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Preface

A wide variety of food products, both natural and manufactured, exist either partly or
wholly as emulsions, or have been in an emulsified form sometime during their produc-
tion. Common examples of these food emulsions include milk, flavored milks, creams,
whipped cream, butter, yogurt, cheese, salad dressings, mayonnaise, dips, coffee whitener,
ice cream, desserts, soups, sauces, margarine, infant formula, and fruit beverages. Even
though these products differ widely in their appearances, textures, tastes, and shelf lives
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 under-
stood by applying the fundamental principles, concepts, and techniques of a discipline
known as emulsion science. Knowledge of this discipline is also essential for the rational
development of ingredients capable of encapsulating, protecting, and delivering functional
food components, such as flavors, antioxidants, vitamins, antimicrobials, and bioactive
lipids. It is for these reasons that anybody working in the food industry with these types
of products should have at least an elementary understanding of emulsion science.

The primary objective of this book is to present the basic principles, concepts, 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 and functional
ingredients. Rather than describing the specific methods and problems associated with
the creation of each particular type of emulsion-based food product, I have concentrated
on an explanation of the basic concepts of emulsion science, as these are applicable to all
types of food emulsions. In particular, this book focuses on developing a fundamental
understanding of the major factors that determine the stability, texture, appearance, and
flavor of food emulsions. Having said this, the second edition of this book does contain
a final chapter that demonstrates the practical use of emulsion science by using it to
understand the formulation, formation, and physicochemical properties of some real food
emulsions (beverages, dairy emulsions, and dressings).

The second edition of the book has been revised and expanded considerably to reflect
recent developments in the field of food emulsions and to provide a more accurate, com-
prehensive, and up-to-date discussion of the most important topics relevant to the field. In
particular, the chapter on emulsion ingredients has been revised extensively to provide a
detailed discussion of the origin, properties, and characteristics of the different kinds of
functional ingredients (emulsifiers, surfactants, lipids, texture modifiers, and so on) that can
be used to produce food emulsions. The second edition also contains two additional chap-
ters. The Appearance and Flavor chapter in the first edition has been divided into two separate
chapters in the second edition to reflect the considerable advances that have been made in
these two important areas. In addition, a chapter on practical applications of emulsion
science in the food industry has been included in the second edition, which highlights the
importance of emulsion science for understanding, controlling, and improving the quality
of dairy products, beverage emulsions, and dressings.
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chapter one

Context and background

1.1 Emulsion science in the food industry

A considerable number of natural and processed foods consist either partly or wholly
as emulsions, or have been in an emulsified state sometime during their production,
including milk, cream, fruit beverages, infant formula, soups, cake batters, salad
dressings, mayonnaise, cream-liqueurs, sauces, deserts, salad cream, ice cream, coffee
whitener, spreads, butter, and margarine (Krog et al., 1983; Jaynes, 1983; Dickinson
and Stainsby, 1982; Dickinson, 1992; Swaisgood, 1996; Friberg and Larsson, 1997; Goff,
1997a—c; Stauffer, 1999; Friberg et al., 2004). The wide diversity of physicochemical
and sensory characteristics exhibited by emulsion-based food products is the result of
the different kinds of ingredients and processing conditions used to create them.
Despite this diversity, there are a number of underlying features that are common to
this group of products that makes them amenable to study by a scientific discipline
known as emulsion science. Emulsion science combines aspects of physics, chemistry,
biology, and engineering. Traditionally, the fundamental principles of emulsion science
were largely derived from the disciplines of polymer science, colloid science, interfacial
chemistry, and fluid mechanics (Hunter, 1986, 1989, 1993; Evans and Wennerstrom,
1994; Hiemenz and Rajagopalan, 1997). Nevertheless, as emulsion science has evolved
within the food industry it has incorporated a variety of other disciplines, such as
sensory science and physiology, as researchers attempt to correlate organoleptic qual-
ities of food emulsions (such as taste, odor, mouthfeel, and appearance) to their
composition and physicochemical properties. In addition, there is a strong tendency
within current research on food emulsions toward the integration of knowledge from
traditionally separate fields of study, for example, establishing the interrelationships
among perceived mouthfeel (sensory science and physiology), emulsion rheology
(fluid mechanics), droplet characteristics (colloidal science), and interfacial properties
(interfacial chemistry).

The manufacture of an emulsion-based food product with specific quality
attributes depends on the selection of the most suitable types and concentrations of
raw materials (e.g., water, oil, emulsifiers, thickening agents, minerals, acids, bases, vita-
mins, flavors, colorants, preservatives) and the most appropriate processing, storage,
transport, and usage conditions (e.g., mixing, homogenization, pasteurization, steriliza-
tion, chilling, freezing, cooking). Traditionally, the food industry largely relied on craft
and tradition for the formulation of food products and the establishment of processing
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, higher quality,
healthier, more exotic, and more convenient foods (Sloan, 2003; Mermelstein, 2002).
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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 operation of food
processing operations require a more systematic and rigorous approach than was used
previously (Hollingsworth, 1995; Walstra, 2003). Two major recent trends within food
science that have been of particular importance in establishing the more rational
development of emulsion-based food products are highlighted below.

1.1.1 Development of a more rigorous scientific approach
to understanding food emulsion properties

There has been an increasing tendency within the food industry toward relating the
bulk physiochemical and organoleptic properties of food emulsions to the type, concen-
tration, structure, and interactions of their constituent components. Research in this area
is carried out at many different structural levels, ranging from the study of the structure
and interactions of molecules and colloidal particles, to the study of the rheology,
stability, and optical properties of emulsions, to the study of the taste, smell, mouthfeel,
and appearance of final products. In particular, there is a growing emphasis on inte-
grating information determined at different structural levels, so as to obtain a more
holistic understanding of the properties of the whole system. The improved understand-
ing of the physicochemical basis of food emulsion properties that has resulted from this
approach has enabled manufacturers to create low-cost high-quality food products in a
more systematic and reliable fashion.

1.1.2  Development of new analytical techniques
to characterize food properties

The boundaries of our understanding of the physicochemical basis of food emulsion
properties are often determined by the availability of analytical techniques that are
capable of investigating the appropriate characteristics of the system. As analytical
instrumentation progresses we are able to study things that were not possible earlier,
which often results in a deeper and broader understanding of the subject. In recent
years, many new and improved analytical techniques for probing the molecular, inter-
facial, colloidal, and bulk physicochemical properties of emulsions have become avail-
able. The application of these techniques has led to considerable advances in basic
research, product development, and quality control within the food industry. These
analytical techniques are used in research laboratories to enhance the fundamental
understanding of the physicochemical basis of emulsion properties. They are also used
in factories to monitor the properties of foods during processing so as to ensure that
they meet the required quality specifications and to provide information that can be
used to optimize the processing conditions required to produce consistently high quality
products. As new analytical instrumentation continues to become available there will
certainly be further developments in the abilities of food scientists to understand, pre-
dict, and control the properties of emulsion-based food products. In addition, the study
of food emulsions can provide an excellent paradigm for the study of more structurally
complex food materials, since many of the concepts, theories, and techniques developed
to model or probe emulsion properties can be applied (with some modification) to
understanding these systems.

Ultimately, the aim of the emulsion scientist working in the food industry is to use
the basic principles and techniques of emulsion science to enhance the quality of the food
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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 and 100 um (Dickinson and
Stainsby, 1982; Dickinson, 1992; Friberg and Larrson, 1997). Emulsions can be conveniently
classified according to the relative spatial distribution of the oil and aqueous phases. A
system that consists of oil droplets dispersed in an aqueous phase is called an oil-in-water
or O/W emulsion, for example, milk, cream, dressings, mayonnaise, beverages, soups, and
sauces. A system that consists of water droplets dispersed in an oil phase is called a water-
in-o0il or W/O emulsion, for example, margarine and butter. The substance that makes up the
droplets in an emulsion is referred to as the dispersed, discontinuous, or internal phase, whereas
the substance that makes up the surrounding liquid is called the continuous or external phase.
To be consistent, we will refer to the droplets as the dispersed phase and the surrounding
liquid as the continuous phase throughout this book. The concentration of droplets in an
emulsion is usually described in terms of the disperse phase volume fraction, ¢ (Section 1.3.1).

. 10 m|cron i

Figure 1.1 An example of a food oil-in-water emulsion (salad dressing) consisting of oil droplets
dispersed in an aqueous medium. Evaluated using differential interference contrast (DIC), a general
contrast enhancement optical method that highlights differences in refractive indices in heteroge-
neous samples (courtesy of Kraft Foods).
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In addition to the conventional O/W or W/O emulsions described above, it is also possible
to prepare various types of multiple emulsions, for example, oil-in-water-in-oil (O/W/O) or
water-in-oil-in-water (W/O/W) emulsions (Garti, 1997; Garti and Bisperink, 1998; Garti
and Benichou, 2004). For example, a W/O/W emulsion consists of water droplets dis-
persed within larger oil droplets, which are themselves dispersed in an aqueous contin-
uous phase (Evison et al., 1995; Benichou et al., 2002a). Recently, research has been carried
out to create stable multiple emulsions that can be used to control the release of certain
ingredients, reduce the total fat content of emulsion-based food products, or to isolate one
ingredient from another ingredient that it might normally interact with (Dickinson and
McClements, 1995; Garti and Bisperink, 1998; Garti and Benichou, 2001; 2004). Multiple
emulsions are likely to find increasing usage within the food industry because of their
potential advantages over conventional emulsions. Nevertheless, researchers are still try-
ing to develop multiple emulsions that can be economically produced using food-grade
ingredients and that have desirable quality attributes and sufficiently long shelf lives (Garti
and Benichou, 2004).

The process of converting two separate immiscible liquids into an emulsion, or of
reducing the size of the droplets in a preexisting emulsion, is known as homogenization.
In the food industry, this process is usually carried out using mechanical devices known
as homogenizers, which usually subject the liquids to intense mechanical agitation, for
example, high speed blenders, high-pressure valve homogenizers, and colloid mills
(Chapter 6).

It is possible to form an emulsion by homogenizing pure oil and pure water together,
but the two phases usually rapidly separate into a system that consists of a layer of oil
(lower density) on top of a layer of water (higher density). This is because droplets tend
to merge with their neighbors when they collide with them, which eventually leads to
complete phase separation. The driving force for this process is the fact that the contact
between oil and water molecules is thermodynamically unfavorable (Israelachvili, 1992),
so that emulsions are thermodynamically unstable systems (Chapter 7). It is possible to form
emulsions that are kinetically stable (metastable) for a reasonable period of time (a few
days, weeks, months, or years), by including substances known as stabilizers (Chapter 4).
A stabilizer is any ingredient that can be used to enhance the stability of an emulsion and
may be classified as either an emulsifier or a texture modifier depending on its mode of
action. Emulsifiers are surface-active molecules that absorb to the surface of freshly formed
droplets during homogenization, forming a protective membrane that prevents the drop-
lets from coming close enough together to aggregate (Chapters 6 and 7). Most emulsifiers
are amphiphilic molecules, that is, they have polar and nonpolar regions on the same
molecule. The most common emulsifiers used in the food industry are small-molecule
surfactants, phospholipids, proteins, and polysaccharides (Section 4.4). Texture modifiers
can be divided into two categories depending on their mode of operation and the rheo-
logical characteristics of their solutions: thickening agents and gelling agents (Section 4.5).
Thickening agents are ingredients that are used to increase the viscosity of the continuous
phase of emulsions, whereas gelling agents are ingredients that are used to form a gel in
the continuous phase of emulsions. Texture modifiers therefore enhance emulsion stability
by retarding the movement of the droplets. In the food industry, the most commonly used
thickening and gelling agents are usually polysaccharides or proteins in O/W emulsions
and fat crystals in W/O emulsions (Section 4.5).

An appreciation of the difference between the thermodynamic stability of a system
and its kinetic stability is crucial for an understanding of the properties of food emulsions
(Dickinson, 1992). Consider a system that consists of a large number of molecules that can
occupy two different free energy states: G, and Gy, (Figure 1.2.). The state with the
lowest free energy is the one that is thermodynamically favorable, and therefore the one
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G low

Figure 1.2 Schematic demonstration of the difference between thermodynamic and kinetic stability.
A system will remain in a thermodynamically unstable or metastable state for some time if there is
a sufficiently large free energy barrier preventing it from reaching the state with the lowest free energy.

that the molecules are most likely to occupy. At thermodynamic equilibrium, the two
states are populated according to the Boltzmann distribution (Atkins, 1994):

Myigh (Grigh ~Giow)
high _ x| — - gh  Zlow/ 11
gl - ot =

where n,,,, and 1y, are the number of molecules that occupy the energy levels G, and
Ghigns k is Boltzmann's constant (k = 1.38 x 102 ] K™), and T is the absolute temperature.
The larger the difference between the two free energy levels compared to the thermal
energy of the system (kT), the greater the fraction of molecules in the lower free energy
state. In practice, a system may not be able to reach equilibrium during the timescale of
an observation because of the presence of a free energy barrier, AG*, between the two
states (Figure 1.2). A system in the high free energy state must acquire a free energy greater
than AG* before it can move into the low energy state. The rate at which a transformation
from a high to a low free energy state occurs therefore decreases as the height of the free
energy barrier increases. When the free energy barrier is sufficiently large, the system may
remain in a thermodynamically unstable state for a considerable length of time, in which
case it is said to be kinetically stable or metastable (Atkins, 1994). In food emulsions, there
are actually a large number of intermediate metastable states between the initial emulsion
and the completely separated phases, and there are free energy barriers associated with
transitions between each of these states. Nevertheless, it is often possible to identify a
single free energy barrier, which is associated with a particular physicochemical process
that is the most important factor determining the overall kinetic stability of an emulsion
(Chapter 7).

1.2.2  Mechanisms of emulsion instability

The term “emulsion stability” is broadly used to describe the ability of an emulsion to
resist changes in its properties with time (Chapter 7). Nevertheless, there are a variety of
physicochemical mechanisms that may be responsible for alterations in emulsion proper-
ties, and it is usually necessary to establish which of these mechanisms are important in
the particular system under consideration before effective strategies can be developed to
improve the stability. A number of the most common physical mechanisms that are
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Figure 1.3 Food emulsions may become unstable through a variety of physical mechanisms, includ-
ing creaming, sedimentation, flocculation, coalescence, and phase inversion.

responsible for the instability of food emulsions are shown schematically in Figure 1.3.
Creaming and sedimentation are both forms of gravitational separation. Creaming describes
the upward movement of droplets due to the fact that they have a lower density than the
surrounding liquid, whereas sedimentation describes the downward movement of drop-
lets due to the fact that they have a higher density than the surrounding liquid. Flocculation
and coalescence are both types of droplet aggregation. Flocculation occurs when two or
more droplets come together to form an aggregate in which the droplets retain their
individual integrity, whereas coalescence is the process whereby two or more droplets
merge together to form a single larger droplet. Extensive droplet coalescence can eventu-
ally lead to the formation of a separate layer of oil on top of a sample, which is known
as “oiling-off.” Phase inversion is the process whereby an O/W emulsion is converted into
a W/O emulsion or vice versa. The physicochemical origin of these and the other major
forms of emulsion instability are discussed in Chapter 7, along with factors that influence
them, strategies for controlling them, and analytical techniques for monitoring them. In
addition to the physical processes mentioned above, it should be noted that there are also
various chemical, biochemical, and microbiological processes that occur in food emulsions
that can also adversely affect their shelf life and quality, for example, lipid oxidation,
enzyme hydrolysis, and bacterial growth.

