid end to end, they would have the same overall length as
those in a monodisperse emulsion containing an equal number of droplets of diamigter d
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FIGURE 1.5 The particle size distribution of an emulsion can be represented by a histogram, a
distribution functionF(d), or a cumulative functioc(d).

is also possible to express the mean droplet size in a number of other ways (Table 1.2). Each
of these mean sizes has dimensions of length (meters), but stresses a different physical aspect
of the distribution (e.g., the average length, surface area, or volume). For example, the
volume—surface mean diameter is related to the surface area of droplets exposed to the
continuous phase per unit volume of emulsiag:(

= ﬂ
As due (1.4)

This relationship is particularly useful for calculating the total surface area of droplets in
an emulsion from a knowledge of the mean diameter of the droplets and the dispersed-phase
volume fraction. An appreciation of the various types of mean droplet diameter is also
important because different experimental techniques used to measure droplet sizes are
sensitive to different mean values (Orr 1988). For example, analysis of polydisperse emul-
sions using osmotic pressure measurements gives information about their mean length
diameter, whereas light-scattering and sedimentation measurements give information about
their mean surface diameter. Consequently, it is always important to be clear about which
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TABLE 1.2
Different Ways of Expressing the Mean Droplet Diameter
of a Polydisperse Emulsion

Name of mean Symbol Definition
Length d ord, d. = Zr\q/Zm
JE—
Surface area ds dg = \z nid? / >
Volume d A
v dy = Vz n o /z n
Volume-surface area dys or dy, dys = Z n;d / Z ne

mean diameter has been determined in an experiment when using or quoting droplet size
data.

1.3.2.3. Mathematical Models

The particle size distribution of an emulsion can often be modeled using a mathematical
theory, which is convenient because it means that the full data set can be described by a small
number of parameters (Hunter 1986). If a plot of droplet frequency versus droplet size is
symmetrical about the mean droplet size, the curve can be described by a normal distribution
function (Figure 1.6):

_ 1 O0-(d - d)2 0
f(d) = aiom eXpE 202 (1.5)

wheref(d)dd is the fraction of emulsion droplets which lies within the size interval between
d andd + &d. The number of droplets in each size group can be calculated from the relation
n; =N - f(d) - dd. Most (~68%) of the droplets fall within one standard deviation of the mean
(d £ o), while the vast majority[09.7%) fall within three standard deviatiodsH 3c). Only
two parameters are needed to describe the particle size distribution of an emulsion that can
be approximated by a normal distribution, the mean and the standard deviation.

The particle size distribution of most food emulsions is not symmetrical about the mean,
but tends to extend much further at the high-droplet-size end than at the low-droplet-size end
(Figure 1.6). This type of distribution can often be described by a log-normal distribution:

[(H(nd - | 20
fd) = — 1 expg zndg) 0
In gy~ 21 § 2In*g g

(1.6)

wheref(d)d(n d) is the fraction of emulsion droplets which lies within the size interval
between Ird and Ind + d(In d), and d; ando, are the geometric mean and the standard
deviation of the geometric mean, which are given by the following expressions:

Inag,:Zni Ind/ N Ing, :\/z[ri\(lnql—ln_g)Z]/ N (1.7)
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FIGURE 1.6 Comparisorof emulsionghatcanbe describedy normalandlog-normaldropletsize
distributions.

If the log-normalcurve shownin Figure 1.6 was plotted asdropletfrequencyversuslog
diameter it would be symmetricalaboutln ag.

It shouldbe stressedhat the particle size distribution of manyfood emulsionscannotbe
adequatelydescribedby the simple modelsgiven above.Bimodal distributions,which are
characterized by two peakiSigure 1.7, are often encountered in food emulsions (e.g., when
extensivedropletflocculation occursor whenthereis insufficient emulsifier presentin an
emulsionto stabilizeall of the dropletsformedduring homogenization)For thesesystems,
it is oftenbetterto presenthe dataasthefull particlesizedistribution;otherwise consider-
able errorsmay occurif aninappropriatemodelis used.

1.3.3. Interfacial Properties

The dropletinterfaceconsistsof a narrow region (usually a few nanometerghick) which
surroundseachemulsiondropletand containsa mixture of oil, water,and emulsifier mol-
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FIGURE 1.7 Example of a bimodal distribution resulting from the heat-induced flocculation of
droplets in a 20 wt% corn oil-in-water emulsion stabilized by whey protein isolate. (From Demetriades,
K., Coupland, J.N., and McClements, DJayrnal of Food Sciencé2, 462, 1997b. With permission.)

ecules (Hunter 1986, 1989). The interfacial region only makes up a significant fraction of the
total volumeof anemulsionwhenthe dropletsizeis lessthanaboutl um (Table 1.3). Even

S0, it plays a major role in determining many of the most important bulk physicochemical and
organoleptic properties of food emulsions. For this reason, food scientists are particularly
interested in elucidating the factors which determine the composition, structure, thickness,
rheology, and charge of the interfacial region. The composition and structure of the interfacial
region are determined by the type and concentration of surface-active species present, as well
as by the eventswhich occur both during and after emulsionformation (Chapter6). The
thickness and rheology of the interfacial region influence the stability of emulsions to
gravitational separation, coalescence, and flocculation and determine the rate at which mol-
ecules leave or enter the droplets. The major factors which determine the characteristics of
the interfacial region are discussedn Chapter5, along with experimentaltechniquesto
characterize its properties.

TABLE 1.3
Effect of Particle Size on the Physical Characteristics of 1 g of Oil
Dispersed in Water in the Form of Spherical Droplets

No. of droplets Droplet surface
Droplet radius per gram oil area per gram oil % oil molecules
(pum) (g™ (m2g™) at droplet surface
100 2.6x 10 0.03 0.02
10 2.6x 1 0.3 0.2
1 2.6x 10 3 18
0.1 2.6x 10t 30 18

Note Values were calculated assuming the oil had a density of 9263anwhthe end-to-end length of
the oil molecules was 6 nm.
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1.3.4. Droplet Charge

The bulk physicochemical and organoleptic properties of many food emulsions are governed
by the magnitude and sign of the electrical charge on the droplets (Dickinson and Stainsby
1982). The origin of this charge is normally the adsorption of emulsifier molecules that are
ionized or ionizable. Surfactants have hydrophilic head groups that may be neutral, positively
chargedpr negativelycharged Chapterd). Proteinsmay alsobe neutral,positively charged,

or negatively charged depending on the pH of the solution compared to their isoelectric point
(Chapterd). Consequentlyemulsiondropletsmay havean electricalchargethatdependson

the types of surface-active molecules present and the pH of the aqueous phase. The charge
on a droplet is important because it determines the nature of its interactions with other
chargedspecies(Chapters2 and 3) or its behaviorin the presenceof an electrical field
(Chapter10). Two specieswhich have chargesof oppositesign are attractedtoward each
other,whereagwo speciesvhich havechargesof similar sign arerepelled(Chapters2 and

3). All of thedropletsin anemulsionareusuallycoatedwith the sametype of emulsifier,and

so they have the same electrical charge (if the emulsifier is ionized). When this charge is
sufficiently large, the droplets are prevented from aggregating because of the electrostatic
repulsion betweenthem (Chapter3). The propertiesof emulsionsstabilized by ionized
emulsifiers are particularly sensitive to the pH and ionic strength of the aqueous phase. If the
pH of the aqueous phase is adjusted so that the emulsifier loses its charge, or if salt is added
to “screen” the electrostatic interactions between the droplets, the repulsive forces may no
longer be strong enough to prevent the droplets from aggregating. Droplet aggregation often
leadsto a large increasein emulsionviscosity (Chapter8) and may causethe dropletsto
creammore rapidly (Chapter7).

The influence of electrostatic interactions on the stability of emulsions can clearly be
demonstrated if one adds a few drops of lemon juice to a glass of homogenized milk. After
a few minutes, the milk changes from a low-viscosity emulsion containing isolated oil
droplets to a viscous coagulum containing extensively flocculated droplets. This is because
the lemon juice decreases the pH of the emulsion toward the isoelectric point of the
proteins, thereby reducing the electrostatic repulsion between the droplets and causing droplet
aggregation.