1.2.3 Ingredient partitioning in emulsions

Emulsions are microheterogeneous materials whose composition and properties vary from
region to region when examined at length scales of the order of nanometers or microme-
ters. To a first approximation, most food emulsions can be conveniently considered to
consist of three distinct regions that have different physicochemical properties: the interior
of the droplets, the continuous phase, and the interface (Figure 1.4). The molecules in an
emulsion distribute themselves among these three regions according to their concentration
and polarity (Chapter 9). Nonpolar molecules tend to be located primarily in the oil phase,
polar molecules in the aqueous phase, and amphiphilic molecules at the interface. It should
be noted that even at equilibrium, there is a continuous exchange of molecules between
the different regions, which occurs at a rate that depends on the mass transport of the
molecules through the different regions in the system. Molecules may also move from one
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Figure 1.4 The ingredients in an emulsion partition themselves among the oil, water, and interfacial
regions according to their concentration and interactions with the local environment.

region to another when there is some alteration in the environmental conditions of an
emulsion, for example, a change in temperature or dilution within the mouth. The location
and mass transport of the molecules within an emulsion has a significant influence on the
flavor and physicochemical stability of food products (Chapters 7 and 9).

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 usually a highly
dynamic process that involves the violent disruption of droplets and the rapid movement
of surface-active molecules from the bulk liquids to the interfacial region (Chapter 6). Even
after their 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 (Chapter 7). The continual movement and interactions of droplets causes the prop-
erties of emulsions to evolve over time due to the various destabilization mechanisms
mentioned earlier (Section 1.2.2). Biopolymers adsorbed to the surface of emulsion droplets
may undergo relatively slow conformational changes over time, which result in alterations
in the stability and physicochemical properties of the overall system. Surface-active mol-
ecules in the continuous phase may exchange with those adsorbed to the droplet surfaces,
thus changing the composition and properties of the droplet interfaces. The properties of
the system may also change over time due to chemical reactions that occur in the droplet
interior, interfacial region, or continuous phase, for example, oxidation of lipids or pro-
teins, or hydrolysis of proteins or polysaccharides. An appreciation of the dynamic pro-
cesses 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,
and emulsifier) systems described earlier (Section 1.2.1). The aqueous phase may contain
a variety of water-soluble ingredients, including sugars, salts, acids, bases, alcohols, sur-
factants, proteins, and polysaccharides. The oil phase usually contains a complex mixture
of lipid-soluble components, such as triacylglycerols, diacylglycerols, monoacylglycerols,
free fatty acids, sterols, and vitamins. The interfacial region may contain a mixture of
various surface-active components, including proteins, polysaccharides, phospholipids,
surfactants, alcohols, and molecular complexes. In addition, these components may form
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various types of structural entities in the oil, water, or interfacial regions (such as fat
crystals, ice crystals, biopolymer aggregates, air bubbles, liquid crystals, and surfactant
micelles), which in turn may associate to form larger structures (such as biopolymer or
particulate networks). 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, structur-
ally, and dynamically complex materials, and that many factors contribute to their overall
properties. 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 systems (Section 1.5). Nevertheless, there is an increasing awareness
of the need to elucidate the factors that determine the properties of actual emulsion-based
food products. For this reason, many researchers are now systematically focusing on under-
standing at a fundamental level the factors that determine the properties of real food emul-
sions, such as ingredient interactions (e.g., biopolymer—biopolymer, biopolymer—surfactant,
biopolymer—water) and processing conditions (e.g., homogenization, freezing, chilling, cook-
ing, sterilization, pasteurization, mechanical agitation, pressurization, drying).

1.3 Emulsion properties
1.3.1 Disperse phase volume fraction

The concentration of droplets in an emulsion plays an important role in determining its
cost, appearance, texture, flavor, and stability (Chapters 7-10). It is therefore important
to be able to clearly, specify, and reliably report the droplet concentration of emulsions.
The droplet concentration is usually described in terms of the disperse phase volume
fraction (¢), which is equal to the volume of emulsion droplets (V},) divided by the total
volume of the emulsion (V;): ¢ = V,/ V. In some situations, it is more convenient to
express the droplet concentration in terms of the disperse phase mass fraction (¢,,),
which is equal to the mass of emulsion droplets () divided by the total mass of the
emulsion (mg): ¢, = mp/mg. Frequently, the droplet concentration is expressed as a
volume or mass percentage, rather than as a volume or mass fraction. The mass fraction
and volume fraction are related to each other through the following equations:

_ op, 1.2
¢m p2¢ + (1 - ‘P) p1 ( a)

- $.P1 _ 1.2b
¢ pl¢m +(1_¢m)p2 ( )

where p; and p, are the densities of the continuous and dispersed phases, respectively.
When the densities of the two phases are equal, the mass fraction is equivalent to the
volume fraction. It should be noted that if the thickness of the interfacial membrane (9)
surrounding the droplets is significant compared to the droplet radius (r), then the
effective volume fraction of the droplets will be larger than their actual volume fraction:
deie = 9(1 + 6/7)3. This increase could have important consequences for the stability and
rheology of some emulsions (Chapters 7 and 8).
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The disperse phase volume fraction of an emulsion is often known because the con-
centration of the ingredients used to prepare it is carefully controlled. Nevertheless, local
variations in disperse phase volume fraction occur within emulsions when the droplets
accumulate at either the top or bottom of an emulsion due to creaming or sedimentation.
In addition, the disperse phase volume fraction of an emulsion may vary during a food
processing operation, for example, if a mixer or valve is not operating efficiently. Conse-
quently, it is often important to have analytical techniques to measure disperse phase
volume fraction (Chapter 11).

1.3.2  Particle size distribution

Many of the most important properties of emulsion-based food products are determined
by the size of the droplets that they contain, for example, shelf life, appearance, texture,
and flavor (Chapters 7-10). Consequently, it is important for food scientists to be able to
reliably control, predict, measure, and report the size of the droplets in emulsions. In this
section, the most important methods of reporting droplet sizes are discussed. Methods of
controlling, predicting, and measuring droplet size are covered in later chapters (Chapters
6,7, and 11).

If all the droplets in an emulsion are of the same size it is referred to as a monodisperse
emulsion, but if there is a range of droplet sizes present it is referred to as a polydisperse
emulsion (Figure 1.5). The droplet size (x) of a monodisperse emulsion can be completely
characterized by a single number, such as the droplet diameter (d) or radius (r). Mono-
disperse emulsions are sometimes prepared and used for fundamental studies because
the interpretation of experimental measurements is much simpler than for polydisperse
emulsions. Nevertheless, real food emulsions always contain a distribution of droplet
sizes, and so the specification of their droplet size is more complicated than for monodis-
perse systems. In some situations, it is important to have information about the full particle
size distribution of an emulsion (i.e., the fraction of droplets in different specified size
ranges), whereas in other situations knowledge of the average droplet size and the width
of the distribution is often sufficient. It should be noted that a common error that occurs
when particle size data are presented is that the investigator neglects to say whether the
size is reported as a radius or a diameter. Obviously, this practice should be avoided
because it can cause considerable confusion and lead to misleading interpretations of
reported data.

Monodisperse Polydisperse
Emulsion Emulsion

Figure 1.5 Schematic representation of monodisperse and polydisperse emulsions. In a monodis-
perse emulsion all the droplets have the same size, but in a polydisperse emulsion they have a range
of different sizes.
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Table 1.1 Effect of Particle Size on the Physical Characteristics of 1 g of Oil Dispersed in Water
in the Form of Spherical Droplets. Values were Calculated Assuming the Oil had a Density of
920 kg m= and the End-to-End Length of an Individual Oil Molecule was 6 nm.

Number of Droplets

Droplet Radius (um)

per Gram Oil (g)

Droplet Surface Area
per Gram Oil (m? g!)

Percentage of Oil
Molecules at Droplet
Surface (vol%)

100 2.6 x 10°
10 2.6 x 108
1 2.6 x 101
0.1 2.6 x 101

0.03
0.3
3

30

0.02

0.2

1.8
18

1.3.2.1 Presenting particle size data
The number of droplets in most emulsions is extremely large (Table 1.1), and so their size
can be considered to vary continuously from some minimum value to some maximum
value (Walstra, 2003a). When presenting particle size data it is usually convenient to divide
the full size range into a number of discrete size-classes and stipulate the amount of
droplets that fall into each class (Hunter, 1986). The resulting data can then be presented
in tabular form (Table 1.2) or as a histogram (Figure 1.6a). Histograms are usually plotted
so that the height of each bar represents the amount of particles in the stipulated size-
class, and the central position (x;) of each bar on the x-axis represents the average size of
the particles within the size-class, for example, x; = (X5, + Xpy5) /2, Where x,,,, and Xy, are

Table 1.2 The Particle Size Distribution of an Emulsion can be Conveniently Represented
in Tabular Form. Note that the Volume Frequency is Much More Sensitive to Larger

Droplets than the Number Frequency.

Aoniny (M) Aax (WM)  d; (Um) n fi(%) ¢ (%) F(d) (um™)  C(d) (%)
0.041 0.054 0.048 0 0.0 0.0 0.0 0.0
0.054 0.071 0.063 2 0.1 0.0 117.6 0.1
0.071 0.094 0.082 20 0.9 0.0 888.9 1.0
0.094 0.123 0.108 38 1.7 0.0 1333.3 2.7
0.123 0.161 0.142 89 4.0 0.0 2342.1 6.7
0.161 0.211 0.186 166 7.5 0.2 3320.0 14.3
0.211 0.277 0.244 243 11.0 0.5 3681.8 25.3
0.277 0.364 0.320 360 16.3 1.8 4161.8 41.6
0.364 0.477 0.421 420 19.0 4.7 3716.8 60.6
0.477 0.626 0.551 361 16.3 9.1 2431.0 76.9
0.626 0.821 0.724 256 11.6 14.5 1312.8 88.5
0.821 1.077 0.949 145 6.6 18.6 566.4 95.1
1.077 1.414 1.245 78 35 22.6 231.8 98.6
1.414 1.855 1.634 23 1.0 15.1 52.2 99.7
1.855 2.433 2.144 6 0.3 8.9 10.4 100.0
2.8125 3.192 3.002 1 0.0 4.1 2.6 100.0
3.191 3.620 3.406 0 0.0 0.0 0.0 100.0
3.620 4.107 3.864 0 0.0 0.0 0.0 100.0

Selected mean particle diameters and relative standard deviations
dy 0.49 (um) o 0.63
dy 0.57 (um) G 0.59
ds 0.67 (um) Cy 0.55
dsy 0.92 (um)
dys 1.20 (uwm)
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Figure 1.6 The particle size distribution of an emulsion can be represented in a number of different
ways, for example, a histogram, a frequency distribution F(d), or a cumulative distribution C(d).
These different ways of representing the particle size distribution are described in the text.

the lower and upper boundaries of the size-class. Ideally, the width of the bars on the
histogram should be proportional to the width of the size-classes (which may be the same
or different for each size-class). In practice, this is often not done because the graphic programs
used to plot data are not sufficiently flexible. It is usually more convenient to represent the
amount of particles in each size-class as a fraction rather than as an absolute value because
it is then possible to directly compare particle size distributions of emulsions containing
different total amounts of droplets. The fraction of particles in a size-class can be defined in
anumber of different ways, e.g., the number ratio, f; = 1,/ N, where 1, is the number of droplets
in the ith size class and N is the total number of droplets, or the volume ratio, ®, = v;/Vy,
where v, is the volume of the droplets in the ith size class and Vy is the total volume of all
the droplets. The actual volume fraction of droplets in each size-class can be calculated from
the volume ratio and the disperse phase volume fraction: ¢; = ¢®,. It should be noted that
the shape of a particle size distribution changes appreciably depending on whether it is
presented as a number or volume ratio (Table 1.2, Figure 1.7). The volume of a droplet is
proportional to x%, and so a volume distribution is skewed more toward the larger droplets,
whereas a number distribution is skewed more toward the smaller droplets.

25
20
3 15
=
6 10 .
5
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o o — n o ~ N —_ ey
(§)] [e5) H £ N N [¢)] H ©
d, (um)

Figure 1.7 Comparison of the particle size distribution of an emulsion plotted as either number or
volume ratio vs. diameter (see Table 1.2). The data are plotted as curves, rather than as a histogram,
to facilitate comparison.
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A particle size distribution can also be represented as a smooth curve, such as the
frequency distribution F(x;) or the cumulative distribution C(x;) (Figure 1.6b and c). For a
continuous particle size distribution, the number of particles in a given size-class can be
calculated from the frequency distribution by the following equation (Walstra, 2003a):

n = J' F(x)d(x) (1.3)

where Ax; is the width of the size-class and x; is the value of the particle size at the mid-
point of the size-class. For a discrete particle size distribution, the number of particles in
a size-class is given by n; = F;Ax;, where F; and Ax; are the number frequency distribution
and width of the ith size-class. The number frequency distribution is therefore constructed
so that the area under the curve between two droplet sizes is approximately equal to the
number of droplets #; in that size range (Hunter, 1986). This relationship can be used to
convert a histogram to a frequency distribution curve or vice versa. The number ratio in
a particular size-class can be related to the number frequency distribution by the equation:
fi=F:Ax;/N.

The cumulative distribution represents the percentage of droplets that are smaller
than x; (Figure 1.6c). The resulting curve usually has an S-shape that varies from 0 to 100%
as the particle size increases from the smallest value. The particle size at which half the
droplets are smaller and the other half are larger is known as the median particle size, x,,.
The size-class that contains the largest amount of particles is called the mode or modal
particle size (X,.4.)- The numerical values of the median and the modal droplet sizes
depend on the way that the amount of droplets in each size-class is expressed, for example,
number or volume. Hence, there are number and volume median sizes, and number and
volume modal sizes of a distribution.

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; Rawle, 2004). The most useful numbers are the mean particle size, X, which is a
measure of the central tendency of the distribution, and the standard deviation, o, which
is a measure of the width of the distribution. The mean and standard deviation of a particle
size distribution can be calculated using the following equations:

M (1.4a)
oo \/ Zizl ”i]xf -y (1.4b)

where the summations are carried out over the total number of size-classes used to
represent the distribution. Nevertheless, this is only one way of expressing the mean and
standard deviation, and there are a number of other ways that emphasize different physical
characteristics of the particle size distribution that are usually more appropriate (Hunter,
1986; Walstra, 2003a). To understand these different ways of representing the mean and
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standard deviation of particle size distributions it has proved useful to define the concept
of the “moment of a distribution” (Walstra, 2003a):

oo

S, = J.x”F(x)dx = Znix;' (1.5)

0 i=1

where S, is the nth moment of the distribution.* The mean particle size and relative
standard deviation can then be defined as

1/(a=b)
S
=|Za 1.6
xab [Sbj ( )
1/2

S.S.,
=| Znm2 _q 1.7
Cﬂ [ Sn2+1 ] ( )

where a2 and b are integers (usually between 0 and 6) and ¢, is the (dimensionless) relative
standard deviation weighted with the nth power of x (Walstra, 2003a). The moment of the
distribution has no physical meaning itself, but it can often be simply related to important
physical characteristics of the distribution. For example, if the particle size is expressed
as the diameter (d;) of the particles in each size-class and 7, is expressed as the number of
particles in each size-class per unit volume of emulsion:

S, ~ 2111. ~N (1.8a)
i=1
5= nd =1, (1.8b)
i=1
S, = Zn 2=2 (1.8¢)
B s 6V, 60
S, ~ ;n,d,. =2 w2 (1.8d)

where Ly, Ay, and V), are the total length, surface area, and volume of the droplets per
unit emulsion volume, and ¢ is the disperse phase volume fraction. Some of the most
important ways of expressing the mean droplet size of particle size distributions are
highlighted in Table 1.3. Each of these mean sizes has dimensions of length (meters), but
stresses a different physical aspect of the distribution. For example, dy, d,,, and d;, are the
diameters of individual spheres that have the same average length, surface area, and
volume per droplet as the whole distribution. In other words, if there were N equal-sized
droplets of diameter d,; (or d,, or dy)), then they would have the same total length (or
surface area or volume) as the sum of all the droplets in the system. A widely used method
of expressing the mean particle size is the area-volume mean diameter (d3,), which is

“p’

* Note: One must be careful here to distinguish between the that represents the number of droplets in a
size-class (1;) from the “n” that represents the nth moment of the distribution.
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Table 1.3 Different ways of expressing the mean particle diameter of polydisperse
emulsions. Here N, L, A, V and ¢ represent number, length, surface area, volume
and volume fraction, respectively.