Electrostatic interactions also influence the interactions between emulsion droplets and
other charged species, such as biopolymers, surfactants, vitamins, antioxidants, flavors, and
minerals (Dickinson 1992, Landy et al. 1996, Coupland and McClements 1996, Mei et al.
1998). These interactions often have significant implications for the overall quality of an
emulsion product. For example, the volatility of a flavor is reduced when it is electrostatically
attracted to the surface of an emulsion droplet, which alters the flavor profile of a food (Landy
et al. 1996), or the susceptibility of oil droplets to lipid oxidation depends on whether the
catalyst is electrostatically attracted to the droplet surface (Mei et al. 1998). The accumulation
of charged species at a droplet surface and the rate at which this accumulation takes place
depend on the sign of the charge of the species relative to that of the surface, the strength of
the electrostatic interaction, the concentration of the species, and the presence of any other
charged species that might compete for the surface.

The above discussion highlights the importance of droplet charge in determining both the
physical and chemical properties of food emulsions. It is therefore important for food scien-
tists to be able to predict, control, and measure droplet charge. For most food emulsions, it
is difficult to accurately predict droplet charge because of the complexity of their composition
and the lack of suitable theories. Nevertheless, there is a fairly good understanding of the
major factorswhich influencedropletcharge(Chapter3d) andof the effectof dropletcharge
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on the stability and rheology of emulsions(Chapters7 and 8). In addition, a variety of
experimentaltechniqueshave beendevelopedto measurethe magnitudeand sign of the
chargeon emulsiondroplets(Chapter10).

1.3.5. Droplet Crystallinity

Thephysicalstateof thedropletsin anemulsioncaninfluencea numberof its mostimportant
bulk physicochemicabnd organolepticproperties,including appearancesheology, flavor,
aroma,and stability (Dickinson and McClements1995; Boode 1992; Boode and Walstra
1993a,b;Walstra1996b). The productionof margarineand butter dependson a controlled
destabilizatiorof anoil-in-wateremulsioncontainingpartly crystallinedroplets Thestability
of creamto shearand temperaturecycling dependson the crystallizationof the milk fat
droplets. The rate at which milk fat droplets cream dependson their density, which is
determinedby the fraction of the droplet which is solidified. The cooling sensationthat
occurswhenfat crystalsmeltin the mouthcontributego the characteristienouthfeelof many
food products(Walstral1987).A knowledgeof the factorsthatdeterminethe crystallization
andmelting of emulsifiedsubstancesandof the effectthatdroplet-phaséransitionshaveon
the propertiesof emulsionsjs thereforeparticularlyimportantto food scientists.*In oil-in-
wateremulsionswe areconcernedvith phasdransitionsof emulsifiedfat, whereasn water-
in-oil emulsionswe are concernedvith phasetransitionsof emulsifiedwater. In the food
industry,we are primarily concernedvith the crystallizationandmelting of emulsifiedfats,
becausdhesetransitionsoccur at temperatureshat are commonly encounteredluring the
production,storage or handlingof oil-in-water emulsionsand becausehey usually havea
pronouncednfluenceon the bulk propertiesof food emulsionsin contrastphasdransitions
of emulsifiedwaterarelesslikely to occurin foodsbecaus®f the high degreeof supercool-
ing requiredto initiate crystallization(Clausse1985).

The percentagef total fat in a samplewhich is solidified at a particulartemperatures
knownasthe solid fat content(SFC).The SFCvariesfrom 100%at low temperaturegihere
thefat is completelysolid to 0% at high temperaturesvherethe fat is completelyliquid. The
precisenatureof the SFC—temperatureurveis animportantconsideratiorwhenselectinga
fat for a particularfood product.The shapeof this curvedependn the compositionof the
fat, the thermalandshearhistory of the sample whetherthe sampleis heatedor cooled,the
heatingor cooling rate, the size of the emulsiondroplets,and the type of emulsifier. The
melting and crystallization behavior of emulsified substances can be quite different from that
of the same substance in bulk (Dickinson and McClements 1995). The crystallization of bulk
fatsis consideredn Chapter4, while the additionalfactorsthatinfluencethe crystallization
of emulsified fats are consideredn Chapter7. Experimentaltechniquesthat are usedto
provideinformationaboutthe crystallizationand melting of emulsiondropletsaredescribed
in Chapterl0.

1.4. HIERARCHY OF EMULSION PROPERTIES

The bulk physicochemicahndorganoleptigoropertiesof emulsion-baseébod productsare
ultimately determinedby the concentrationdimensionsjnteractions,and dynamicsof the
varioustypesof structuralentities presentwithin them (e.g., atoms,molecules,molecular
aggregates;rystals,micelles,droplets,air bubblesandindividual phases)Figure1.8). The

* |t should be noted that the continuous phase of an emulsion is also capable of melting or crystallizing, which can
have a profound influence on the overall properties. For example, the characteristic texture of ice cream is partly
due to the presence of ice crystals in the agueous continuous phase, whereas the rheology of butter and margarine
is determined by the existence of a network of aggregated fat crystals in the oil continuous phase.
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FIGURE 1.8 Typical dimensions of structural entities commonly found in emulsion-based food
products.

properties of emulsions can therefore be studied at a number of different levels of structural
organization (e.g., subatomic, atomic, molecular, supramolecular, colloidal, microscopic,
macroscopic, and organoleptic) depending on the concerns of the investigator (Eads 1994).
Subatomic particles interact with each other via strong and weak nuclear forces to form
atoms. Atoms interact with each other via covalent and ionic bonds to form molecules. Atoms
and molecules interact with each other via various covalent and noncovalent forces to form
separate phases (which may be gas, liquid, or solid), simple solutions, molecular aggregates,
andcolloidal particles(Chapter2). The bulk physicochemicadndorganoleptiqropertiesof

an emulsion depend on the way these structural entities interact with one another to form the
emulsion droplets, interfacial region, and continuous phase. A more complete understanding
of the factors that determine the properties of emulsions depends on establishing the most
important processes that operate at each level of structural organization and linking the
different levels together. This is an extremely ambitious and complicated task that requires
many years of painstaking research. Nevertheless, the knowledge gained from such an
endeavor will enable food manufacturers to design and produce higher quality foods in a
more cost-effective and systematic fashion. For this reason, the connection between molecu-
lar, colloidal, and bulk physicochemical properties of food emulsions will be stressed throughout
this book.

1.5. INVESTIGATION OF EMULSION PROPERTIES

Our understanding of the factors which determine the properties of food emulsions develops
through a synthesis of experimentation and theory development. An investigator usually
studies a particular aspect of a system by carefully designing and carrying out an experiment.
The investigator then uses his or her knowledge to postulate a hypothesis to account for the
observed behavior, which is then tested and refined by further experimentation. Eventually,

©1999 CRC Press LLC



a theory may be developed which enables one to better understand and predict the behavior
of the system. As further studies are carried out, this theory evolves with time and may even
be replaced by a competing theory that better accounts for the observed behavior.

Food emulsions are extremely complex systems, and many factors operate in concert to
determine their overall properties. For this reason, experiments are usually carried out using
simplified model systems which retain the essential features of the real system, but which
ignore many of the secondary effects. For example, the emulsifying properties of proteins are
often investigated by using an isolated individual protein, pure oil, and pure water (Dickinson
1992). In reality, a protein ingredient used in the food industry consists of a mixture of
different proteins, sugars, salts, fats, and minerals, and the oil and aqueous phases may
containa variety of differentchemicalconstituent§Section1.2.5. Neverthelesshy usinga
well-characterized model system, it is possible to elucidate the primary factors which influ-
ence the properties of proteins in emulsions in a more quantitative fashion. Once these
primary factors have been established, it is possible to increase the complexity of the model
by introducing additional variables and systematically examining their influence on the
overall properties. This incremental approach eventually leads to a thorough understanding
of the factors that determine the properties of actual food emulsions and to the development
of theories which can be used to describe and predict their behavior.