Name of Mean Symbol Definition Definition
Number-.length dy ordy  dp=5/S, s 2 nd,
mean diameter EAD "

(S2/50)'2 2y E
Number-volume dyyords  dy /Zi:l nd}
mean diameter (S5/S,)1/3 dy = iﬂ
Area-volume dyordy, dyp=55/S, Zoand
mean diameter Aoy = W
e dmeer T dyords du=S/5 Lt S 04

Source: Adapted from Hunter (1986) and Walstra (2003a).

related to the average surface area of droplets exposed to the continuous phase per unit
volume of emulsion, Ay

A =00 (1.9)

This relationship is particularly useful for calculating the total surface area of droplets in
an emulsion from knowledge of the mean diameter of the droplets and the disperse phase
volume fraction. Another commonly used method of expressing the mean particle size of
a polydisperse emulsion is the volume-length diameter (d,;), which is the sum of the
volume ratio of droplets in each size-class multiplied by the mid-point diameter of the
size-class. It should be noted that d,; is more sensitive to the presence of large particles in
an emulsion than d,, hence it is often more sensitive to phenomenon such as flocculation.

In general, the higher the order of the mean (a + b, Equation 1.6) used to describe the
particle size distribution, the higher its numerical value. For narrow particle size distri-
butions the different mean values are fairly similar, but for wide particle size distributions
they may differ appreciably (Table 1.2). For narrow particle size distributions it is often
sufficient to report only the mean particle size, but for wide particle size distributions it
is often important to provide some measure of the width of the distribution also. The
width of a particle size distribution can be conveniently represented by the relative stan-
dard deviation with n = 2, that is, ¢, (Equation 1.7). This is the standard deviation of the
size distribution weighted with the particle surface area divided by d;, (Walstra, 2003a).
In general, c, ranges from around 0.1 for a very narrow distribution to 1.3 for a very wide
distribution, but in most food emulsions it usually ranges from around 0.5 to 1. It should
be noted that the absolute standard deviation (Equation 1.4b) is not a good representation
of the width of a distribution, since it is highly sensitive to the mean particle size. For
example, consider two particle size distributions with an absolute standard deviation of
0.1 um, but with mean particle diameters of 0.2 and 20 pm. The droplets in the emulsion
with the smallest mean diameter span a relatively wide range compared to the mean
(~0.1-0.3 pm, c, = 0.5), whereas those in the emulsion with the largest mean diameter span
a fairly narrow range (~19.9-20.1 um, ¢, = 0.05).
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Another important reason for being aware of the various ways of calculating and
reporting the mean particle size is that different particle characterization techniques deter-
mine different mean values (Hunter, 1986; Orr, 1988; Heimenz and Rajagopalan, 1997;
Rawle, 2004). For example, analysis of polydisperse emulsions using microscopy measure-
ments of droplet length gives d,,, imaging processing of droplet area gives d,,, electrical
pulse counting gives dy, and low angle laser light scattering gives d,; (Rawle, 2004).
Consequently, it is always important to be clear about which mean size has been deter-
mined in an experiment when using or quoting particle size data. In addition, one must
be particularly careful in using data determined by one type of particle sizing technique
to calculate a mean particle size that is different from the one that the technique is most
sensitive to (Rawle, 2004). For example, low angle laser light scattering is much more
sensitive to the volume of particles in each size-class than to the number of particles.
Hence, there could be a large number of small particles (but with a small total volume)
that would not be accurately detected by light scattering, so that a calculation of d,, from
the data would not be particularly accurate.

Finally, it should be stressed that one must also be careful when choosing either a
mode, median, or mean diameter to represent a full particle size distribution in a poly-
disperse emulsion (Rawle, 2004). For a normal or Gaussian distribution the mode, median,
and mean have similar values, but for a nonsymmetrical or multimodal distribution they
have very different values. One must therefore select one or more of these parameters to
represent the full particle size distribution based on the physical property that is most
pertinent to the person who is going to use the information.

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). In addition, many analytical instruments designed to
measure particle size distributions assume that the distribution has a certain mathematical
form so as to facilitate the conversion of the measured physical parameters (e.g., light intensity
vs. scattering angle) into a particle size distribution (Hunter, 1986). If a plot of frequency
distribution versus droplet size is symmetrical about the mean droplet size the curve can
often be described by a normal frequency distribution function (Figure 1.8a):

F@)=— jﬂ exp[_(x ~x)° } (1.10)

20

This function has a maximum value when x = x. Most (~68%) of the droplets fall within
one standard deviation of the mean (X *+ o), while the vast majority (~99.7%) fall within
three standard deviations (X * 30). Only two parameters are needed to describe the full
particle size distribution of an emulsion that can be approximated by a normal distribution:
the mean and the standard deviation. The number ratio of droplets within a particular
size range (X, to xhlgh) can be calculated from Equation 1.10: f; = J “high F(x)dx/N.

The particle size distribution of most food emulsions is not symmetrlcal about the
mean, but tends to extend much further at the high droplet size end than at the low droplet
size end (Figure 1.8b). This type of distribution can often be described by a log-normal
frequency distribution function (Heimenz and Rajagopalan, 1997):

Finy = ! ~(nr-In%,) } (L.11)

2 exp[ 2In’ o,
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Figure 1.8 Particle size distributions, represented as droplet number percentage (f;) vs. droplet
diameter (d;) calculated assuming different standard deviations for normal and log-normal distri-
butions. For both emulsions, the mean droplet diameter was assumed to be 1 um. (a) Normal
distribution: f;, = F(d;)d(d;)/N; (b) log-normal distribution: f; = F(In d,)d(In d;)/N.

where X, and o, are the geometric mean and the standard deviation of the geometric
mean, which are given by the following expressions:

z' n. Inx,
R Vi (1.12a)
z n,.(lnxj—lnicg)2
Ino, = S (1.12b)

If the log-normal curve shown in Figure 1.8 was plotted as f; versus In d, rather than as f;
versus d,, it would be symmetrical about Ind,.

It should be stressed that the particle size distribution of many food emulsions cannot
be adequately described by the simple mathematical models given above. Bimodal dis-
tributions that are characterized by two peaks (Figure 1.9), are often encountered in food
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Figure 1.9 Example of a bimodal distribution resulting from the heat-induced flocculation of drop-
lets in a hexadecane oil-in-water emulsions stabilized by f-lactoglobulin (Kim et al., 2002b).
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emulsions, for example, when extensive droplet flocculation occurs or when there is
insufficient emulsifier present in an emulsion to stabilize all of the droplets formed during
homogenization (Chapters 6 and 7). For these systems, it is often better to present the data
as the full particle size distribution, otherwise considerable errors may occur if an inap-
propriate mathematical model is used. This kind of problem can occur when one is using
an analytical instrument that assumes a particular mathematical model when calculating
the particle size distribution, for example, a light scattering or ultrasonic spectrometry
instrument. If the mathematical model is inappropriate, then the instrument may still
report a particle size distribution, but this distribution will be incorrect. The user of the
instrument should therefore be aware of this potential problem, and if necessary ensure
that the mathematical model is correct by using some independent technique to verify
the particle size distribution (e.g., microscopy).

1.3.3 Interfacial properties

The droplet interface consists of a narrow region (usually a few nanometers thick) that
surrounds each emulsion droplet, and contains a mixture of oil, water, and surface-active
molecules (Hunter, 1986, 1989). The interfacial region only makes up a significant fraction of
the total volume of an emulsion when the droplet radius is less than about 1 um (Table 1.1).
Even so, it plays a major role in determining many of the most important bulk physico-
chemical and organoleptic properties of food emulsions. For this reason, food scientists
are particularly interested in elucidating the factors that determine the composition, struc-
ture, thickness, rheology, and charge of the interfacial region, and in elucidating how these
interfacial characteristics are related to the bulk physicochemical and sensory properties
of emulsions. The composition and structure of the interfacial region are determined by
the type and concentration of surface-active species present in the system prior to emulsion
formation, as well as by the events that occur during and after emulsion formation, for
example, competitive adsorption and displacement (Chapters 5 and 6). The thickness and
rheology of the interfacial region may influence the stability of emulsions to gravitational
separation, coalescence, and flocculation (Chapters 3 and 7), the rheology of emulsions
(Chapter 8), and the mass transport rate of molecules in or out of droplets, for example,
Ostwald ripening, compositional ripening, and flavor release (Chapters 7 and 9). The
interface acts as a region where surface-active components accumulate, which may lead
to acceleration of certain types of chemical reactions (e.g., oxidation), either by increasing
the local concentration of molecules or by bringing together different reactive species
(McClements and Decker, 2000). The major factors that determine the characteristics
of the interfacial region are discussed in Chapter 5, along with experimental techniques
to characterize its properties. The electrical characteristics of the interface are discussed
in the following section.

1.3.4 Droplet charge

The bulk physicochemical and organoleptic properties of many food emulsions are gov-
erned by the magnitude and sign of the electrical charge on the droplets (Chapters 7-10).
The origin of this charge is normally the adsorption of emulsifier molecules that are ionized
or ionizable* (Section 4.4). Surfactants have hydrophilic head groups that may be neutral,
positively charged, or negatively charged. Proteins may also be neutral, positively charged,
or negatively charged depending on the pH of the solution compared to their isoelectric

* There is experimental evidence that even oil droplets stabilized by nonionic surfactants have an electrical
charge because the oil preferentially adsorbs either OH- or H;O* ions from water or contains ionic impurities
(Pashely, 2003).
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point. Surface-active polysaccharides may also have an electrical charge depending on the
type of functional groups along their backbone. Consequently, emulsion droplets may
have an electrical charge that depend on the types of surface-active molecules present and
the pH of the aqueous phase. The electrical charge on a droplet can be characterized in a
number of different ways (Hunter, 1986), that is, the surface charge density (o); the
electrical surface potential (), and the zeta-potential (). The surface charge density is
the amount of electrical charge per unit surface area, whereas the surface potential is the
free energy required to increase the surface charge density from 0 to o. The {-potential is
the effective surface potential of a droplet suspended in a medium, which takes into
account that charged species in the surrounding medium may adsorb to the surface of
the droplet and alter its net charge. The {-potential can be conveniently measured in the
laboratory using commercially available analytical instrumentation (Chapter 11).

The charge on a droplet is important because it determines the nature of its interactions
with other charged species (Chapters 2—4) or its behavior in the presence of an electrical
field (Chapter 11). Two species that have charges of opposite sign are attracted toward
each other, whereas two species that have charges of similar sign are repelled (Chapters
2 and 3). All of the droplets in an emulsion are usually coated with the same type 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 between them (Chapter 3). The properties of emulsions stabi-
lized 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 aggre-
gating (Chapters 3 and 7). Droplet aggregation often leads to a large increase in emulsion
viscosity (Chapter 8), and may cause the droplets to cream more rapidly (Chapter 7).

Electrostatic interactions also influence the interactions between emulsion droplets and
other charged species, such as biopolymers, surfactants, vitamins, antioxidants, flavors, and
minerals (Chapters 3, 4, 7, and 9). 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., 1998a,b). The accumulation of charged species at a droplet surface and the rate
at which this accumulation takes place depends on the sign of their charge relative to that
of the surface, the strength of the electrostatic interaction, their concentration, and the
presence of any other charged species that might compete for the surface.

The above discussion has highlighted the importance of droplet charge in determining
both the physical and chemical properties of food emulsions. It is therefore important for
food scientists 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 factors that influence droplet charge (Chapters 3-5) and of
the effect of droplet charge on the stability and rheology of emulsions (Chapters 7 and 8).
In addition, a variety of experimental techniques have been developed to measure the
magnitude and sign of the charge on emulsion droplets (Chapter 11).

1.3.5 Droplet crystallinity

The physical state of the droplets in an emulsion can influence a number of its most
important bulk physicochemical and organoleptic properties, including appearance,



Context and background 19

rheology, flavor, and stability (Chapters 7-10). The production of margarine, butter,
whipped cream, and ice cream depends on a controlled destabilization of an O/W emul-
sion containing partly crystalline droplets (Chapter 12). The stability of cream to shear
and temperature-cycling depends on the crystallization of the milk fat droplets. The rate
that milk fat droplets cream depends on their density, which is determined by the fraction
of each droplet that is solidified. The cooling sensation that occurs when fat crystals melt
in the mouth contributes to the characteristic mouthfeel of many food products (Walstra,
1987, 2003a). Knowledge of the factors that determine the crystallization and melting of
emulsified substances, and of the effect that droplet phase transitions have on the
properties of emulsions, is therefore particularly important to food scientists.* In O/W
emulsions we are concerned with phase transitions of emulsified fat, whereas in W/O
emulsions we are concerned with phase transitions of emulsified water. In the food
industry, we are primarily concerned with the crystallisation and melting of emulsified
fats, because these transitions occur at temperatures that are commonly encountered
during the production, storage, or handling of O/W emulsions, and because they usually
have a pronounced influence on the bulk properties of food emulsions. In contrast, phase
transitions of emulsified water are less likely to occur in foods because of the high degree
of supercooling required to initiate crystallisation (Clausse, 1985).

The percentage of the total fat in a sample that is solidified at a particular temperature
is known as the solid fat content (SFC). The SFC varies from 100% at low temperatures
where the fat is completely solid to 0% at high temperatures where the fat is completely
liquid. The precise nature of the SFC—temperature curve is an important consideration
when selecting a fat for a particular food product. The shape of this curve depends on
the composition of the fat, the thermal, and shear history of the sample, whether the
sample is heated or cooled, the heating or cooling rate, the size of the emulsion droplets,
and the type of emulsifier. The melting and crystallization behavior of emulsified sub-
stances can be quite different from that of the same substance in bulk (Dickinson and
McClements, 1995). The crystallization of bulk fats is considered in Chapter 4, while the
additional factors that influence the crystallization of emulsified fats are considered in
Chapter 7. Experimental techniques that are used to provide information about the crys-
tallization and melting of emulsion droplets are described in Chapter 11.

1.3.6 Droplet interactions

Many of the bulk physicochemical and sensory properties of food emulsions are strongly
affected by the attractive and repulsive interactions acting between the droplets (Chapters
7-10). There are many different kinds of colloidal interactions that may operate in food
emulsions, including van der Waals, electrostatic, steric, depletion, and hydrophobic
interactions (Chapter 3). These interactions vary in their sign (attractive or repulsive),
magnitude (strong to weak), and range (long to short). The overall characteristics of the
droplet-droplet interactions in a particular food emulsion are determined by the relative
contribution of the different kinds of colloidal interactions operating in that specific sys-
tem, which depends on emulsion composition, microstructure, and environment. When
the attractive forces dominate the droplets tend to associate with each other, but when the
repulsive forces dominate the droplets tend to remain as individual entities (Chapter 3). The
interactions between emulsion droplets can lead to large changes in the stability, rheology,

* It 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 aqueous 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.



20 Food Emulsions

appearance, and flavor of food emulsions and so it is crucial to understand their physic-
ochemical origin and characteristics. A brief overview of some of the analytical techniques
that have recently been developed to provide information about droplet-droplet interac-
tions is given in Chapter 11.

1.4 Hierarchy of emulsion properties

Scientists are becoming increasingly aware of the hierarchical nature of food emulsion
properties (Figure 1.10). Ultimately, a food emulsion consists of an extremely complex
mixture of many different kinds of molecules, for example, water, lipids, proteins, carbo-
hydrates, surfactants, salts, flavors. These molecules vary in their chemical structure,
polarity, reactivity, molecular mass, conformation, flexibility, and dynamics. The differ-
ent types of molecules present in an emulsion interact with each other to form the oil,
water, and interfacial phases, as well as any structural entities distributed within these
phases, such as surfactant micelles, molecular aggregates, particle or polymer networks,
air bubbles, fat crystals, or ice crystals. The physicochemical properties of the overall
emulsion (e.g., optical properties, rheology, stability, and molecular partitioning) depend
on the physicochemical properties of the individual oil, water, and interfacial phases, as
well as the interactions that occur between these phases. The sensory properties of a food
emulsion (e.g., appearance, texture, aroma, taste) depend on the direct or indirect inter-
action of the food emulsion and its components with the sensors in the human body, for
example, light waves reflected from the emulsion reaching the eye, sound waves generated
by the emulsion reaching the ear, flavor molecules released from the emulsion reaching
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Physicochemical Properties of Emulsion
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Figure 1.10 The properties of emulsion-based food products can be understood at different hierar-
chical levels, ranging from molecular characteristics, to structural organization of molecules, to bulk
physicochemical properties, to sensory properties, and ultimately to the interaction of the emulsion
and its components with the human body.
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receptors in the mouth and nose, forces and heat generated by the food interacting with
tactile and temperature sensors in the hands and mouth. The way that a person responds
to these sensory inputs depends on the physiology of the human sensory system, the way
that the sensory information is processed, stored, and retrieved by the brain, and the way
that this information is represented to consciousness. In addition, an individual's percep-
tion of a food product is strongly dependent on their background and experiences (e.g.,
culture, age, sex, ethnicity, social class). Hence, the quality or desirability of the same food
product may be perceived differently by two different people or by the same person at
different times. This brief discussion has highlighted the many different hierarchical levels
involved in the study of food emulsions. A more complete understanding of the factors
that determine the properties of emulsions depends on establishing the most important
processes that operate at each hierarchical level, and then linking the processes that occur
at different levels to one another. It should be noted that specialized analytical techniques
and theoretical concepts are often required to study each hierarchical level, and so
scientists with particular areas of expertise often focus their research programs on study-
ing a particular level. For this reason, an integrated understanding of the physicochemical
basis of the properties of food emulsions usually requires collaboration of scientists with
different specializations, for example, physicists, physical chemists, analytical chemists,
biochemists, polymer scientists, chemical engineers, sensory scientists, physiologists,
psychologists, food scientists, and nutritionists. The integration of knowledge from dif-
ferent hierarchical levels of organization is an extremely ambitious and complicated task
that will require 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 connec-
tion among molecular, colloidal, bulk physicochemical, and sensory properties of food
emulsions will be stressed throughout this book.

1.5 Understanding food emulsion properties

Food emulsions are compositionally and structurally complex materials (Section 1.2.5). It
is therefore particularly challenging to understand their properties at a fundamental
scientific level. Nevertheless, appreciable progress has been made over the past few
decades due to the coordinated efforts of scientists working in industry, academia, and
government laboratories (Walstra, 2003b). The purpose of this section is to give a general
overview of the factors that influence the topics and directions of research on food emul-
sions, and to highlight the general approaches that are used to provide information about
food emulsion properties.

1.5.1 Factors influencing topics and directions of research

As in other areas of science, progress in understanding the properties of food emulsions has
not been uniform. Instead, certain aspects of the field have been the focus of intense study
during a particular period, whereas others aspects have been largely ignored. A number of
the most important factors that influence the choice of topics and directions of research
on food emulsions are reviewed in this section.

1.5.1.1 Relevance to industry and society
Certain research topics are perceived as being of higher commercial value to the food
industry or of greater relevance to government organizations at a particular time, and
therefore attract greater financial and institutional support. The food industry usually
supports research that improves manufacturing efficiency, reduces manufacturing costs,
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or leads to the development of new or improved products. Government agencies usually
support research that will improve the health or quality-of-life of its citizens, or that will
increase the general efficiency or competitiveness of the food industry. Research scientists
may find support for their research programs by working on topics that are already
recognized as being of considerable commercial or societal value. Alternatively, research
scientists may identify a research topic that has previously been neglected, but which they
believe is of importance to industry or society. They then have to convince other scientists
and funding agencies that the research topic has scientific merit and is of sufficient
importance to warrant funding.

1.5.1.2  Awailability of scientific personnel with the appropriate expertise

Certain topics are the focus of investigation because the research scientists working in the
field have previously been trained in that particular area of expertise (e.g., they may have
done graduate studies or postdoctoral research in a laboratory that specializes in this area).
On the other hand, other topics are not studied because the scientists currently working
in the field do not have the required expertise or conceptual framework to address them.
This is particularly true in the study of food emulsions, which has grown rapidly to
incorporate various aspects of many scientific disciplines, including mathematics, physics,
chemistry, biology, engineering, sensory science, psychology, and physiology. This has
meant that it is often difficult for individual scientists to make appreciable advances in
knowledge when working in isolation.* Instead, progress has become increasingly depen-
dent on research being carried out by multidisciplinary teams consisting of scientists with
different expertise, methodologies, and instrumentation. Indeed, the integration of knowl-
edge from different disciplines is one of the dominant characteristics of many current
research programs on food emulsions. Development of our understanding of food emul-
sion properties therefore depends on bringing together individuals with the diverse range
of skills that can effectively work together as a team.

1.5.1.3 Awailability of appropriate theory and instrumentation
Certain topics are amenable to study because analytical instrumentation is already available
that can be used to probe the characteristics of the system that are of interest, and /or because
appropriate physical theories are available to facilitate the design of experiments and the
interpretation of measurements. On the other hand, other topics are not studied because
they are too complicated to understand with the available analytical instrumentation or
theoretical models. These topics may be of great industrial or societal importance, but
knowledge of them cannot progress significantly until appropriate expertise, instrumenta-
tion, and theory is developed or adopted from another field. There are many examples of
the rapid progress in the field of food emulsions resulting from the introduction of new
theories or techniques. For example, the commercial availability of analytical instruments
to rapidly and accurately measure the particle size distribution of emulsions meant that
many experiments could be carried out that were not previously possible. A recent example
of this phenomenon is the rapid development in our understanding of emulsion flavor that
has occurred during the past decade (Chapter 9). A number of new analytical techniques
became available that enabled researchers to measure the release of volatile components
from foods on timescales relevant to mastication. This allowed researchers to design and
perform experiments to systematically investigate the factors that influence flavor release
in food emulsions, which in turn stimulated the development of physical theories to describe
and predict flavor release. These theories made predictions that could be tested against

* In reality, scientists never work in isolation since they always rely on the published work of earlier scientists.
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experimental measurements and provided valuable new insights into the physicochemical
and physiological basis of flavor release that were not possible earlier.

1.5.1.4 Access to previous knowledge

Another issue that has a strong influence on the topics and directions of research on food
emulsions is accessibility to the knowledge accumulated by previous scientists working
in similar or related areas. Developments in a particular field of scientific study are largely
built on the experimental and theoretical work that has been done previously. A great
deal of research has been carried out on food emulsions and much of this work has been
published in scientific journals, conference proceedings, books, and online. It is therefore
extremely important that researchers carry out extensive literature reviews of their field
of interest, plus related fields, since this helps identify gaps in the current knowledge
where research is needed, helps identify inconsistencies in previous studies, helps identify
new techniques or theories that can be used, and helps avoid repetition of previous work.
The number of scientific publications has increased enormously during the past few
decades, which has made it increasingly difficult for scientists to be sure that they are
thoroughly familiar with all of the previous research carried out in their field of interest.
Nevertheless, advances in online information retrieval systems especially devoted to the
scientific literature have certainly facilitated access to published research. Finally, it should
be noted that a considerable amount of important research on food emulsions carried out
by basic scientists working within food companies has not been published.

1.5.2  General approaches used to study food emulsions

Our understanding of the factors that determine the properties of food emulsions normally
progresses through a synthesis of observation, experimentation, and theory development.
Some of the most important general approaches that have been employed by scientists to
increase the knowledge of emulsion properties are presented below. An appreciation of
the advantages and limitations of each of these approaches may help investigators design
and interpret experiments. It should be stressed that there is no single unified approach
to making scientific developments. Instead, scientists have to use their experience, cre-
ativity, and imagination to select the most appropriate approach for the particular system
studied. In addition, the success of a particular research program largely depends on the
motivation, persistence, and commitment of the individuals involved.

1.5.2.1 Trial-and-error approach
The trial-and-error approach is widely used in industry for solving manufacturing prob-
lems and for developing new and improved products and processes. In this approach,
the investigator usually prepares a sample for study that has certain characteristics (e.g.,
composition or microstructure) and then subjects it to some form of processing treatment
(e.g., storage, heating, chilling, freezing, stirring, pressure treatment). The properties of
the sample are then measured and the investigator establishes whether the sample char-
acteristics or the processing treatment lead to a final product with desirable characteristics.
If the final product meets these requirements then the initial sample characteristics and /or
processing treatments are selected, but if it does not meet these requirements, then the
sample characteristics and/or processing treatments are changed and the procedure is
repeated until a final product with suitable properties is obtained. The major advantage
of the trial-and-error method is that it is sometimes possible to rapidly solve a problem
or develop a product using the minimum of resources. For example, an investigator with
some prior knowledge of a system may be able to rapidly select the optimum initial
sample characteristics and processing treatments required to produce a desirable final
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product. The major disadvantages of this method are that it may not be possible to
solve the problem in a reasonable time (if the wrong input values are selected), it may
not produce a solution that is robust, or it may not produce the optimum solution to
the problem. If a more rigorous study was carried out, it might have been possible to
identify a solution that was more efficient, more robust, or less expensive. In addition,
the trial-and-error method is largely dependent on the accumulated expertise of the
investigator and provides little insight into the basic physicochemical processes that
govern the properties of food emulsions.

1.5.2.2  Black-box approach

The black-box approach is a more systematic means of obtaining information about the
system being studied, but it is also not concerned with providing information about the
fundamental physicochemical processes occurring within the system. Instead, the system
(the black-box) is subjected to one or more treatments (the inputs) and the change in one or
more properties of the system in response to these treatments (the outputs) is measured. The
investigator then reports the measured system properties for each of the various treatments
and/or uses a statistical model to correlate the system properties to the treatments. To
provide a concrete example of this approach, the system could be a protein-stabilized
O/W emulsion, the treatment could be a change in temperature, and the measured
property could be the emulsion viscosity. The investigator would prepare an emulsion,
subject samples of it to different temperature treatments, measure the viscosities of each
of the samples, and then report the change in emulsion viscosity with temperature. This
approach is particularly useful for identifying the major factors that influence the prop-
erties of food emulsions and their components and in assessing their magnitude and
relative importance. It is widely used as an initial screening procedure by investigators
who are studying a system that has not been extensively studied before, since it enables
them to rapidly develop an understanding of the dominant factors that influence its
properties. In some situations, the black-box approach may be the only option available
since the theoretical concepts or analytical techniques required to probe the internal
operation of the system are not available. Nevertheless, the black-box approach has
limited value when used improperly or when taken to extremes. For example, there are
many examples of experiments on food emulsions that have been designed and analyzed
primarily on the basis of sophisticated statistical models (such as surface response
methodology), which have produced confusing and misleading results. Rather than using
existing knowledge of the fundamental physicochemical properties of the system to
design experiments or interpret data, investigators select (an often inappropriate) range
of input and output variables based on some statistical model, and then find statistical
correlations between the input and output variables. These statistical models can be
very useful in establishing the relative importance of different factors, but the author
believes that they should always be used extremely carefully and in combination with
the physicochemical approach described below whenever possible. Indeed, if an inves-
tigator truly had no knowledge of the behavior of the system being studied, it would be
difficult to select the type of input parameters to vary, the range of input parameters to
select, and the material properties to measure. In practice, investigators usually have a
fairly good a priori expectation of the factors that are likely to be important, which
facilitates the selection of the most appropriate input and output variables to use.

1.5.2.3 Physicochemical approach
The main disadvantages of the trial-and-error and black-box approaches is that they do
not provide any direct understanding of the fundamental physicochemical processes that
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occur within a system. Knowledge of these processes is usually desirable since it provides
a deeper insight into the factors that determine the overall properties of the system, which
greatly facilitates the identification of effective strategies for controlling the properties of
the system, and can allow one to make predictions about how the system (or related
systems) will behave under different conditions. For this reason, many researchers use a
more fundamental “physicochemical approach” to investigating emulsion properties. This
approach attempts to understand at a fundamental physicochemical level why a system
behaves in precisely the way it does when it is subjected to a particular treatment. This
approach can be used in two broad ways depending on the starting point. First, an
investigator could start with some empirical observation or experimental result and then
attempt to establish its physicochemical origin using a range of analytical techniques,
physical concepts, and mathematical models. Second, an investigator could start with a
conceptual or theoretical model and then use it to make predictions about how a real
system should behave. These predictions could then be compared with experimental
measurements made on a real system, and the investigator could determine how well the
model describes the properties of the real system. If there are deviations between the
theoretical predictions and experimental measurements, then the mathematical model
could either be discarded or it could be modified to take them into account. By comparing
how closely theoretical predictions and experimental measurements agree it is often
possible to obtain quantitative insights into the physicochemical basis of food emulsion
properties. In reality, these two different ways of using the physicochemical approach
are closely related to each other and investigators often use a combination of both. The
level of understanding that is achievable using the physicochemical approach is largely
determined by the complexity of the system studied, the sophistication of the analytical
instrumentation, and theoretical models available.

1.5.2.4  Reductionism—integrationist approach

The reductionism-integrationist approach has proved to be an extremely powerful means
of advancing our understanding of food emulsion properties. 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 well-defined model
systems that 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 investi-
gated 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 contain a
variety of different chemical constituents (Section 1.2.5). Nevertheless, by using a well-defined
model system it is possible to elucidate the primary factors that influence 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
that can be used to describe and predict their behavior.

1.5.2.5 Open-minded approach
Finally, another valuable means of advancing our understanding of food emulsions is to
be receptive to the potential importance of unexpected results (Beveridge, 1950). If an
experiment is designed that consistently produces an unexpected result, it is important
to be aware that the result may be due to poor experimental design or that it may be due
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to some interesting new phenomenon. Many of the most interesting discoveries in science
are made by researchers who try to explain some result that did not correspond to their
initial expectations. In these situations, it is usually important to carefully design further
experiments that will provide evidence about the factors that influence the observed effect
and about its physicochemical origin.

1.6 Overview and philosophy

It is impossible to cover every aspect of food emulsions in a book of this size. By 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
emulsion-based food product, I will focus primarily on the fundamental principles of emul-
sion science as applied to food systems because these principles are generally applicable to
all types of food emulsions. Even so, I will use real food emulsions as examples where possible
in order to emphasize the practical importance of the fundamental approach (particularly in
Chapter 12). As mentioned earlier, we will pay particular attention to the relationship among
molecular, colloidal, and bulk physicochemical properties of food emulsions, because we
believe this approach leads to the most complete understanding of their behavior.

Throughout this book, it will be necessary to introduce a number of theories that
have been developed to describe the properties of emulsions. Rather than concentrating
on the mathematical derivation of these theories, we will highlight their physical sig-
nificance and focus on their relevance to food scientists. A feeling for the major factors
that 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 in the equation plays.