1.6. OVERVIEW AND PHILOSOPHY

It is impossible to cover every aspect of food emulsions in a book of this size. Of necessity,
one must be selective about the material presented and the style in which it is presented.
Rather than reviewing the practical knowledge associated with each particular type of emul-
sion-based food product, the focus here will be on the fundamental principles of emulsion
science as applied to food systems because these principles are generally applicable to all
types of food emulsion. Even so, real food emulsions will be used as examples where possible
in order to emphasize the practical importance of the fundamental approach. As mentioned
earlier, particular attention will be paid to the relationship among molecular, colloidal, and
bulk physicochemical properties of food emulsions, because this approach leads to the most
complete understanding of their behavior.

Throughout this book, it will be necessary to introduce a number of theories which have
been developed to describe the properties of emulsions. Rather than concentrating on the
mathematical derivation of these theories, their physical significance will be highlighted, with
a focus on their relevance to food scientists. A feeling for the major factors which determine
the properties of food emulsions can often be gained by programming these theories onto a
personal computer and systematically examining the role that each physical parameter plays
in the equation.

©1999 CRC Press LLC



2 Molecular Interactions

2.1. INTRODUCTION

Althoughfood scientistshavesomecontrol overthefinal propertiesof a product,they mug

work within the physicalconstraintssetby nature(i.e., thecharacteristic®f the individud
moleculesand the type of interactionsthat occur betweenthem). Thereis an increasity
awareneswithin the food industry that the efficient productionof foods with improved

quality depend®n a betterunderstandingf the molecularbasis oftheir bulk physicochemi
calandorganoleptigropertiegBaianu1992, Kokinietal. 1993,Eads1994).Theindividud
moleculeswithin a food emulsioncaninteractwith eachotherto form a variety of different
structuralentities(Figure2.1). A moleculemaybepartof abulk phasewnhereit is surrounded

by molecules of the same type, it may be part of a mixture where it is surrounded by
molecules of a different type, it may be part of an electrolyte solution where it is surrounded
by counterions and solvent molecules, it may accumulate at an interface between two phases,
it may be part of a molecular aggregate dispersed in a bulk phase, it may be part of a three-
dimensional network that extends throughout the system, or it may form part of a complex
biological structure (Israelachvili 1992). The bulk physicochemical properties of food emul-
sions depend on the nature, properties, and interactions of the structures formed by the
molecules. The structural organization of a particular set of molecules is largely determined
by the forces that act between them and the prevailing environmental conditions (e.g.,
temperature and pressure). Nevertheless, foods are rarely in their most thermodynamically
stable state, and therefore the structural organization of the molecules is often governed by
various kinetic factors which prevent them from reaching the arrangement with the lowest
free energy(Section1.2.1). For this reasonthe structuralorganizationof the moleculesin

foods is largely dependent on their previous history (i.e., the temperatures, pressures, gravity,
and applied mechanical forces experienced during their lifetime). To understand, predict, and
control the behaviorof food emulsionsijt is importantto be awareof the origin and nature

of the forces responsible for holding the molecules together and how these forces lead to the
various types of structures found in food emulsions. Only then will it be possible to create
and stabilize foods that have internal structures that are known to be beneficial to food
quality.

2.2. FORCES OF NATURE

There are four distinct types of force in nature: strong nuclear interactions, weak nuclear
interactions, electromagnetic interactions, and gravity (Israelachvili 1992, Atkins 1994). The
strong and weak nuclear forces act over extremely short distances and are chiefly responsible
for holding together subatomic particles in the nucleus. As nuclear rearrangements do not
normally occur in foods, these forces will not be considered further. Gravitational forces are
relatively weak and act over large distances compared to other types of forces. Their strength
is proportional to the product of the masses of the objects involved, and consequently they

©1999 CRC Press LLC



Molecular Adsorption
Aggregate to interface

FIGURE 2.1 The molecules in food emulsions may adopt a variety of different structural arrange-
ments depending on the nature of their interactions with their neighbors.

are insignificant at the molecular level because molecular masses are extremely small.
Nevertheless, they do affect the behavior of food emulsions at the macroscopic level (e.g.,
sedimentation or creaming of droplets, the shape adopted by large droplets, meniscus forma-
tion, and capillary rise) (Israelachvili 1992). The forces that act at the molecular level are all
electromagnetic in origin and can conveniently be divided into four types: covalent, electro-
static, van der Waals, and steric overlap (Hiemenz 1986, Israelachvili 1992, Atkins 1994).
Despite acting over extremely short distances, often on the order of a few angstroms or less,
intermolecular forces are ultimately responsible for the bulk physicochemical and organolep-
tic properties of emulsions and other food materials.

2.3. ORIGIN AND NATURE OF MOLECULAR INTERACTIONS

2.3.1. Covalent Interactions

Covalent bonds involve the sharing of outer-shell electrons between two or more atoms, so
that the individual atoms lose their discrete nature (Karplus and Porter 1970, Atkins 1994).
The number of electrons in the outer shell of an atom govemaléscy(i.e., the optimum
number of covalent bonds it can form with other atoms). Covalent bonds nsayuipated

or unsaturateddepending on the number of electrons involved. Unsaturated bonds tend to
be shorter, stronger, and more rigid than saturated bonds (Israelachvili 1992). The distribution
of the electrons within a covalent bond determinegdtarity. When the electrons are shared
equally among the atoms, the bond has a nonpolar character, but when the electrons are
shared unequally, the bond has a polar character. The polarity of a molecule depends on the
symmetryof the various covalentbondswhich it contains(see Section2.3.2). Covalent

bonds are also characterized by thdinectionality (i.e., their tendency to be directed at
clearly defined angles relative to each other). The valency, saturation, polarity, strength, and
directionality of covalent bonds determine the three-dimensional structure, flexibility, chemi-
cal reactivity, and physical interactions of molecules.

Chemical reactions involve the breaking and formation of covalent bonds (Atkins 1994).
The bulk physicochemical and organoleptic properties of food emulsions are altered by
various types of chemical and biochemical reactions that occur during their production,
storage, and consumption (Coultate 1996; Fennema 1996; Fennema and Tannenbaum 1996a,b).
Some of these reactions are beneficial to food quality, while others are detrimental. It is
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thereforeimportantfor food scientiststo be awareof the varioustypesof chemicalreaction
thatoccurin food emulsionsandto establishtheir influenceon the overall propertiesof the
system. The chemical reactions which occur in food emulsions are similar to those that occur
in any othermulticomponenteterogeneou®od materials(e.g.,oxidationof lipids [Nawar

1996], hydrolysisof proteinsor polysaccharidefDamodaranl996, BeMiller and Whistler
1996],cross-linkingof proteingiDamodarari996],andMaillard reactionsbetweerreducing
sugarsand free amino groups[BeMiller and Whistler 1996]). Neverthelessthe ratesand
pathwaysof thesereactionsare often influencedby the physicalenvironmentof the mol-
eculesnvolved(e.g.,whethertheyarelocatedn theoil, water,or interfacialregion)(Wedzicha

1988).

Until fairly recently,emulsionscientistsvereprincipally concerneavith understandinghe
physicalchangesvhich occurin food emulsions ratherthanthe chemicalchangesNever-
theless,thereis currently greatinterestin establishingthe relationshipbetweenemulsion
propertiesandthemechanismsf variouschemicakeactionghatoccurwithin them(Wedzicha
etal. 1991, Couplandand McClements1996, Landy et al. 1996,Huanget al. 1997).

Despitethe importanceof chemicalreactionsin emulsionquality, it shouldbe stressed
that many of the mostimportantchangesn emulsionpropertiesare a resultof alterations
in the spatial distribution of the molecules,ratherthan the result of alterationsin their
chemical structure(e.g., creaming,flocculation, coalescenceand phaseinversion). The
spatialdistributionof moleculesis governedprincipally by their noncovalen{or physical)
interactionswith their neighborde.g.,electrostaticyvander Waals,andstericoverlap).lt is
thereforeparticularlyimportantto havea good understandingf the origin and natureof
theseinteractions.