Before ending this introductory chapter, we will give a brief overview of the subject
matter of the remaining chapters in the book. In Chapters 2 and 3, I will review the various
types of attractive and repulsive forces that can act on molecules and colloidal particles,
and discuss how these interactions influence the organization of the molecules or particles
within a system. In Chapter 4, I will review the major functional ingredients that are used
in food emulsions (e.g., oil, water, emulsifiers, thickening agents, gelling agents), with
particular emphasis on understanding the physicochemical basis of their functional prop-
erties. In Chapter 5, I will discuss the structure and characteristics of the interfacial region
that separates bulk phases (e.g., oil and water) since this narrow region plays a crucial
role in determining the overall properties of emulsions. In Chapter 6, I will discuss the
physicochemical principles underlying emulsion formation and will review the various
mechanical devices available for preparing emulsions for research and industrial applica-
tions. In Chapters 7-10, I will discuss the molecular—colloidal basis of the bulk physico-
chemical properties of emulsions, that is, stability, theology, appearance, and flavor. In
Chapter 11, I will discuss the most important analytical techniques that are used by
scientists to provide information about the composition, microstructure, and physicochem-
ical properties of food emulsions. Finally in Chapter 12, I will demonstrate the practical
application of the principles of emulsion science by reviewing the formulation, formation,
and physicochemical properties of three common types of food emulsions (i.e., dairy
emulsions, beverages, and dressings).



chapter two

Molecular characteristics

2.1 Introduction

Although food scientists have some control over the final properties of a product, they
must work within the physical constraints set by nature, that is, the characteristics of the
individual molecules* and the type of interactions that occur between them. There is an
increasing awareness within the food industry that the efficient production of foods with
improved quality depends on a better understanding of the molecular basis of their bulk
physicochemical and organoleptic properties (Eads, 1994; Baianu et al., 1995; Walstra,
2003a). The individual molecules within a food emulsion can interact with each other to
form a variety of different structural entities (Figure 2.1). A molecule may be part of a bulk
phase where it is surrounded by molecules of the same type, it may be part of a regular
solution where it is surrounded by a mixture of molecules of the same and 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 cluster 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; Walstra, 2003a). The bulk physicochemical properties of food emulsions
ultimately depend on the nature, properties, and interactions of the structural components
formed by the molecules, for example, separate phases, interfaces, and particulates. The
structural organization of a particular set of molecules is largely determined by the forces
that act between them and the prevailing environmental conditions, for example, temper-
ature and pressure. From a thermodynamic viewpoint, a certain arrangement of molecules
may have the lowest free energy since it maximizes the number of favorable interactions,
minimizes the number of unfavorable interactions, and maximizes the various entropy
contributions. Nevertheless, foods are rarely in their most thermodynamically stable state,
and therefore the structural organization of the molecules is often governed by kinetic
factors that prevent them from reaching the arrangement with the lowest free energy
(Section 1.2.1). For this reason, the structural organization of the molecules in foods is
largely dependent on their previous history, that is, the temperatures, pressures, gravity,
and applied mechanical forces experienced during their lifetime. To understand, predict,
and control the behavior of food emulsions it is important to be aware of the origin and
nature of the forces responsible for holding the molecules together, and how these forces
lead to the various types of structures formed. Only then will it be possible to rationally
create and stabilize foods that have internal structures that are known to be advantageous
to food quality. The purpose of this chapter is to give a brief overview of the major types

* The term “molecule” is used broadly to refer to molecular species, such as atoms, molecules, and ions.
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Figure 2.1 The molecules in food emulsions may adopt a variety of different structural arrangements
depending on the nature of their interactions with their neighbors.

of molecular forces and entropy effects important in materials, and to show how these
characteristics influence the conformation and structural organization of molecules.

2.2 Forces of nature

There are four distinct types of forces of 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 rearrange-
ments are not usually important 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 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 for example, sedimentation or creaming of droplets, the shape
adopted by large droplets, meniscus formation, and capillary rise (Israelachvili, 1992). The
dominant forces that act at the molecular level are all electromagnetic in origin, and can
conveniently be divided into four types: covalent, electrostatic, van der Waals, and steric
overlap (Israelachvili, 1992, Atkins, 1994, 2003; Walstra, 2003a). 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 organoleptic properties
of emulsions and other food materials.

2.3 Origin and nature of molecular interactions
2.3.1 Couvalent 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 governs its valency, that is, the
optimum number of covalent bonds it can form with other atoms. Covalent bonds may
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be saturated or unsaturated depending on the number of electrons involved. Unsaturated
bonds tend to be shorter, stronger, and more rigid than saturated bonds (Israelachvili,
1992; Atkins, 1994). The distribution of the electrons within a covalent bond determines
its polarity. 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 symmetry of the various covalent
bonds that it contains (see Section 2.3.2.). Covalent bonds are also characterized by their
directionality, that is, 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, chemical 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, 1996a; Fennema and Tannenbaum,
1996). Some of these reactions are beneficial to food quality, while others are detrimental.
It is therefore important for food scientists to be aware of the various types of chemical
reactions that occur in food emulsions, and to establish their influence on the overall
properties of the system. The chemical reactions that occur in food emulsions are similar
to those that occur in any other multicomponent heterogeneous food material, for example,
oxidation of lipids and proteins, hydrolysis of proteins or polysaccharides, cross-linking
of proteins, and Maillard reactions between reducing sugars and free amino groups
(Damodaran, 1996; BeMiller and Whistler, 1996; Nawar, 1996). Nevertheless, the rates and
pathways of these reactions are often influenced by the physical environment of the
molecules involved, for example, whether they are located in the oil, water, or interfacial
region (Wedzicha, 1988; Coupland and McClements, 1996; McClements and Decker, 2000).

Until fairly recently, emulsion scientists were principally concerned with understand-
ing the physical changes that occur in food emulsions, rather than the chemical changes.
Nevertheless, there is currently great interest in establishing the relationship between
emulsion properties and the mechanisms of various chemical reactions that occur within
them (Wedzicha et al., 1991, Coupland and McClements, 1996; Landy et al., 1996; Huang
et al., 1997; McClements and Decker, 2001).

Despite the importance of chemical reactions on emulsion quality, it should be stressed
that many of the most important changes in emulsion properties are a result of alterations
in the spatial distribution of the molecules, rather than of alterations in their chemical
structure, for example, creaming, flocculation, coalescence, Ostwald ripening, and phase
inversion (Chapter 7). The spatial distribution of molecules is governed principally by
their noncovalent (or physical) interactions with their neighbors, for example, electrostatic,
van der Waals, and steric overlap. It is therefore particularly important to have a good
understanding of the origin and nature of these interactions.

2.3.2 Electrostatic interactions

Electrostatic interactions occur between molecular species that possess a permanent
electrical charge, such as ions and polar molecules (Murrell and Boucher, 1982;
Reichardt, 1988; Rogers, 1989; Israelachvili, 1992; Norde, 2003). An ion is an atom or
molecule that has either lost or gained one or more outer-shell electrons so that it obtains
a permanent positive or negative charge (Atkins, 1994). A polar molecule has no net
charge (i.e., as a whole the molecule is neutral), but it does have an electrical dipole
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 other atoms
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Figure 2.2 Schematic representation of the most important types of intermolecular electrostatic
interactions that arise between molecules.

(Atkins, 1994). As a consequence, they acquire a partial negative charge (6-), and the
other atoms acquire a partial positive charge (6+). If the partial charges within a molecule
are distributed symmetrically, they cancel each other and the molecule has no dipole
(e.g., CCLy), but if they are distributed asymmetrically the molecule will have a dipole
(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 formed: H*CI%-.
The strength of a dipole is characterized by the dipole moment p1 = ql, where [ is the distance
between two charges g* and q-. The greater the magnitude of the partial charges, or the
further they are apart, the greater the dipole moment of a molecule.

The interaction between two molecular species is characterized by an intermolecular
pair potential, w(s), which is the energy required to bring two molecules from an infinite
distance apart to a center-to-center separation s (Israelachvili, 1992). There are a number
of different types of electrostatic interactions that can occur between permanently charged
molecular species (ion-ion, ion—dipole, and dipole-dipole) (Figure 2.2), but they can all
be described by a similar equation (Hiemenz and Rajagopalan, 1997):

Q8 @1)
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where Q; and Q, are the effective charges on the two species, &, is the dielectric constant
of a vacuum (8.85 x 10712 C2J-1 m™), & is the relative dielectric constant of the intervening
medium, s is the center-to-center distance between the charges, and 7 is an integer that
depends on the nature of the interaction. For ions, the value of Q is determined by their
valency z and electrical charge e (1.602 x 10 C), whereas for dipoles, it is determined
by their dipole moment y and orientation (Table 2.1). Numerical calculations of the
intermolecular pair potential for representative ion-ion, ion-dipole, and dipole-dipole
interactions are illustrated in Figure 2.3a. It should be noted that Equation 2.1 is based
on the assumption that the medium separating the two charged species is isotropic and
homogeneous. In reality, the charged species are separated by one or more types of solvent
molecules that have discrete sizes and physicochemical characteristics. When the sepa-
ration between the charged species is relatively large compared to the size of the solvent
molecules the assumption that the intervening medium is a continuum is a reasonably
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Table 2.1 Parameters Needed to Calculate the Interaction Pair Potential for
Ion-Ion, Ion-Dipole, and Dipole-Dipole Electrostatic Interactions Using
Equation 2.1 (see also Figure 2.3a). Here z is the Valence, u is the Dipole Moment,
e is the Electronic Charge, and ¢ is the Angle Between the Dipole Charges.

Interaction Type Example Q.Q, n
Jon—-ion Na* CI- (z4€) (z00) 1
Ion—dipole Na* H,0O (z1€) Ucos¢ 2
Dipole-dipole H,0 H,0 Wit (o) 3

Source: From Hiemenz and Rajagopalan (1997).

good one. On the other hand, when the separation between the charged species is relatively
small, this assumption breaks down and a more sophisticated analysis of the electrostatic
interactions between the charged species is required. This analysis must take into account
the size, shape, orientation, and interactions of all the molecules involved (Israelachvili, 1992).
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 that influence them:

1.

The sign of the interaction may be either positive (repulsive) or negative (attractive)
depending on the signs of charged molecules involved. If the charges have similar
signs, wg(s) is positive and the interaction is repulsive, but if they have opposite
signs, we(s) is negative and the interaction is attractive.

The strength of the interaction depends on the magnitudes of the charges involved
(Q; and Q,). Thus, ion—ion interactions are stronger than ion—dipole interactions,
which are in turn stronger than dipole-dipole interactions. In addition, the strength
of interactions involving ions increases as their valency increases, whereas the
strength of interactions involving polar species increases as their dipole moment
increases.

The strength of the interaction increases as the center-to-center separation of the
charged species decreases. Thus, interactions between small ions or molecules
(which can get close together) are stronger than those between large ions or
molecules of the same charge.

The strength of the interaction depends on the nature of the material separating
the charges (via &): the higher the relative dielectric constant, the weaker the
interaction (Equation 2.1). Electrostatic interactions between two charged species
in water (g = 80) are therefore much weaker than those between the same species
in oil (g = 2). This phenomenon accounts for the much higher solubility of salts
in water than in nonpolar solvents (Israelachvili, 1992).

The strength of the interaction depends on the orientation of any dipoles involved,
being strongest when partial charges of opposite sign are brought close together.
When the electrostatic interaction between a dipole and another charged species
is much stronger than the thermal energy (Section 2.5), the dipole becomes per-
manently aligned so as to maximize the strength of the attraction. This alignment
of dipoles is responsible for the high degree of structural organization of molecules
inbulk water and the ordering of water molecules around ions in aqueous solutions
(Chapter 4).

The range of the interaction depends on the nature of the charged molecular species
involved, with ion-ion (1/s) interactions being longer range than ion-dipole
interactions (1/s2), which are in turn longer range than dipole—dipole interactions

(1/5%.
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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.
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Table 2.2 Compilation of Molecular Properties of Some Common Liquids and
Solutes Need to Calculate Intermolecular Interactions.

Molecule Type o(nm) aldne, (x 1030 m?) u (D)
Molecular diameters, polarizabilities, and dipole moments
H,O 0.28 1.48 1.85
CH, 0.40 2.60 0
HCl 0.36 2.63 1.08
CH,C1 0.43 4.56 1.87
CCl, 0.55 10.5 0
NH, 0.36 2.26 1.47
Methanol 0.42 3.2 1.69
Ethanol —t 5.2 1.69
Acetone —t 6.4 2.85
Benzene 0.53 10.4 0
Static relative dielectric constants &
Water 78.5 Chloroform 4.8
Ethylene glycol 40.7 Edible oils 2.5
Methanol 32.6 Carbon 2.2
tetrachloride

Ethanol 243 Liquid paraffin 2.2
Acetone 20.7 Dodecane 2.0
Propanol 20.2 Hexane 1.9
Acetic acid 6.2 Air 1.0

Source: From Israelachvili (1992) and Buffler (1995).
D =3.336 x 10-% C m.
*Cannot be treated as spheres.

2.3.3 wvan der Waals interactions

van der Waals forces act between all types of molecular species, whether they are ionic,
polar, or nonpolar (Israelachvili, 1992; Hiemenz and Rajagopalan, 1997; Norde, 2003). They
are conveniently divided into three separate contributions, all of which rely on the polar-
ization of molecules (Figure 2.4).

2.3.3.1 Dispersion forces

These forces arise from the interaction between an instantaneous 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 the negatively charged electrons around the positively charged nucleus,
and so an instantaneous dipole is formed. This instantaneous dipole generates an electrical
field that induces a dipole in a neighboring molecule. Consequently, there is an instantaneous
attractive force between the two dipoles. On average, the attraction between the molecules is
therefore finite, even though the average net charge on the molecules involved is zero.

2.3.3.2 Induction force

These forces arise from the interaction between a permanent dipole and a dipole induced
in a neighboring molecule by the presence of the permanent dipole*. A permanent dipole

* Ions may also induce dipoles in neighboring molecules, but this ion polarization interaction has a 1/s*
dependence on intermolecular separation and is therefore not usually considered as a van der Waal interaction
(Israelachvili, 1992).
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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.

causes an alteration in the distribution of electrons of a neighboring molecule which leads
to the formation of an induced dipole. The interaction between the permanent dipole and
the induced dipole leads to an attractive force between the molecules.

2.3.3.3 Orientation forces
These forces arise from the interaction between two permanent dipoles that are continu-
ously rotating. On average each individual rotating dipole has no net charge, but, there
is still a weak attractive force between different dipoles because the movement of one
dipole induces some correlation in the movement of a neighboring dipole. When the
interaction between the two dipoles is strong enough to cause them to be permanently
aligned, this contribution is replaced by the electrostatic dipole-dipole interaction
described in the previous section.

As will be seen in the next chapter, an understanding of the origin of these three
contributions to the van der Waals interaction has important consequences for predicting
the stability of emulsion droplets to aggregation (Section 3.3).

The overall intermolecular pair potential due to van der Waals interactions is given by

—-(C, +C +C

disp ind orient) 29
(4re e)’s® @2

Wypw (8) =

where Cy,, C;,y, and C,,;,,, are positive constants that depend on the dispersion, induction,
and orientation contributions, respectively (Hiemenz and Rajagopalan, 1997). Their mag-
nitude depends on the dipole moment (for permanent dipoles) and the polarizability (for
induced dipoles) of the molecules involved in the interaction (Table 2.2). The polarizability
is a measure of 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 dispersion force, with the important exception of water where the major
contribution is from the orientation force (Israelachvili, 1992). Examination of Equation
2.2 and Figure 2.3b provides some useful physical insights into the factors that influence
the van der Waals interactions between two molecules:

1. The sign of the interaction is always negative (attractive) because the values of
Ciisr Cins and C,;,,,; are always positive.
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2. The strength of the interaction increases as the polarizability and dipole moment
of the molecules involved increases.

3. The strength of the attraction decreases as the dielectric constant of the intervening
medium increases, which highlights the electromagnetic origin of van der Waals
interactions.

4. The range of the interaction is relatively short, decreasing rapidly with increasing
intermolecular separation (1/s°).

Although van der Waals interactions act between all types of molecular species they
are considerably weaker than electrostatic interactions (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 struc-
ture and physicochemical properties of organic liquids is largely governed by the van der
Waals interactions between the molecules (Israelachvili, 1992).

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 of a very short range and increases rapidly when the separation
between the two molecules becomes less than the sum of their radii (6=r; + r,). Anumber
of empirical equations have been derived to describe the dependence of the steric overlap
intermolecular pair potential, w,,,.(s) on molecular separation (Israelachvili, 1992). The
“hard-shell” model assumes that the repulsive interaction is zero when the separation is
greater than o, but infinitely large when it is less than o:

wsteric<s>=(“jm 23)

S

In reality, molecules are slightly compressible and so the increase in the steric overlap
repulsion is not as dramatic as indicated by Equation 2.3. The slight compressibility of
molecules is accounted for by a “soft-shell” model, such as the power-law model:

Wteric(8) = [Z)H (2.4)

At separations greater than o 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 intermo-
lecular pair potential is the sum of the various physical interactions mentioned above:

w(s) = wy(s) + wypy(s) + wy,,..(s) (2.5)



36 Food Emulsions

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 that 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 elec-
trostatic interactions). The overall intermolecular pair potential for this type of system is
given by an expression known as the Lennard—Jones potential (Bergethon and Simons,
1990; Baianu, 1992; Norde, 2003):

w(r)= _S—?+S— (2.6)

where the A-term represents the contribution from the van der Waals interactions (Equa-
tion 2.2) and the B-term represents the contribution from the steric overlap interaction
(Equation 2.4). The dependence of the intermolecular pair potential on separation is
illustrated in Figure 2.5. The van der Waals interactions are attractive at all separations,
whereas the steric overlap interactions are repulsive. At large separations w(s) is so small
that there is no effective interaction between the molecules. As the molecules are brought
closer together the pair potential becomes increasingly attractive (negative) because the
van der Waals interactions dominate. Eventually, the molecules get so close together that
their electron clouds overlap and the pair potential becomes strongly repulsive (positive)
because steric overlap interactions dominate. Consequently, there is a minimum in the
overall intermolecular pair potential at some intermediate separation, s". Two molecules
will tend to remain associated in this potential energy minimum in the absence of any
disruptive influences (such as thermal energy or applied external forces), with a “bond
length” of s* and a “bond strength” of w(s’).

Repulsion

w(s)/kT

Attraction

T
0.2 0.3 0.4 0.5 0.6 0.7 0.8
s (nm)

Figure 2.5 Intermolecular pair potential for a pair of spherical nonpolar molecules. The curves were
calculated assuming typical values for the constants: A = 1077 ] m® and B = 10713 ] m12,
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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

w(s*) w(s*) w(s*)
Interaction Type w(s*) (k] mol™) (RT) (k] mol?) (RT)
Covalent bonds
Cc-O0 340 140
Cc-C 360 140
C-H 430 170
O-H 460 180
Cc=C 600 240
C=N 870 350
Electrostatic
Ton-ion
Na*Cl- 500 200 6.3 25
Mg*Cl- 1100 460 14.1 5.7
Al CI- 1800 730 22,5 9.1
Ion-dipole
Na*H,O 97 39 1.2 0.5
Mg*H,0 255 103 32 1.3
APP*H,0O 445 180 5.6 2.3
Dipole-dipole
H,OH,O 38 15 0.5 0.2
Ion polarization
Na*CH, 24 10
van der Waals
CH,CH, 1.5 0.60
CH,,CH,, 74 3.0
C,H,CypHyg 14.3 5.7
CsH3sCgHg 21.2 6.1
CH,H,O 2.6 0.7
H,0H,0O 17.3 6.9

Note: Dipole interactions were calculated assuming that the molecules were aligned to get
maximum attraction. van der Waals forces were calculated from Israelachvili (1992)
assuming that w(s") was approximately equal to the cohesive energy divided by 6.

The molecules in a substance are in continual motion (translational, rotational, and
vibrational) because of their thermal energy, kT (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 energy: kT = 4.1 x 102 k] per bond
or RT = 2.5 k] mol™. If the bond strength is sufficiently greater than kT the molecules
will remain together, but if the bond strength is sufficiently smaller than kT the molecules
will tend to move apart. At intermediate bond strengths the molecules spend part of
their time together and part of their time apart, that is, bonds are rapidly breaking and
reforming.

The bond strengths of a number of important types of intermolecular interactions are
summarized in Table 2.3. In a vacuum, the strength of these bonds decreases in the following
order: ion—ion, covalent > ion—-dipole > dipole-dipole > van der Waals. With the exception
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of methane (a small nonpolar molecule), the bonds between the molecules shown in Table 2.3
are sufficiently strong (compared to the thermal energy) to hold them together in liquid or
solid at room temperature. The strength of electrostatic and van der Waals interactions
decreases appreciably when the molecules are surrounded by a solvent rather than a vac-
uum, especially when the solvent has a high dielectric constant (Israelachvili, 1992). When
solute molecules are relatively large and sufficiently far apart (compared to the size of the
solvent molecules), then the solvent can often be treated as a continuum with well-defined
physicochemical properties (e.g., dielectric constant). On the other hand, when solute mol-
ecules are relatively small and in close proximity, it is usually necessary to take into account
the dimensions, locations, and interactions of both the solute and solvent molecules on the
overall interaction potential (see below).

It is often more convenient to describe the interaction between a pair of molecules in
terms of forces rather than potential energies (Israelachvili, 1992). The force acting between two
molecules can simply be calculated from the intermolecular pair potential using the following
relationship: F(s) = —dw(s)/ds. The minimum in the potential energy curve therefore occurs
at a separation where the net force acting between the molecules is zero, that is, the attractive
and repulsive forces exactly balance. If the molecules move closer together they experience
a repulsive force, and if they move further apart they experience an attractive force.

2.5 Molecular structure and organization is determined by a balance
of interaction energies and entropy effects

In bulk materials, such as food emulsions, we are concerned with huge numbers of
molecules, rather than a pair of isolated molecules in a vacuum. The overall structure and
organization of molecules within a molecular ensemble depends on the interactions of
each molecule with all of its neighbors (which may be similar or dissimilar types of
molecules) and with various entropy effects (Murrell and Boucher, 1982; Murrell and
Jenkins, 1994; Evans and Wennerstrom, 1994). One of the most powerful means of under-
standing the relationship between molecular structure, interactions, and organization in
molecular ensembles is to use statistical thermodynamics (Sears and Salinger, 1975; Atkins,
1994). A molecular ensemble tends to organize itself so that the molecules are in an
arrangement that minimizes the free energy of the system. The Gibbs free energy of a
molecular ensemble is governed by both enthalpy and entropy contributions (Bergethon
and Simons, 1990). The enthalpy contributions are determined by the molecular interaction
energies discussed above, while the entropy contributions are determined by the tendency
of a system to adopt its most disordered state. A variety of different types of entropy
contributions are possible depending on the characteristics of the molecules involved and
the nature of the system (Walstra, 2003a):

Translational entropy: The translational entropy is related to the number of different
spatial positions that the molecules within a given volume can occupy. If the
molecules are randomly distributed throughout the volume they have the highest
translational entropy, but if they are organized in some way they have a lower
translational entropy (e.g., by phase separating, adsorbing to a surface, forming
clusters, or adopting a crystalline arrangement).

Orientational entropy: The orientational entropy is related to the number of different
positions (angles) that an anisometric molecule can adopt. If the molecules are free
to rotate at any angle, then they have high orientational entropy, but if their rotation
is restricted in one or more directions they have lower orientational entropy (e.g.,
due to adsorption to an interface).
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Figure 2.6 Examples of physicochemical phenomenon that involve changes in the molecular orga-
nization of the system.

Conformational entropy: The conformational entropy is determined by the number of
different conformations that a molecule can adopt. If a molecule can adopt many
different conformations, then it has high entropy (e.g., a flexible random coil mol-
ecule), but if the number of conformations it can adopt is restricted then it has a
low entropy (e.g., a globular or rod-like conformation).

Mixing entropy: The mixing entropy is determined by the number of different ways
that two or more different kinds of molecules can adopt in a given volume. When
the different kinds of molecules are randomly distributed throughout the volume
the system has the highest entropy, but when one type of molecule is confined to
one region and the other type of molecule is confined to another region then the
system has a lower entropy.

There are many physicochemical processes that occur in food emulsions that involve
one or more of the entropy changes mentioned previously, for example, mixing, self-
association, binding, adsorption, solvent structuring, and denaturation. A number of these
physicochemical processes will be encountered later in this book.

An understanding of the molecular basis for the organization of molecules within a
particular system is usually obtained by comparing the strength of the molecular interac-
tions and entropy contributions in that system to those in an appropriate reference system.
Some examples of transitions between different spatial arrangements of molecules that
are important in food emulsions are listed below (Figures 2.6 and 2.7):

* Mixing: Will a given collection of molecules form an intimate mixture of randomly
dispersed molecules or will it phase separate?

» Self-association: Will solute molecules dispersed in a solvent exist as individual
molecules or as molecular aggregates?

* Ordering: Will the molecules in a given volume arrange themselves into an ordered
structure or will they be randomly distributed throughout the system?

* Binding: Will solute molecules dispersed in a biopolymer solution exist as unbound
molecules or will they bind to the biopolymer molecules?
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Immiscible Regular
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Figure 2.7 System in which two types of molecules may be completely miscible or form a regular
solution depending on the strength of the interactions between them and the entropy of mixing.

* Adsorption: Will solute molecules exist as individual molecules dispersed through-
out the solvent or will they adsorb to a surface?

o Conformation: Will a biopolymer molecule dispersed in a solvent adopt a random
coil or helix conformation?

In general, these different kinds of physiochemical process can be represented in terms
of an equilibrium between two states with different molecular characteristics:

State(1) <> State(2) (2.7)

The transition from one state to another is accompanied by a change in the free energy of
the system:

AG, = AE_-TAS, (2.8)
where AG,,, AE,, and AS,, are the free energy, interaction energy, and entropy changes
associated with the transition, respectively. If AG,, is negative, the transition is thermody-
namically favorable; if AG,, is positive, the transition is thermodynamically unfavorable;
and if AG, = 0, the transition is thermodynamically neutral. The free energy change
associated with a transition can often be related to the molecular characteristics of the
system by using an appropriate physical model to calculate the change in interaction
energies and entropy contributions that occur on going from one state to the other. The
relative sign and magnitude of these contributions depend on the nature of the transition
and on the type of molecules involved.

In general, the interaction energy (E) of a particular arrangement of molecules can be
determined by calculating the sum of all of the different types of interactions involved:

E= Zniwi (2.9)

where 7, is the number of interactions of strength w;. The change in interaction energies
associated with a transition from State 1 to State 2 is then given by:

AE = 2 n, W, ;= 2 ny W, ; (2.10)

1
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The entropy (S) of a particular system can be calculated by the following expression
(Atkins, 1994):

S=kInQ (2.11)

where k;, is the Boltzmann constant and € is the number of ways that the system can be
arranged. The change in entropy associated with a transition can therefore be calculated
from knowledge of the number of ways that the system can arrange itself in each different
state:

AS, = k(nQ,— InQ) 2.12)

The above equations can be used to relate changes in the organization of molecular
ensembles to changes in the molecular interactions and entropy contributions in the
system. Nevertheless, it is often difficult to develop appropriate physical models that can
be used to calculate changes in molecular interaction energies and entropy contributions
for real systems, because of the lack of information about molecular interactions and
structural organization. Despite this limitation, it is often useful to think of physicochem-
ical processes in terms of the change in interaction energies and entropy contributions
that occur due to a transition in their molecular structure or organization. In the following
sections, we examine two physicochemical processes (mixing and conformational changes)
in more detail to highlight the advantages of taking a molecular approach to understand-
ing physicochemical phenomenon.

2.6 Thermodynamics of mixing

The use of molecular models for understanding the relationship between molecular
organization, interaction energies, and entropy contributions is demonstrated by consid-
ering the thermodynamics of mixing of a simple system. Consider a hypothetical system
that consists of a collection of two different types of equal-sized spherical molecules, A
and B (Figure 2.7). The free energy change that occurs when these molecules are mixed
is given by:

AG . = AE . — TAS_. (2.13)

mix

where AE_; and AS_;, 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 resulting system consists of two immiscible liquids or as a simple mixture where the
molecules are more or less intermingled (Figure 2.7). To a first approximation, thermody-
namics tells us that if AG,;, is highly positive, mixing is unfavorable and the molecules
tend to exist as two separate phases (i.e., they are immiscible); if AG,;, is highly negative,
mixing is favorable and the molecules tend to be intermingled with each other (i.e., they
are miscible); and if AG,;, = 0, the molecules are partly miscible and partly immiscible. In
practice, more complicated situations can occur depending on the relationship between
AG,,;, and the composition of the system. For simplicity, we assume that if the two types
of molecules do intermingle with each other they form a regular solution, that is, a
completely random arrangement of the molecules (Figure 2.7b), rather than an ordered
solution, in which the type A molecules are preferentially surrounded by type B molecules,
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or vice versa. In practice, this means that the attractive forces between the two different
types of molecules are not much stronger than the thermal energy of the system (Atkins,
1994; Evans and Wennerstrom, 1994). This argument is therefore only applicable to mix-
tures that contain nonpolar or slightly polar molecules, where strong ion—ion or ion—dipole
interactions do not occur. Despite the simplicity of this model system, we can still gain
considerable insight into the behavior of more complex systems that are relevant to food
emulsions. In the following sections, we separately consider the contributions of the
interaction energy and the entropy to the overall free energy change that occurs on mixing.

2.6.1 Potential energy change on mixing

An expression for AE_; can be derived by calculating the total interaction energy of the
molecules before and after mixing (Israelachvili, 1992; Evans and Wennerstrom, 1994;
Norde, 2003). For both the mixed and the unmixed system, the total interaction energy is
determined by summing the contribution of each of the different types of bond:

E =n,,W,, + NggWgp + M, 5W,apg (2.14)

where 1,,, ngz, and n,; are the total number of bonds, and w,,, Wy, and w,; are the
intermolecular pair potentials at equilibrium separation, that correspond to interactions
between A-A, B-B, and A-B molecules, respectively. The total number of each type of
bond formed is calculated from the number of molecules present in the system, the
coordination number of the individual molecules (i.e., the number of molecules in direct
contact with them) and their spatial arrangement. For example, many of the A-A and B-B
interactions that occur in the unmixed system are replaced by A-B interactions in the
mixed system. The difference in the total interaction energy between the mixed and
unmixed states is then calculated: AE_;, = E,;, — E nmixed- This type of analysis leads to the
following equation (Evans and Wennerstrom, 1994).

AE , = nX, X;w (2.15)

mix

where 1 is the total number of moles, w is the effective interaction parameter, and X, and
Xg (=1 - X,) are the mole fractions of molecules of types A and B, 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 (Norde, 2003):

wzz(wAB —%[wAA +wBB]) (2.16)

where z is the coordination number of a molecule (i.e., the number of contacting neigh-
bors). The effective interaction parameter determines whether the mixing of dissimilar
molecules is energetically favorable (w negative), unfavorable (w positive), or indifferent
(w = 0). It should be stressed that even though there may be attractive forces between
all the molecules involved (i.e., w,,, wgs, and w,z may all be negative), the overall
interaction potential can be either negative (favorable to mixing) or positive (unfavorable
to mixing) depending on the relative magnitude of the interactions. If the strength of the
interaction between two different types of molecules (w,p) is greater (more negative) than
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the average strength between similar molecules (w, < [wx, + Wgg]/2), then w 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 molecules (w,g > [wWa, + Wgpl/2),
then w 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
molecules (wy g = [wyp + wgsl/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 mag-
nitudes of the intermolecular pair potentials.