2.3.2. Electrostatic Interactions

Electrostatidnteractionsoccurbetweermolecularspecieghatpossesa permanentlectrical

charge suchasionsandpolarmoleculegMurrell andBoucher1982,Reichardt1l988,Rogers
1989).An ion is anatomor moleculethat haseitherlost or gainedone or more outer-shell
electronsso that it obtainsa permanenpositive or negativecharge(Atkins 1994) (Figure

2.2). A polarmoleculehasno netcharge(i.e., asawhole,the moleculeis neutral),butit does

have an electricalipole because of an uneven distribution of the charges within it. Certain
atoms are able to “pull” the electrons in the covalent bonds toward them more strongly than
are other atoms (Atkins 1994). As a consequence, they acquire a partial negative charge
(&), and the other atom acquires a partial positive change I the partial charges within

a molecule are distributed symmetrically, they cancel each other and the molecule has no
dipole (e.g., CQ), but if they are distributed asymmetrically, the molecule will have a dipole

Ion-ion

Ion-dipole

FIGURE 2.2 Schematic representation of the most important types of intermolecular electrostatic
interactions that arise between molecules.
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(Israelachvili 1992). For example, the chlorine atom in HCI pulls the electrons in the covalent
bond more strongly than the hydrogen atom, and so a dipole is fordi€@®-HThe strength

of a dipole is characterized by ttigole momeni = gl, wherel is the distance between two
chargesyt andq-. The greater the magnitude of the partial charges, or the farther they are
apart, the greater the dipole moment of a molecule.

The interaction between two molecular species is characterizedibieanolecular pair
potential, ws), which is the energy required to bring two molecules from an infinite distance
apart to a separatia(Israelachvili 1992). There are a number of different types of electro-
static interactions that can occur between permanently charged molecular species (ion—ion,
ion—dipole, and dipole—dipole), but they can all be described by a similar equation (Hiemenz
1986):

QR

R

2.1)

whereQ,; andQ, are the effective charges on the two speeiess, the dielectric constant of
a vacuum (8.8% 1012 C? ! m), &g is the relative dielectric constant of the intervening
medium, s is the center-to-center distance between the charges) @ndn integer that
depends on the nature of the interaction. For ions, the val@isfdetermined by their
valency ) and electrical charge)((1.602x 101° C), whereas for dipoles, it is determined
by their dipole moment and orientation (Table 2.1). Numerical calculations of the intermo-
lecular pair potential for representative ion—ion, ion—dipole, and dipole—dipole interactions
are illustrated in Figure 2.3a.

Examination of Equation 2.1 and Figure 2.3a provides a number of valuable insights into
the nature of intermolecular electrostatic interactions and the factors which influence them:

1. They may be either attractive or repulsive depending on the sign of the charges.
If the charges have similar signes(s) is positive and the interaction is repulsive,
but if they have opposite signsg(s) is negative and the interaction is attractive.

2. Their strength depends on the magnitudes of the charges invQlyeshdQ,).
Thus, ion—ion interactions are stronger than ion—dipole interactions, which are in
turn stronger than dipole—dipole interactions. In addition, the strength of interac-
tions involving ions increases as their valency increases, whereas the strength of
interactions involving polar species increases as their dipole moment increases.

TABLE 2.1

Parameters Needed to Calculate the Interaction Pair
Potential for lon-lon, lon-Dipole, and Dipole-Dipole
Electrostatic Interactions Using Equation 2.1 (see also

Figure 2.3a)

Interaction type Example Q1Q: n
lon—ion Na& Ck (z2€) (z20) 1
lon—dipole Na H,O (z1€) Y2 cos@ 2
Dipole—dipole HO H0 Hap2 F (@) 3

Note zis the valencgy is the dipole momengis the electronic charge, apd
is the angle between the charges.
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FIGURE 2.3 Dependence of the intermolecular pair potential on intermolecular separation for (a)
electrostatic, (b) van der Waals, and (c) steric overlap interactions.

3. Their strengthincreasesasthe center-to-centeseparatiorof the chargedspecies
decreased hus,interactiondetweersmallionsor moleculegwhich cangetclose
together)are strongerthan those betweenlarge ions or moleculesof the same
charge.

4. Therangeof ion—ion(1/s) interactionds longerthanthatof ion—dipoleinteractions
(1/s?), which is longerthanthat of dipole—dipoleinteractions(1/s%).

5. Theirstrengthdepend®nthenatureof thematerialseparatinghe chargegvia £y):
the higherthe relative dielectric constantthe weakerthe interaction(Table 2.2).
Electrostatic interactions between two charged species in water §0) are
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FIGURE 2.3 (continued)

therefore much weaker than those between the same speciesjr=dll)( which
accounts for the much higher solubility of salts in water than in nonpolar solvents
(Israelachvili 1992).

6. Their strength depends on the orientation of any dipoles involved, being strongest
when partial charges of opposite sign are brought close together. When the elec-
trostatic interaction between a dipole and another charged species is much stronger
thanthe thermalenergy(Section2.5), the dipole becomegermanenthalignedso
as to maximize the strength of the attraction. This alignment of dipoles is respon-
sible for the high degree of structural organization of molecules in bulk water and
the orderingof water moleculesaroundions in aqueoussolutions(Chapter4).

The ionization of many biological molecules depends on the pH of the surrounding
aqueous phase, and so electrostatic interactions involving these molecules are particularly
sensitive to pH (Nakamura 1996; Damodaran 1989, 1994, 1996, 1997). For example, a
protein may exist as an individual molecule in solution when the pH is sufficiently far from
its isoelectric point because of strong electrostatic repulsion between the protein molecules,
but it may precipitate when the pH of the solution is close to its isoelectric point because the
electrostatic repulsion between the molecules is no longer strong enough to prevent them
from aggregating (Kinsella 1982, Kinsella and Whitehead 1989, Damodaran 1996). The
strength of electrostatic interactions between molecules suspended in an aqueous solution is
also sensitive to the type and concentration of electrolyte present (Bergethon and Simons
1990, de Wit and van Kessel 1996). A charged molecule tends to be surrounded by oppositely
charged ions (counterions), which effectively “screen” (reduce) the electrostatic interaction
betweenother moleculesof the sametype (Chapter3).

Electrostatic interactions play an extremely important role in determining the overall
properties of food emulsions because many of the major constituents of these products are
either ionic or dipolar (e.g., water, sugars, salts, proteins, polysaccharides, surfactants, acids,
and bases) (Fennema 1996a). The unique physiochemical properties of water are governed
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TABLE 2.2
Compilation of Molecular Properties of Some Common Liquids
and Solutes Needed to Calculate Intermolecular Interactions

Static Relative Dielectric Constants(eg)

Wate 785 Chlorofom 4.8
Ethyleneglycd 407 Edible oils 25
Methand 326 Carbontetrachlorig 2.2
Ethand 243 Liquid paraffin 2.2
Acetore 207 Dodecae 2.0
Propanod 202 Hexare 1.9
Acetic acid 6.2 Air 1.0

Molecular Diameters, Polarizabilities, and Dipole Moments

Molecule type o (nm) o/dwey (x10730 m3) r (D?)
H,0O 0.28 1.48 1.85
CH, 0.40 2.60 0
HCI 0.36 2.63 1.08
CHLCl 0.43 4.5% 1.87
ccl, 0.% 105 0
NHs 0.36 2.26 1.47
Methand 0.42 32 1.69
Ethand b 52 1.69
Acetore b 6.4 2.85
Benzer 0.53 104 0

a D=3.336x10%Cm.
b Cannotbe treatedas spheres.
Takenfrom Israelachvilil992andBuffler 1995.

by relatively strongdipole—dipoleinteractionswhich causethe water moleculesto become
highly organized Chapterd). Theaccumulatiorandorganizatiorof watermoleculesaround
solutesaredeterminedy varioustypesof dipole—dipoledipole—ion,andion—ioninteractions
(Chapterd). The“screening’of electrostatidnteractiondetweerchargedcemulsiondroplets
is dueto the attractionof counteriongo the surfaceof the droplets(Chapters3 and7). The
conformationandinteractionsof biopolymersin aqueoussolutionare governedby electro-
staticinteractionsbetweenthe chargedgroupsand the surroundingmolecules(Chapter4).
Theseexampleshighlight the importanceof understandinghe origin and natureof electro-
staticinteractionsin food emulsions.

2.3.3. van der Waals Interactions

vanderWaalsforcesactbetweerall typesof molecularspecieswhethertheyareionic, polar,
or nonpolar(Hiemenz1986, Israelachvili1992). They are convenientlydivided into three
separatecontributions,which all rely on the polarizationof molecules(Figure 2.4):

1. Dispersion forces. These forces arise from the interaction between an instanta-
neous dipole and a dipole induced in a neighboring molecule by the presence of
the instantaneous dipole. The electrons in a molecule are continually moving
around the nucleus. At any given instant in time, there is an uneven distribution of
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FIGURE 2.4 Schematic representation of van der Waals intermolecular interactions which involve
either the electronic or orientational polarization of molecules.

the negativelychargedelectronsaroundthe positively chargedhucleus,andsoan
instantaneoa dipole is formed. This instantaneouslipole generatesn electrical
field which inducesa dipolein a neighboringmolecule.Consequentlythereis an
instantaneouattractiveforce betweerthe two dipoles.On averagethe attraction
betweenthe moleculesis thereforefinite, eventhoughthe averagenet chargeon
the moleculesinvolved is zero.

2. Induction forces. Theseforcesarisefrom the interactionbetweena permanent
dipole and a dipole inducedin a neighboringmoleculeby the presenceof the
permanentdipole. A permanentipole causesan alterationin the distribution of
electronsof a neighboringmolecule,which leadsto the formation of aninduced
dipole. The interaction between the permanent dipole and the induced dipole leads
to an attractiveforce betweenthe molecules.

3. Orientation forces. Theseforcesarisefrom the interactionbetweentwo perma-
nentdipolesthatarecontinuouslyrotating.On averagetheserotatingdipoleshave
no netcharge but thereis still a weakattractiveforce betweenthembecausahe
movemenbf onedipoleinducessomecorrelationin the movemenbf a neighbor-
ing dipole.Whentheinteractionbetweerthetwo dipolesis strongenoughto cause
themto be permanentlyaligned,this contributionis replacedby the electrostatic
dipole—dipoleinteractiondescribedn the previoussection.

As will be seenin the next chapter,an understandingf the origin of thesethreecontri-
butions to the van der Waals interaction has important consequencefor predicting the
stability of emulsiondropletsto aggregation.

The overall intermoleculampair potentialdueto van der Waalsinteractionsis given by:

_(Cdisp + Cipg + Corient)
(41 0ER) % S°

Wypw (8) = (2.2)

where Cyig;,, Cing, @and Coyiey are constantswhich dependon the dispersion,induction, and
orientation contributions,respectively(Hiemenz 1986). Their magnitudedependson the
dipole moment(for permanendipoles)and the polarizability (for induceddipoles)of the
moleculesinvolved in the interaction(Table 2.2). The polarizability is a measureof the
strength of the dipole induced in a molecule when it is in the presence of an electrical field:
the larger the polarizability, the easier it is to induce a dipole in a molecule. For most
biological molecules, the dominant contribution to the van der Waals interaction is the
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dispersion force, with the important exception of water, where the major contribution is from
the orientationforce (Israelachvili 1992). Examinationof Equation?2.2 and Figure 2.3b
providessome useful physicalinsightsinto the factors that influence the van der Waals
interactionsbetweenmolecules:

1. Thevalueof Cyg, Ci\q, andC,,, is alwayspositive,which meanghatthe overall
interactionpotentialbetweentwo moleculesis alwaysnegative(attractive).

2. Theinteractionis relatively short range,decreasingapidly with intermolecular
separation(1/sf).

3. Theattractionbetweermoleculesdecreaseasthe dielectricconstanf theinter-
veningmediumincreaseswhich highlightsthe electromagnetiorigin of van der
Waalsinteractions.

4. Themagnitudeof theinteractionincreasessthe polarizabilityanddipolemoment
of the moleculesinvolved increase.

Although van der Waalsinteractionsact betweenrall typesof molecularspeciesthey are
considerablyweaker than electrostaticinteractions(Figure 2.3 and Table 2.3). For this
reason, they are most important in determining interactions between nonpolar molecules,
where electrostatic interactions do not make a significant contribution. Indeed, the structure
and physicochemical properties of organic liquids are largely governed by the van der Waals
interactions between the molecules (Israelachvili 1992).

All types of van der Waals interaction involve either the electronic or orientational polar-
ization of molecules and have as®ldependence on intermolecular separation (Hiemenz
1986). Another type of interaction that depends on molecular polarization but which does not
have a 19° dependence on intermolecular separatioarigolarization(Israelachvili 1992).
Although this type of interaction is not strictly a van der Waals interaction, it is convenient
to consider it in this section because it also involves polarization. A positively charged ion
causes the electrons in a neighboring molecule to be pulled toward it, thus inducing a dipole
whosed™ pole faces toward the ion. Similarly, a negatively charged ion causes the electrons
in a neighboring molecule to be repelled away from it, thus inducing a dipole whpske
faces toward the ion. Thus there is an attractive force between the ion and the induced dipole
because of electronic polarization. For polar molecules, there may be an additional contribu-
tion due to orientational polarization. When the interaction between an ion and a dipole is not
strong enough to cause the dipole to become permanently aligned, the dipole continuously
rotatesbecausef its thermalenergy(Section2.5). On averagethereis no netchargeon a
rotating dipole because of its continuous rotation, but in the presence of an ion there is a net
attraction between the ion and the dipole because the low-energy orientations are preferred
(Israelachvili 1992). When the interaction between the ion and the dipole is strong enough
to cause the dipole to be permanently aligned, this contribution should be replaced by the
electrostatic ion—dipole interaction described in the previous section.

The intermolecular pair potential for ion polarization is given by:

_ —(z9)? p2
Wip (9) = W%o + %@ (2.3)

where then, term is the contribution from the electronic polarizability of the molecule and
the u%/3kT term is the contribution from the orientational polarizability. For nonpolar mol-
ecules, only the electronic polarization term contributes to this interaction, but for polar
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molecules, both electronic and orientational polarization contribute. This type of interaction

is significantly stronger than the van der Waals interactions mentioned above and should
therefore be included in any calculation of the interaction energy between molecules involv-
ing ions.

2.3.4. Steric Overlap Interactions

When two atoms or molecules come so close together that their electron clouds overlap, there
is an extremely large repulsive force generated between them (Figure 2.3c). This steric
overlap force is very short range and increases rapidly when the separation between the two
molecules becomes less than the sum of their radi (; + r,). A number of empirical
equations have been derived to describe the dependence of the steric overlap intermolecular
pair potentialw,..i{S), on molecular separation (Israelachvili 1992). The “hard-shell” model
assumes that the repulsive interaction is zero when the separation is greaterbikitan
infinitely large when it is less tham:

_gorf
Wsteric(s) - D;D (2-4)

In reality, molecules are slightly compressible, and so the increase in the steric overlap
repulsion is not as dramatic as indicated by Equation 2.4. The slight compressibility of
molecules is accounted for by a “soft-shell” model, such as the power-law model:

2
no o
Wsteric(s) = DED (2.5)

At separations greater than the steric overlap repulsion is negligible, but at separations
less than this value, there is a steep increase in the interaction pair potential, which means that
the molecules strongly repel one another. The strong repulsion that arises from steric overlap
determines the effective size of atoms and molecules and how closely they can come together.
It therefore has a strong influence on the packing of molecules in liquids and solids.

2.4. OVERALL INTERMOLECULAR PAIR POTENTIAL

We are now in a position to calculate the overall interaction between a pair of molecules.
Assuming that no chemical reactions occur between the molecules, the overall intermolecular
pair potential is the sum of the various physical interactions mentioned above:

W(S) = WE(s + W/DV( $ + Weric( )5 (2-6)

The magnitude of each of the individual contributions to the overall interaction potential
is strongest at close separations and decreases as the molecules move apart. Nevertheless, the
overall intermolecular pair potential has a more complex dependence on separation, which
may be attractive at some separations and repulsive at others, because it is the sum of a
number of interactions which each have different magnitudes, ranges, and signs.