2.6.2 Entropy change on mixing

An expression for AS_;, is obtained from simple statistical considerations (Israelachvili,
1992; Evans and Wennerstrom, 1994; Norde, 2003). 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 arrange-
ments (i.e., high entropy). A statistical analysis of this situation leads to the derivation of
the following equation for the entropy of mixing (Atkins, 1994):

S... = —nR (X, InX, + X;In X;) (2.17)

mix

AS . is always positive because X, and Xjg 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 contribution (-TAS ;)
always decreases the free energy of mixing, that is, favors the intermingling of the mole-
cules. 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,
for example, organization of solvent molecules around a solute molecule (Section 4.3).

2.6.3  Querall free enerqy change on mixing

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

AG,,. = n[X,Xgw + RT(X, In X, + X; In X;)] (2.18)

We are now in a position to investigate the relationship between the strength of the
interactions between molecules and their structural organization within a bulk liquid.
The dependence of the free energy of mixing on the effective interaction parameter and
the composition of a system consisting of two different types of molecules is illustrated
in Figure 2.8. The two liquids are completely miscible when the interactions between the
dissimilar molecules are not too energetically unfavorable (i.e., w < 2 RT) because the
entropy of mixing contribution dominates. This accounts for the miscibility of liquids in
which the interactions between the different types of molecules are fairly similar, for
example, two nonpolar oils. Two liquids are almost completely immiscible when the
interactions between the dissimilar molecules are highly energetically unfavorable (i.e.,
w >4 RT). This accounts for the immiscibility of oil and water, where the water molecules



44 Food Emulsions

0.4 - _ Mixing
W_+4RT Unfavorable
024 T T
w=+3RT
R
B 02\ TTTmmmmeee T o/
X \ w=+2RT Y
£ N\ 7/
G -04 A \\ Vs
< < e
N Ve
—06 . \\ //
08 1 w=0RT
—1.01 Mixin
=-2RT g
v Favorable
_1 .2 T T T T
0.0 0.2 0.4 0.6 0.8 1.0

Xa

Figure 2.8 Dependence of the free energy of mixing (calculated using Equation 2.18) on the com-
position and effective interaction parameter of a binary liquid. When AG_;, is much less than —RT
the system tends to be mixed, otherwise it will be partly or wholly immiscible.

can form strong hydrogen bonds with each other but not with oil molecules. Two liquids
are partially miscible when the interactions between the dissimilar molecules are mod-
erately unfavorable (i.e.,, 2 RT < w < 4 RT). At these intermediate interaction strengths
there are two minimum values in the AG,;, versus X, curve: X,; and X,y, which represent
the lower and higher values, respectively (Figure 2.8). Under these circumstances, if the
initial composition (X,r) of the overall system falls between these two minimum values,
then the system separates into two phases, one with composition X, = X,; and the other
with composition X, = X,y. The relative proportion of these two phases depends on the
initial composition: @, = (Xay — Xar)/ (Xag — Xar), @an = (1 — @a1). The positions of X,
and X,y on the composition axis depend on the magnitude of the effective interaction
parameter: the higher w, the smaller X,; and the larger X, (Norde, 2003). Knowledge
of the effective interaction parameter and composition of a system enables one to use the
above equation for AG_;, to construct a phase diagram that describes the conditions under
which the molecular ensemble exists as an intimate mixture or as a phase separated
system (Figure 2.9). The above approach therefore enables one to use thermodynamic
considerations to relate bulk physicochemical properties of liquids (such as immiscibility)
to molecular properties (such as the effective interaction parameter and the coordination
number).

2.6.4 Complications

The derivation of the equation for AG,;, given above depends on making a number of
simplifying assumptions about the properties of the system that are not normally valid
in practice, for example, 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 to incorporate some of these features into the
above theory, but a much more elaborate mathematical analysis is required. Food mole-
cules come in all sorts of different sizes, shapes, and flexibilities, they may be nonpolar,
polar, or amphiphilic, they may have one or more specific binding sites or they may have
to be in a certain orientation before they can interact with their neighbors. In addition,
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Figure 2.9 Phase diagram describing the compositions and effective interaction parameters where
the system exists as a one-phase (miscible) or two-phase (immiscible) system. This diagram was
calculated using Equation 2.18 to find the minimum values in the AG;, vs. X, graph.

a considerable degree of structural organization of the molecules within a solvent often
occurs when a solute is introduced if the solute—solvent interactions are sufficiently
strong. The variety of molecular characteristics 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 free energy state. This approach cannot
therefore tell us whether two liquids will exist as an emulsion or not, because an emulsion
is a thermodynamically unstable system. Nevertheless, it can tell us whether two liquids
are capable of forming an emulsion, that is, 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 con-
sidering both interaction energies and entropy effects.

2.7 Molecular 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; Norde, 2003; Walstra, 2003a). Small molecules, such as H,O and
CH,, normally exist in a single conformation that 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, for example, pro-
teins and polysaccharides (Bergethon and Simmons, 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 conditions (Alber, 1989). The conformational
free energy of a molecule is determined by the various interaction energies and entropy
contributions within the particular system (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
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Helix Random Coil

Figure 2.10 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.

conformations that the molecule can adopt, as well as by any changes in the entropy
caused by interactions with its neighbors, for example, 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 dilute aqueous solution containing hydrophilic biopolymer molecules that can exist in
either a helical or a random coil conformation depending on the environmental conditions
(Figure 2.10). Many types of food biopolymers are capable of undergoing this type of
transformation, including the protein gelatin (Walstra, 1996b) and the polysaccharides
xanthan, carrageenan, and alginate (BeMiller and Whistler, 1996). The free energy associ-
ated with the helix-to-coil transition between these two different conformations is given by:

AG, = AE, - TAS (2.19)

h—c h—c h—c

where AG, _,, AE, ., and AS,_,_ are the free energy, interaction energy, and entropy changes
associated with the helix-to-coil transition. If AG,_,. is negative, the random coil conformation
is favored; if AG,_, is positive, the helix conformation is favored; and if AG,_,, = O, the
molecule spends part of its time in each of the conformations. In principle, a molecular
interpretation of the free energy change associated with the helix-to-coil transition can be
obtained by calculating the sum of the various intermolecular and intramolecular interaction
energies in both the helix and coil states, and by calculating the number of different ways
that all the molecules in the system (polymer and solvent) could arrange themselves in both
the helix and coil states. In practice, this is extremely difficult to carry out because of the
lack of information about the strength and number of all of the different kinds of interactions
that occur in the system, and about the magnitude of the entropy effects. Nevertheless, a
broad understanding of the relative importance of interaction energy and entropy contribu-
tion effects can be obtained. A helical conformation allows a molecule to maximize the
number of energetically favorable intermolecular and intramolecular interactions, while
minimizing the number of energetically unfavorable ones (Bergethon and Simmons, 1990).
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. 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 term (-TAS,_,) becomes increasingly important
until eventually it dominates and the molecule unfolds. The temperature at which the helix-
to-coil transition takes place is referred to as the transition temperature, T;,_,., which occurs
when AG, _,, = 0. Similar arguments can be used to account for the unfolding of globular
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proteins when they are heated above a particular temperature, although the relative contri-
bution of the various types of interaction energies is different (Dickinson and McClements,
1995). It must be stressed that many food molecules are unable to adopt their thermody-
namically most stable conformation because of the presence of various kinetic energy bar-
riers (Section 1.2.1). When an energy barrier is 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 large
number of conformations that have fairly similar (+kT) 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 predict-
ing the behavior of many ingredients in food emulsions. The conformation and flexibility
of a molecule determines its chemical reactivity, catalytic activity, intermolecular inter-
actions, and functional properties, for example, solubility, dispersability, water-holding
capacity, gelation, foaming, and emulsification (Damodaran, 1994, 1996, 1997; BeMiller
and Whistler, 1996).

2.8 Compound 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 “hydro-
phobic interactions” (Bergethon and Simons, 1990; Baianu, 1992; Fennema, 1996a; Paulaitis
et al., 1996; Norde, 2003). In reality, these terms are a short-hand way of describing certain
combinations of more fundamental interactions that occur between specific chemical
groups commonly found in food molecules. Both of these compound interactions consist
of contributions from various types of interaction energies (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 components later in
Chapter 4. If one considers molecular organization in terms of compound interactions
(rather than fundamental interactions), then it is usually difficult to divide the overall free
energy term associated with a transition into AE and AS terms, since the compound
interactions contain both interaction energy and entropy contributions. Nevertheless, it is
often more convenient to group some of the entropy contributions with particular types
of compound interactions (e.g., hydrophobic interactions), and consider the others sepa-
rately (e.g., as translational, mixing, or conformational entropy contributions). The
approach used to relate the free energy of mixing to the molecular interactions and entropy
contributions can still be used (Section 2.5), but the effective interaction parameter is
expressed in terms of interaction-free energies (e.g., g4, $ss- $ap) rather than just interaction
energies (e.g., Wx,, Wgp, Wyp) (Norde, 2003).

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,
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carbohydrates, surfactants, and minerals (Chapter 4). They are formed between a lone
pair of electrons on an electronegative atom (such as oxygen), and a hydrogen atom on a
neighbouring group, that is, O-H?% ... O% (Bergethon and Simons, 1990; Lehninger et al.,
1993; Norde, 2003). The major contribution to hydrogen bonds is electrostatic
(dipole-dipole), but van der Waals forces and steric repulsion also make a significant
contribution (Dill, 1990). Typically, they have bond strengths between 10 and 40 k] 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 exam-
ples of dipole-dipole interaction because hydrogen atoms have a strong tendency to
become positively polarised and have a small radius. In fact, hydrogen bonds are so strong
that they cause appreciable alignment of the molecules involved. The strength and direc-
tional character of hydrogen bonds are responsible for many of the unique properties of
water (Chapter 4).

2.8.2 Hydrophobic interactions

Hydrophobic interactions also play a major role in determining the behaviour of many
important 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; Norde, 2003). Nevertheless, the actual origin of hydrophobic inter-
actions is the ability of water molecules to form relatively strong hydrogen bonds with
their nearest neighbours, whereas nonpolar molecules can only form relatively weak
van der Waals bonds (Israelachvili, 1992). When a nonpolar molecule is introduced into
liquid water it causes the water molecules in its immediate vicinity to rearrange them-
selves which changes both the interaction energy and entropy of the system (Chapter 4).
It turns out that these changes are thermodynamically unfavourable and so the system
attempts to minimise contact between water and nonpolar groups, which appears as an
attractive force between the nonpolar groups (Ben-Naim, 1980; Evans and Wennerstrom,
1994). It is this effect that is largely responsible for the immiscibility of oil and water,
the adsorption of surfactant molecules to an interface, the aggregation of protein mol-
ecules and the formation of surfactant micelles, and it is therefore particularly important
for food scientists to have a good understanding of its origin and the factors that
influence it (Nakai and Li-Chan, 1988).

2.9 Computer modeling of liquid properties

Our understanding of the way that molecules organise themselves in a liquid can be
greatly enhanced by the use of computer modelling techniques (Murrell and Jenkins, 1994;
Gelin, 1994; Norde, 2003). Computer simulations of the relationship between molecular
properties, structure, and organization have provided a number of valuable insights that
are relevant to a better understanding of the behaviour of food emulsions, including the
miscibility /immiscibility of liquids, the formation of surfactant micelles, the adsorption
and displacement of emulsifiers at an interface, the transport of nonpolar molecules
through an aqueous phase, the conformation and flexibility of biopolymers in solution,
and the formation of gels (Esselink et al., 1994; Bergethon, 1998; Whittle and Dickinson,
1997; Dickinson, 2000, 2001; Dickinson and Krishna, 2001; Evilevitch et al., 2002; Ettelaie,
2003; Pugnaloni et al.,, 2003, 2004). An example of the power of computer simulation
techniques for understanding molecular processes relevant to food emulsions is shown
in Figure 2.11. The displacement of one type of molecule from an interface by another
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Figure 2.11 Brownian dynamics simulation of the displacement of a gel-like adsorbed layer of bond-
forming white spheres by more surface-active non-bond-forming small black spheres. (A) The
displacer black spheres have been just introduced to the system beneath the interface. (B) The black
spheres have partially displaced the gel-forming white spheres. The thickening of the displaced
layer can be appreciated on the side-on profiles shown. (Kindly provided by Prof. Eric Dickinson
and Dr. Luis Pugnaloni, University of Leeds, U.K.)

more surface-active type of molecule is simulated. This type of simulation can be used to
provide insights into the molecular factors that influence the displacement of proteins
from air-water or oil-water interfaces by surfactants or other proteins. The stability and
physicochemical properties of emulsions are strongly influenced by interfacial properties,
and so it is important to have a fundamental understanding of the factors that influence
the type, concentration, interactions, and arrangement of surface-active molecules at inter-
faces (Chapters 5, 7-10).

The first step in a molecular simulation is to define the characteristics of the molecules
involved (e.g., size, shape, flexibility, and polarity) and the nature of the intermolecular
pair potentials that act between them (Gelin, 1994)*. A collection of these molecules is
arbitrarily distributed within a “box” that represents a certain region of space, and the
change in the conformation and/or organisation of the molecules is then monitored as
they are allowed to interact with each other. Depending on the simulation technique used,
one can obtain information about the evolution of the structure with time and/or about
the equilibrium structure of the molecular ensemble. The two most commonly used
computer simulation techniques are the Monte Carlo approach and the Molecular Dynamics
approach (Murrell and Boucher, 1982; Murrell and Jenkins, 1994).

2.9.1 Monte Carlo techniques

This technique is named after Monte Carlo, a town in the principality of Monaco (near
southern France), which is famous for its gambling and casinos. The reason for this peculiar
name is the fact that the movement of the molecules in the “box” is largely determined
by a random selection process, just as the winner in a Roulette game is selected. Initially,
one starts with an arbitrary arrangement of the molecules in the box. The overall interac-
tion energy is then calculated from knowledge of the positions of all the molecules and
their intermolecular pair potentials. One of the molecules is then randomly selected and
moved to a new location and the overall interaction energy is recalculated. If the energy

* It should be noted that it is usually necessary to make a number of simplifying assumptions about the properties
and interactions of the molecules in order to create computer programs which can be solved in a reasonable
time period.
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decreases the move is definitely allowed, but if it increases the probability of the move
being allowed depends on the magnitude of the energy change compared to the thermal
energy. When the increase in energy is much greater than RT the move is highly unlikely
and will probably be rejected, but if it is on the same order as RT it is much more likely
to be accepted. This procedure is continued until there is no further change in the average
interaction energy, which is taken to be the minimum potential energy state of the system.
The free energy and entropy of the system are calculated by monitoring the fluctuations
in the overall interaction energy after successive molecules have been moved once the
system has reached equilibrium. The Monte Carlo technique therefore provides informa-
tion about the equilibrium properties of a system, rather than about the evolution in its
properties with time.

2.9.2  Molecular dynamics techniques

This technique is named after the fact that it relies on monitoring the movement of
molecules with time. Initially, one starts with an arbitrary arrangement of the molecules
in the “box.” The computer then calculates the force that acts on each of the molecules
as a result of its interactions with the surrounding molecules. Newton's equations of
motion are then used to determine the direction and speed that each of the molecules
move within a time interval that is short compared to the average time between
molecular collisions (typically 10-'> to 10-!4 sec). By carrying out the computation over
a large number of successive time intervals it is possible to monitor the evolution of
the system with time. The main limitation of this technique is that a huge number of
computations have to be carried out in order to model events on time-scales relevant
to pertinent physicochemical phenomena and using sufficient molecules to accurately
represent these phenomena. Consequently, powerful computers and relatively long
computation times are required to model even relatively simple molecular processes.
Even so, as computer technology advances these computation times are decreasing,
which enables researchers to model increasingly complex systems. A molecular dynam-
ics simulation should lead to the same final state as a Monte Carlo simulation if it is
allowed to proceed long enough to reach equilibrium. The free energy of the system
is determined by the same method as for Monte Carlo simulations, that is, by taking
into account the fraction of molecules that occupy each energy state once the system
has reached equilibrium.