To highlight some of the most important features of intermolecular interactions, it is
useful to consider the interaction of a pair of spherical nonpolar molecules (i.e., no electro-
static interactions). The overall intermolecular pair potential for this type of system is given
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FIGURE 2.5 Intermoleculapair potentialfor a pair of sphericahonpolamoleculesThecurveswere
calculated assuming typical values for the constats: 1077 J nf andB = 10134 J ni2

by an expressionknown as the Lennard—Jonegotential (Bergethonand Simons 1990,
Baianu1992):

-A B
oy =

w(s) = s Tz (2.7)

wherethe A termrepresentshe contributionfrom the van der Waalsinteractions(Equation
2.2) andthe B termrepresentshe contributionfrom the stericoverlapinteraction(Equation
2.5). Thedependencef theintermoleculaipair potentialon separatiornis illustratedin Figure

2.5. ThevanderWaalsinteractionsareattractiveat all separationsyhereaghestericoverlap
interactionsare repulsive.At large separationsyw(s) is so small that thereis no effective

interactionbetweenthe molecules.As the moleculesare broughtclosertogether,the pair

potentialbecomesncreasinglyattractive(negative)becausehe van der Waalsinteractions
dominate Eventually,the moleculesget so closetogetherthat their electroncloudsoverlap
andthe pair potentialbecomesstrongly repulsive(positive) becausesteric overlapinterac-
tionsdominate Consequentlythereis aminimumin the overallintermoleculaipair potential
at someintermediateseparation(s*). Two moleculeswill tendto remainassociatedn this

potentialenergyminimumin theabsencef anydisruptiveinfluencegsuchasthermalenergy
or appliedexternalforces),with a “bond length” of s* anda “bond strength”of w(s*).

It is oftenmoreconveniento describgheinteractionbetweera pair of moleculesn terms
of forces ratherthan potential energies (Israelachvili1992). The force acting betweentwo
moleculeansimply be calculatedrom theintermoleculapair potentialusingthefollowing
relationship:F(s) = —-dw(s)/ds. The minimumin the potentialenergycurvethereforeoccurs
at a separationwherethe netforce acting betweenthe moleculess zero(i.e., the attractive
and repulsive forces exactly balance). If the molecules move closer together, they experience
arepulsiveforce, andif they movefartherapart,they experiencean attractiveforce.
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2.5. BOND STRENGTHS AND THE ROLE OF THERMAL ENERGY

The molecules in a substance are in continual motion (translational, rotational, and vibra-
tional) because of their thermal energ¥) (Israelachvili 1992, Atkins 1994). The thermally
induced movement of molecules has a disorganizing influence, which opposes the formation
of intermolecular bonds. For this reason, the strength of intermolecular interactions is usually
judged relative to the thermal energf:= 4.1 x 1024 kJ per bond oRT= 2.5 kJ motl. If
the bond strength is sufficiently greater thkdnthe molecules will remain together, but if it
is sufficiently smaller, they will tend to move apart. At intermediate bond strengths, the
molecules spend part of their time together and part of their time apart (i.e., bonds are rapidly
breaking and reforming).

The bond strengths of a number of important types of intermolecular interaction are
summarized in Table 2.3. In a vacuum, the strength of these bonds decreases in the following
order: ion—ion, covalent > ion—dipofedipole—dipole> van der Waals. With the exception

TABLE 2.3
Approximate Bond Strengths for Some of the Most Important Types
of Molecular Interactions That Occur in Foods at Room Temperature

In vacuum In water
Type of w(s*) w(s*) w(s*) w(s*)

interaction (k) mol-") (RT) (k) mol-) (RT)
Covalent bonds
Cc-0 340 140
c-C 360 140
C-H 430 170
O-H 460 180
c=C 600 240
C=N 870 350
Electrostatic ion—ion
Na" CI- 500 200 6.3 2.5
Mg?* CI- 1100 460 14.1 5.7
Al3* CI- 1800 730 22.5 9.1
lon—dipole
Na* H,0 97 39 1.2 0.5
Mg?* H,0 255 103 3.2 1.3
Al3* H,0 445 180 5.6 2.3
Dipole—dipole
H,0O H,0O 38 15 0.5 0.2
lon polarization
Na* CH, 24 10
van der Waals
CH, CH, 1.5 0.60
CeH14 CsH14 7.4 3.0
CioHy6 CoHog 14.3 5.7
CygH35 CigH3g 21.2 6.1
CH, H,O 2.6 0.7
H,O H,0 17.3 6.9

Note All dipole interactions assuming that the molecules are aligned so they get maximum
attraction. van der Waals forces calculated from Israelachvili (1992) assuminggt)ds
approximately equal to the cohesive energy over 6.
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of methaneg(a small nonpolarmolecule),the bondsbetweenthe moleculesshownin Table
2.3aresufficiently strong(comparedo the thermalenergy)to hold themtogetherin aliquid

or solid. It mustbe stressedhat the strengthof the electrostaticandvan der Waalsinterac-
tionsbetweermoleculesdecreaseappreciablywhentheyaresurroundedy a solventrather
thanavacuum especiallywhenthe solventhasa high dielectricconstantThe strengthof the
electrostatignteractionbetweemmoleculedispersedn wateris about80 timeslessthanthat
in avacuumbecausef the high relative dielectricconstaniof water (g = 80). This largely
accountdor thehighwatersolubility of manyionic crystals(Israelachvilil992).Thestrength
of ion—dipoleinteractionshetweermoleculesdispersedn wateris usuallysufficiently large
(comparedo the thermalenergy)to causewatermoleculesin the immediatevicinity of an
ion to be attractedo its surfaceandto becomealigned,especiallywhentheion is smalland
highly charged(Chapter4). Even sometypesof dipole—dipoleinteractionare sufficiently
strongin waterto causea high degreeof structuralorganizationof the molecules(e.g.,the
tetrahedraktructureformedin bulk water) (Chapter4).

The strengthof van der Waalsinteractionsis alsoreducedwhenthe moleculesinvolved
aresurroundedy a solvent(Israelachvilil992).At largeseparationbetweerthe molecules,
thevanderWaalsinteractionbetweeroil moleculess reducedoy afactorof about20 when
they aresurroundedy waterratherthana vacuum(Israelachvilil992). At presentthereis
notheorythatcanaccuratelyaccountor thereductionin vanderWaalsinteractionsbetween
moleculeswhich are in close contactwithin a solvent. Neverthelesswe can reasonably
postulatethat van der Waalsbondsin a solventare very weak andthat only for relatively
largemoleculeswill theseinteractionshe strongenoughto hold the moleculesogetherThis
accountdfor the fact that the volatility of moleculesincreasesstheir molecularweight or
polarity decreasesglsraelachvili1992).

2.6. THE STRUCTURAL ORGANIZATION OF MOLECULES
IN LIQUIDS

2.6.1. Thermodynamics of Mixing

In food emulsions,we are usually concernedwith the interactionsof large numbersof
molecules in a liquid, rather than between a pair of isolated molecules in a vacuum. We must
therefore consider the interaction of a molecule with its neighbors and how these interactions
determinethe overall organizationof the moleculeswithin a liquid (Murrell and Boucher
1982, Murrell and Jenkins1994, Evansand Wennerstrom1994). The behaviorof large
numbersof moleculesat equilibrium canbe describedby statisticalthermodynamicgSears
and Salinger1975, Atkins 1994). A molecularensemblgendsto organizeitself so thatthe
moleculesarein an arrangementhich minimizesthe free energyof the system.The free
energyof a molecularensembleis governedby both enthalpyand entropy contributions
(Bergethonand Simons1990). The enthalpycontributionsare determinedoy the molecular
interactionenergiediscusse@bove,while the entropycontributionsare determinedoy the
tendencyof a systemto adoptits mostdisorderedstate.

Considera hypotheticalsystemthat consistsof a collection of two different types of
equallysizedsphericaimoleculesA andB (Figure2.6). The free energychangethatoccurs
when these molecules are mixed is given by:

AGx = AEmx — TA S« (2.8)

whereAE,, andAS,,, are the differences in the molecular interaction energy and entropy of
the mixed and unmixed states, respectively. Practically, we may be interested in whether the
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FIGURE 2.6 Systemin which two typesof moleculesmay be completelymiscibleor form aregular
solution depending on the strength of the interactions between them and the entropy of mixing.

resultingsystemconsistsof two immiscibleliquids or is a mixture wherethe moleculesare
more or lessintermingled(Figure 2.6). Thermodynamicgells us thatif AG,,, is positive,
mixing is unfavorableandthe moleculestendto existastwo separatehaseqi.e., they are
immiscible); if AG,,, is negative,mixing is favorableand the moleculestendto be inter-
mingledwith eachother(i.e., they aremiscible);andif AG,,;, = 0, the moleculesarepartly
miscibleandpartly immiscible.For simplicity, we assumehatif the two typesof molecules
do intermingle with eachother, they form a regular solution (i.e., a completelyrandom
arrangementf the molecules)Figure2.6 right) ratherthananorderedsolution,in which the
type A moleculesarepreferentiallysurroundedby type B moleculesor vice versaln practice,
this meansthat the attractiveforcesbetweenthe two different typesof moleculesare not
muchstrongerthanthe thermalenergyof the system(Atkins 1994,EvansandWennerstrom
1994).Thisarguments thereforeonly applicableio mixturesthatcontainnonpolaror slightly
polar moleculeswherestrongion—ion or ion—dipoleinteractionsdo not occur. Despitethe
simplicity of this model system,we canstill gain considerablansightinto the behaviorof
more complex systemsthat are relevantto food emulsions.In the following sections,we
separatelyconsiderthe contributionsof the interactionenergyandthe entropyto the overall
free energychangethat occurson mixing.

2.6.2. Potential Energy Change on Mixing

An expressiorfor AE,;, canbe derivedby calculatingthe total interactionenergyof the
moleculesbeforeand after mixing (Israelachvilil992, Evansand Wennerstroml994). For
both the mixed and the unmixed system,the total interaction energyis determinedby
summingthe contributionof eachof the different typesof bond:

E = NaaWaa + NggWeg + MgWag (2.9)

where n,,, Ngg, and n,g are the total numberof bonds,and wy,, Wgg, and w,g are the

intermolecularpair potentialsat equilibrium separatiorthat correspondo interactionsbe-
tweenA-A, B-B, and A-B moleculesyespectively The total numberof eachtype of bond
formedis calculatedfrom the numberof moleculespresentin the system the coordination
numberof the individual molecules(i.e., the numberof moleculesin direct contactwith

them),andtheir spatialarrangementt-or example,many of the A—A and B-B interactions
thatoccurin the unmixedsystemarereplacedoy A-B interactiondgn the mixedsystem.The
differencein the total interactionenergy betweenthe mixed and unmixed statesis then
calculated:AE, s = E.ix — Eunmixa- THis type of analysisleadsto the following equation
(Evansand Wennerstroml994).

AE i = N¥ %W (2.10)
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wheren is the total number of moleg; is theeffective interaction parameteand X, and

Xg are the mole fractions of molecules of typandB, respectively. The effective interaction
parameter is a measure of the compatibility of the molecules in a mixture and is related to
the intermolecular pair potential between isolated molecules by the expression

W= ZN[We ~ 5 (Wa + g)] (2.12)

where z is the coordination number of a molecule a is Avogadro’s number. The
effective interaction parameter determines whether the transfer of a molecule from a liquid
where it is surrounded by similar molecules to one in which it is partly surrounded by
dissimilar molecules is favorable (s negative), unfavorablev(is positive), or indifferent

(w = 0). It should be stressed that even though there may be attractive forces between all the
molecules involved (i.ewas, Wgg, @andw,g may all be negative), the overall interaction
potential can be either negative (favorable to mixing) or positive (unfavorable to mixing)
depending on theelative magnitude of the interactions. If the strength of the interaction
between two different types of moleculesy) is greater (more negative) than the average
strength between similar moleculeg{ < [was + Wggl/2), thenw is negative, which favors

the intermingling of the different types of molecules. On the other hand, if the strength of the
interaction between two different types of molecules is weaker (less negative) than the
average strength between similar molecwag & [was + Wgg]/2), thenw is positive, which

favors phase separation. If the strength of the interaction between different types of molecules
is the same as the average strength between similar molecyles [w,, + wgg]/2), then

the system has no preference for any particular arrangement of the molecules within the
system. In summary, the change in the overall interaction energy may either favor or oppose
mixing, depending on the relative magnitudes of the intermolecular pair potentials.

2.6.3. Entropy Change on Mixing

An expression foAS,,, is obtained from simple statistical considerations (Israelachvili 1992,
Evans and Wennerstrom 1994). The entropy of a system depends on the number of different
ways the molecules can be arranged. For an immiscible system, there is only one possible
arrangement of the two different types of molecules (i.e., zero entropy), but for a regular
solution, there are a huge number of different possible arrangements (i.e., high entropy). A
statistical analysis of this situation leads to the derivation of the following equation for the
entropy of mixing:

ASw = -NR % In X + %In X) (2.12)

AS,,, is always positive becau¥g andX; are both between zero and one (so that the natural
logarithm terms are negative), which reflects the fact that there is always an increase in
entropy after mixing. For regular solutions, the entropy contributiond%,) always de-
creases the free energy of mixing (i.e., favors the intermingling of the molecules). It should
be stressed that for more complex systems, there may be additional contributions to the
entropy due to the presence of some order within the mixed state (e.g., organization of water
moleculesarounda solute molecule)(Chapter4).

2.6.4. Free Energy Change on Mixing

For a regular solution, the free energy change on mixing depends on the combined contribu-
tions of the interaction energies and the entropy:

©1999 CRC Press LLC



DG =M% X W+ RTX, In Xy + Xg In X)) (2.13)

We are now in a position to investigatethe relationshipbetweenthe strengthof the
interactionsbetweermoleculesandtheir structuralorganization The dependencef thefree
energyof mixing on the effective interactionparameterand the compositionof a system
consistingof two differenttypesof moleculess illustratedin Figure2.7. The moleculesare
completelymiscible whenthe free energyof mixing is negativeandlarge comparedo the
thermal energy, are partly miscible wh&@,,,, = 0, and are completely immiscible when the
free energyof mixing is positive and large comparedto the thermal energy.Figure 2.7
indicates that mixing occurs even when the effective interaction parameter is zero, because
of the contribution of the entropy of mixing term. This accounts for the miscibility of liquids
in which the interactions between the two types of molecules are fairly similar (e.g., two
nonpolar oils). Two liquids are completely immiscible when the effective interaction param-
eter is large and positive. The above approach enables us to use thermodynamic consider-
ations to relate bulk physicochemical properties of liquids (such as immiscibility) to molecu-
lar properties (such as the effective interaction parameter and the coordination nhumber).

2.6.5. The Properties of More Complex Systems

The derivation of Equation 2.13 depends on making a number of simplifying assumptions
about the properties of the system that are not normally valid in practice (e.g., that the
molecules are spherical, that they all have the same size and coordination number, and that
there is no ordering of the molecules within the mixture) (Israelachvili 1992). It is possible

Mixing
Unfavorable
1 1 w = 6RT
T T =
e ~
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& 0 /./ T~ ‘\.
& e £ R g - e '
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FIGURE 2.7 Dependence of the free energy of mixing (calculated using Equation 2.13) on the
composition and effective interaction parameter of a binary liquid. \&@eR is much less thanRT,
the system tends to be mixed; otherwise, it will be partly or wholly immiscible.
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to incorporate some of these features into the above theory, but a more elaborate mathemati-
cal analysis is required. Food molecules come in all sorts of different sizes, shapes, and
flexibilities. They may be nonpolar, polar, or amphiphilic; they may have specific binding
sites; or they may have to be in a certain orientation before they can interact with their
neighbors. In addition, a considerable degree of structural organization of the molecules
within a solvent often occurs when a solute is introduced. The variety of molecular charac-
teristics exhibited by food molecules accounts for the great diversity of structures that are
formed in food emulsions, such as bulk liquids, regular solutions, organized solutions,
micelles, molecular networks, and immiscible liquids (Figure 2.1).

Another problem with the thermodynamic approach is that food systems are rarely at
thermodynamic equilibrium because of the presence of various kinetic energy barriers that
prevent the system from reaching its lowest energy state. This approach cannot therefore tell
us whether or not two liquids will exist as an emulsion, because an emulsion is a thermody-
namically unstable system. Nevertheless, it can tell us whether two liquidazeleof
forming an emulsion (i.e., whether they are immiscible or miscible). Despite the obvious
limitations of the simple thermodynamic approach, it does highlight some of the most
important features of molecular organization, especially the importance of considering both
interaction energies and entropy effects.

2.7. MOLECULAR INTERACTIONS AND CONFORMATION

So far, we have only considered the way that molecular interactions influence the spatial
distribution of molecules in a system. Molecular interactions can also determine the three-
dimensional conformation and flexibility of individual molecules (Lehninger et al. 1993,
Atkins 1994, Gelin 1994). Small molecules, such &9 Hnd CH, normally exist in a single
conformation which is determined by the relatively strong covalent bonds that hold the atoms
together (Karplus and Porter 1970, Atkins 1994). On the other hand, many larger molecules
can exist in a number of different conformations because of the possibility of rotation around
saturated covalent bonds (e.g., proteins and polysaccharides) (Baianu 1992, Bergethon and
Simons 1990, Lehninger et al. 1993, Fennema 1996a). A macromolecule will tend to adopt
the conformation that has the lowest free energy under the prevailing environmental condi-
tions (Alber 1989). The conformational free energy of a molecule is determined by the
interaction energies and entropy of the system that contains it (Dill 1990). The molecular
interactions may be between different parts of the same molecule (intramolecular) or between
the molecule and its neighbors (intermolecular). Similarly, the entropy is determined by the
number of conformations that the molecule can adopt, as well as by any changes in the
entropy caused by interactions with its neighbors (e.g., restriction of their translational or
rotational motion) (Alber 1989, Dill 1990).

To highlight the importance of molecular interactions and entropy in determining the
conformation of molecules in solution, it is useful to examine a specific example. Consider
a hydrophilic biopolymer molecule in an aqueous solution that can exist in either a helical
or a random-coil conformation depending on the environmental conditions (Figure 2.8).
Many types of food biopolymers are capable of undergoing this type of transformation,
including the protein gelatin (Walstra 1996b) and the polysaccharide xanthan (BeMiller and
Whistler 1996). The free energy associated with the transition (keloil) between these
two different conformations is given by:

AG, .. = AE,_ .- TAS. . (2.14)
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FIGURE 2.8 The conformation of a molecule in solution is governed by a balance of interaction
energies and entropic effects. A helical molecule unfolds when it is heated above a certain temperature
because the random-coil conformation is entropically more favorable than the helical conformation.

whereAG,, _ ., AE, _ ., andAS, _ .are the free energy, interaction energy, and entropy changes
associated with the helix-to-coil transformation.NG,,_ . is negative, the random-coil
conformation is favored; iNG, _ . is positive, the helix conformation is favored; and if
AG,,_ . = 0, the molecule spends part of its time in each of the conformations. A helical
conformation often allows a molecule to maximize the number of energetically favorable
intermolecular and intramolecular interactions while minimizing the number of energeti-
cally unfavorable ones (Bergethon and Simons 1990, Dickinson and McClements 1995).
Nevertheless, it has a much lower entropy than the random-coil state because the molecule
can only exist in a single conformation, whereas in the random-coil state the molecule can
exist in a large number of different conformations that have similar low energies. At low
temperatures, the interaction energy term dominates the entropy term and so the molecule
tends to exist as a helix, but as the temperature is raised, the entropy T&®)_ (-
becomes increasingly important until eventually it dominates and the molecule unfolds. The
temperature at which the helix-to-coil transformation takes place is referred to as the
transition temperaturd{ _ .), which occurs wheAG,, _ . = 0. Similar arguments can be used

to account for the unfolding of globular proteins when they are heated above a particular
temperature, although the relative contribution of the various types of interaction energy is
different (Dickinson and McClements 1995). It must be stressed that many food molecules
are unable to adopt their thermodynamically most stable conformation because of the
presencef variouskinetic energybarriers(Sectionl.2.1). Whenanenergybarrieris much

greater than the thermal energy of the system, a molecule may be “trapped” in a metastable
state indefinitely.

The flexibility of molecules in solution is also governed by both thermodynamic and
kinetic factors. Thermodynamically, a flexible molecule must be able to exist in a number of
conformations that have fairly similaeKT) low free energies. Kinetically, the energy
barriers that separate these energy states must be small compared to the thermal energy of the
system. When both of these criteria are met, a molecule will rapidly move between a number
of different configurations and therefore be highly flexible. If the free energy difference
between the conformations is large compared to the thermal energy, the molecule will tend
to exist predominantly in the minimum free energy state (unless it is locked into a metastable
state by the presence of a large kinetic energy barrier).

Knowledge of the conformation and flexibility of a macromolecule under a particular set
of environmental conditions is particularly important in understanding and predicting the
behavior of many ingredients in food emulsions. The conformation and flexibility of a
molecule determine its chemical reactivity, catalytic activity, intermolecular interactions, and
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functional properties (e.g., solubility, dispersability, water-holding capacity, gelation, foam-
ing, and emulsification) (Damodaran 1994, 1996, 1997).

2.8. HIGHER ORDER INTERACTIONS

When one consults the literature dealing with molecular interactions in foods and other
biological systems, one often comes across the terms “hydrogen bonding” and “hydrophobic
interactions” (Bergethon and Simons 1990, Baianu 1992, Fennema 1996a). In reality, these
terms are a shorthand way of describing certain combinations of interactions which occur
between specific chemical groups commonly found in food molecules. Both ohibbhse

order interactions consist of contributions from various types of interaction energy (van der
Waals, electrostatic, and steric overlap), as well as some entropy effects. It is useful to
highlight the general features of hydrogen bonds and hydrophobic interactions in this section,
before discussing their importance in determining the properties of individual food compo-
nentslater (Chapter4).

2.8.1. Hydrogen Bonds

Hydrogen bonds play a crucial role in determining the functional properties of many of the
most important molecules present in food emulsions, including water, proteins, lipids, carbo-
hydrates,surfactantsand minerals (Chapter4). They are formed betweena lone pair of
electrons on an electronegative atom (such as oxygen) and a hydrogen atom on a neighbor-
ing group (i.e., O-F ... O*) (Baker and Hubbard 1984, Baianu 1990, Bergethon and
Simons 1990, Lehninger et al. 1993). The major contribution to hydrogen bonds is electro-
static (dipole—dipole), but van der Waals forces and steric repulsion also make a significant
contribution (Dill 1990). Typically, they have bond strengths between about 10 and 40 kJ
mol? and lengths of about 0.18 nm (Israelachvili 1992). The actual strength of a particular
hydrogen bond depends on the electronegativity and orientation of the donor and acceptor
groups (Baker and Hubbard 1984). Hydrogen bonds are stronger than most other examples
of dipole—dipole interaction because hydrogen atoms have a strong tendency to become
positively polarized and because they have a small radius. In fact, hydrogen bonds are so
strong that they cause appreciable alignment of the molecules involved. The strength and
directional character of hydrogen bonds are responsible for many of the unique properties of
water (Chapter4).

2.8.2. Hydrophobic Interactions

Hydrophobic interactions also play a major role in determining the behavior of many impor-
tant ingredients in food emulsions, particularly lipids, surfactants, and proteins (Nakai and Li-
Chan 1988). They manifest themselves as a strong attractive force that acts between nonpolar
groups separated by water (Ben-Naim 1980, Tanford 1980, Israelachvili 1992). Nevertheless,
the ac