In practice, molecular dynamics simulations are more difficult to setup and take
much longer to reach equilibrium than Monte Carlo simulations. For this reason, Monte
Carlo simulations are more practical if a researcher is only interested in equilibrium
properties, but molecular dynamic simulations are used when information about both
the kinetics and thermodynamics of a system is required. Molecular dynamics tech-
niques are particularly suitable for studying nonequilibrium processes, such as mass
transport, fluid flow, adsorption kinetics, and solubilization processes (Dickinson and
McClements, 1995). It is clear from the above discussion that each technique has its own
advantages and disadvantages, and that both techniques can be used to provide useful
insights into the molecular basis for some of the most important bulk physiochemical
properties of food emulsions.

2.10 Measurement of molecular characteristics

Prediction of the organization of molecules using statistical thermodynamics or computer
simulation techniques requires information about the total number and strength of the
different kinds of bonds in the system, as well as of the spatial distribution of the molecules
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within the system. Direct measurement of these molecular properties is usually extremely
difficult because of their extremely small size, large number, and rapid movement. For
this reason, most of the information that we have about molecular characteristics has to
be inferred from more indirect measurements of the physicochemical properties of mate-
rials (Israelachvili, 1992):

* Measurements of the thermodynamic properties on gases, liquids, and solids
(e.g., boiling points, heats of vaporization, lattice energies, ... Pressure-Volume-
Tempreture (PVT) data) provide information on short-range attraction between
molecules.

* Measurements of the thermodynamic properties of solutions (e.g., solubility, mis-
cibility, partitioning, phase diagrams, osmotic pressure) provide information about
short-range solute-solute and solute-solvent interactions.

* Measurements of the bulk physicochemical properties of gases, liquids, and solids
(e.g., density, compressibility, viscosity, diffusion, scattering, spectroscopy) provide
information about short-range attractive and/or repulsive interactions between
molecules.

* Measurements of adhesion forces holding solid surfaces together can provide
information about short-range attractive interactions.

e Measurements of surface or interfacial properties (tensions or contact angles) can
provide information about short-range liquid-liquid and solid-liquid interactions.

More recently a number of analytical methods have been developed to directly mea-
sure the forces acting between surfaces as a function of their separation, e.g., surface force
apparatus, total internal reflection microscopy, atomic force microscopy, and osmotic
pressure cells (Israelachvili, 1992). These techniques often provide the most detailed
information about force—distance profiles for different kinds of molecular interactions.






chapter three

Colloidal interactions

3.1 Introduction

Food emulsions contain a variety of structural entities that have at least one dimension
that falls within the colloidal size range (i.e., between a few nm and a few um), for example,
molecular aggregates, micelles, emulsion droplets, fat crystals, ice crystals, and air cells
(Dickinson and Stainsby, 1982; Dickinson, 1992; Friberg et al., 2004). The characteristics of
these colloidal particles, and their interactions with each other, are responsible for many
of the most important physicochemical and organoleptic properties of food emulsions.
The ability of food scientists to understand, predict, and control the properties of food
emulsions therefore depends on knowledge of the interactions that arise between colloidal
particles. In this chapter, we examine the origin and nature of the most important types
of colloidal interactions, while in later chapters we consider the relationship between these
interactions and the stability, rheology, and appearance of food emulsions (Chapters 7-9).

The interaction between a pair of colloidal particles is the result of interactions between
all of the molecules within them, as well as those within the intervening medium (Hunter,
1986; Israelachvili, 1992). For this reason, many of the interactions between colloidal
particles appear at first sight to be similar to those between molecules, for example, van
der Waals, electrostatic, and steric (Chapter 2). Nevertheless, the characteristics of these
colloidal interactions are often different from their molecular counterparts, because of
additional features that arise due to the relatively large size of colloidal particles and the
relatively large number of different kinds of molecules involved. The major emphasis of
this chapter will be on interactions between emulsion droplets, although the same prin-
ciples can be applied to the various other types of colloidal particles that are commonly
found in foods.

3.2 Colloidal interactions and droplet aggregation

Colloidal interactions govern whether emulsion droplets aggregate or remain as separate
entities, as well as determining the characteristics of any aggregates formed, for example,
their size, shape, porosity, and deformability (Dickinson, 1992; Bremer et al., 1993;
Bijsterbosch et al., 1995; Walstra, 2003a). Many of the bulk physicochemical and orga-
noleptic properties of food emulsions are determined by the degree of droplet aggregation
and the characteristics of the aggregates (Chapters 7-9). It is therefore extremely impor-
tant for food scientists to understand the relationship among colloidal interactions,
droplet aggregation, and bulk properties.

In the previous chapter, the interaction between two isolated molecules was
described in terms of an intermolecular pair potential. In a similar fashion, the interactions
between two emulsion droplets can be described in terms of an interdroplet pair potential.

53
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Medium
1

Figure 3.1 Emulsion droplets of radius r separated by a surface-to-surface separation / through
a liquid.

The interdroplet pair potential, w(h), is the energy required to bring two emulsion droplets
from an infinite distance apart to a surface-to-surface separation of h (Figure 3.1). Before
examining specific types of interactions between emulsion droplets it is useful to examine
the features of colloidal interactions in a more general fashion.

Consider a system that consists of two emulsion droplets of radius r at a surface-to-surface
separation & (Figure 3.1). For convenience, we will assume that only two types of interactions
occur between the droplets, one attractive and one repulsive:

w(h) = wattractive(h) + wrepulsive(h) (31)

The overall interaction between the droplets depends on the relative magnitude and range
of the attractive and repulsive interactions. A number of different types of behavior can
be distinguished depending on the nature of the interactions involved (Figure 3.2).

Attractive interactions dominate at all separations. If the attractive interactions are
greater than the repulsive interactions at all separations, then the overall interaction is
always attractive (Figure 3.2a), which means that the droplets will tend to aggregate
(provided the strength of the interaction is greater than the disorganizing influence of
the thermal energy).

Repulsive interactions dominate at all separations. If the repulsive interactions are greater
than the attractive interactions at all separations, then the overall interaction is always
repulsive (Figure 3.2b), which means that the droplets tend to remain as individual entities.

Attractive interactions dominate at large separations, but repulsive interactions dominate at
short separations. At very large droplet separations there is no effective interaction between
the droplets. As the droplets move closer together the attractive interaction initially dom-
inates, but at closer separations the repulsive interaction dominates (Figure 3.2c). At some
intermediate surface-to-surface separation there is a minimum in the interdroplet interac-
tion potential (h,,;,). The depth of this minimum, w(h,,,), is a measure of the strength of
the interaction between the droplets, while the position of the minimum, 4, corresponds
to the most likely separation of the droplets. Droplets tend to aggregate when the strength
of the interaction is large compared to the thermal energy (lw(h,, )| > kT), remain as
separate entities when the strength of the interaction is much smaller than the thermal
energy (| w(hy,,) | =0), and spend some time together and some time apart at intermediate
interaction strengths. When droplets fall into a deep potential energy minimum they are
said to be strongly flocculated or coagulated because a large amount of energy is required
to pull them apart again. When they fall into a shallow minimum they are said to be
weakly flocculated because they are fairly easy to pull apart. The fact that there is an
extremely large repulsion between the droplets at close separations prevents them from
coming close enough together to coalesce.
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Figure 3.2 The overall interaction of a pair of emulsion droplets depends on the relative magnitude
and range of any attractive and repulsive interactions. The overall interaction may be attractive at
some separations and repulsive at others.

Repulsive interactions dominate at large separations, but attractive interactions dominate at
short separations. At very large droplet separations there is no effective interaction between
the droplets. As the droplets move closer together the repulsive interaction initially dom-
inates, but at closer separations the attractive interaction dominates (Figure 3.2d). At some
intermediate surface-to-surface separation (/,,,,,) there is an energy barrier that the droplets
must overcome before they can move any closer together. If the height of this energy
barrier is large compared to the thermal energy of the system (lw(h,,,,)! > 20kT), the
droplets are effectively prevented from coming close together and will therefore remain
as separate entities (Friberg, 1997). If the height of the energy barrier is small compared
to the thermal energy (| w(h,,) ! < 5kT), the droplets easily have enough thermal energy
to “jump” over it, and they rapidly fall into the deep minimum that exists at close
separations (Friberg, 1997). At intermediate values, the droplets still tend to aggregate but
this process occurs slowly because only a fraction of droplet—droplet collisions has suffi-
cient energy to “jump” over the energy barrier. The fact that there is an extremely strong
attraction between the droplets at close separations is likely to cause them to coalesce,
that is, merge together.

Despite the simplicity of the above model (Equation 3.1), we have already gained
a number of valuable insights into the role that colloidal interactions play in determin-
ing whether emulsion droplets are likely to be unaggregated, flocculated, or coalesced.
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In particular, the importance of the sign, magnitude, and range of the colloidal interactions
has become apparent. As would be expected, the colloidal interactions that arise between
the droplets in real food emulsions are much more complex than those considered above
(Dickinson, 1992; Claesson et al., 2004). First, there are a number of different types of
repulsive and attractive interactions that contribute to the overall interaction potential,
each with a different sign, magnitude, and range. Second, food emulsions contain a huge
number of droplets and other colloidal particles that have different sizes, shapes, and
properties. Third, the liquid that surrounds the droplets may be compositionally complex,
containing various types of ions and molecules. Droplet—-droplet interactions in real food
emulsions are therefore influenced by the presence of the neighboring droplets, as well
as by the precise nature of the surrounding liquid. For these reasons, it is difficult to
accurately account for colloidal interactions in real food emulsions because of the math-
ematical complexity of describing interactions among huge numbers of molecules, ions,
and particles (Dickinson, 1992). Nevertheless, considerable insight into the factors that
determine the properties of food emulsions can be obtained by examining the interaction
between a pair of droplets. In addition, our progress toward understanding complex food
systems depends on us first understanding the properties of simpler model systems. These
model systems can then be incrementally increased in complexity and accuracy as
advances are made in our knowledge.

In the following sections, the origin and nature of the major types of colloidal interactions
that arise between emulsion droplets are reviewed. In Section 3.11, we then consider ways
in which these individual interactions combine with each other to determine the overall
interdroplet pair potential, and thus the stability of emulsion droplets to aggregation. Knowl-
edge of the contribution that each of the individual colloidal interactions makes to the overall
interaction is often of great practical importance, since it enables one to identify the most
effective means of controlling the stability of a given system to droplet aggregation.

3.3 wan der Waals interactions
3.3.1 Origin of van der Waals interactions

Intermolecular van der Waals interactions operate between all of the different kinds of mol-
ecules in the dispersed and continuous phases of emulsions, which results in a net colloidal
van der Waals interaction between the emulsion droplets (Hunter, 1986; Israelachvili, 1992;
Hiemenz and Rajagopalan, 1997). Ultimately, the colloidal van der Waals interaction is a
result of the orientation, induced, and dispersion contributions to the intermolecular van
der Waals interaction discussed earlier (Section 2.3.3). An appreciation of these different
contributions is important because it enables one to understand some of the physicochemical
factors that influence the strength of colloidal van der Waals interactions between emulsion
droplets, for example, retardation and electrostatic screening (see later).

3.3.2 Modeling van der Waals interactions

The van der Waals interactions between macroscopic bodies can be calculated using two
different mathematical approaches (Hunter, 1986; Derjaguin et al., 1987; Israelachvili, 1992;
Hiemenz and Rajagopalan, 1997). In the microscopic approach, the van der Waals interac-
tion between a pair of droplets is calculated by carrying out a pair-wise summation of the
interaction energies of all the molecules in one of the droplets with all of the molecules
in the other droplet. Calculations made using this approach rely on knowledge of the
properties of the individual molecules, such as polarizabilities, dipole moments, and
electronic energy levels. In the macroscopic approach, the droplets and surrounding
medium are treated as continuous liquids that interact with each other because of the
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fluctuating electromagnetic fields generated by the movement of the electrons within them.
Calculations made using this approach rely on knowledge of the bulk physicochemical
properties of the liquids, such as dielectric constants, refractive indices, and absorption
frequencies. Under certain circumstances, both theoretical approaches give similar predic-
tions of the van der Waals interaction between emulsion droplets. In general, however,
the macroscopic approach is usually the most suitable for describing interactions between
emulsion droplets because it automatically takes into account the effects of retardation
and of the liquid surrounding the droplets (Hunter, 1986).

3.3.2.1 Interdroplet pair potential
The van der Waals interdroplet pair potential, wypy(h), of two emulsion droplets of equal
radius, 7, separated by a surface-to-surface distance, /1, is given by the following expression
(Figure 3.1):

A 2;,2 272 hZ + 4rh
) = _ S 1 3.2
Wy (1) 6 Kh2+4rhj+[h2+4rh+4rzj+ n(h2+4rh+4rzﬂ G2

where A,,, is the Hamaker function for emulsion droplets (medium 2) separated by a liquid
(medium 1). The value of the Hamaker function can be calculated using either the micro-
scopic or macroscopic approaches mentioned above (Mahanty and Ninham, 1976). At
close separations (h < r), the above equation can be simplified considerably:

A, r
Wy (h) = _71221;1 (3.3)

This equation indicates that van der Waals interactions between a pair of colloidal particles
(w o< 1/h) are much longer range than those between a pair of molecules (w o< 1/5°, which
has important consequences for determining the stability of food emulsions. Equations
for calculating the van der Waals interaction between spheres of unequal radius are given
by Hiemenz and Rajagopalan (1997).

3.3.3.2 Hamaker function

In general, an accurate calculation of the Hamaker function of a pair of emulsion droplets
is a complicated task (Manhanty and Ninham, 1976; Hunter, 1986; Israelachvili, 1992).
Knowledge of the optical properties (dielectric permitivities) of the oil, water, and inter-
facial phases is required over a wide range of frequencies, and this information is not
readily available for most substances (Hunter, 1986; Roth and Lenhoff, 1996). In addition,
the full theory must be solved numerically using a digital computer (Pailthorpe and Russel,
1982). Nevertheless, approximate expressions for the Hamaker function have been
derived, which can be calculated using data that can easily be found in the literature
(Israelachvili, 1992):

Ay =A,+A, (34)

where
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where ¢ is the static relative dielectric constant, # is the refractive index, v, is the major
electronic absorption frequency in the ultraviolet region of the electromagnetic spectrum
(which is assumed to be equal for both phases), & is Planck's constant, and the subscripts
1 and 2 refer to the continuous phase and droplets, respectively. Equation 3.4 indicates
that the Hamaker function of two similar droplets is always positive, which means that
wypw(h) is always negative, so that the van der Waals interaction is always attractive. It
should be noted, however, that the interaction between two colloidal particles containing
different materials may be either attractive or repulsive, depending on the relative physical
properties of the particles and intervening medium (Israelachvili, 1992; Milling et al., 1996).

In Equation 3.4, the Hamaker function is divided into two contributions: a zero-
frequency component (A, ) and a frequency-dependent component (A,.,). The overall
interdroplet pair potential is therefore given by

wWypw(h) = w,(h) + w,.o(h) (3.5)

where w,_(h) and w,,((h) are determined by inserting the expressions for A, , and A,,,
into Equation 3.2 or 3.3. The zero-frequency component is due to orientation and induction
contributions to the van der Waals interaction, whereas the frequency-dependent compo-
nent is due to the dispersion contribution (Section 2.3.3). The separation of the Hamaker
function into these two components is particularly useful for understanding the influence
of electrostatic screening and retardation on van der Waals interactions (see below). The
variation of wypw(h), w,o(h), and w,.o(h) with droplet separation for two oil droplets
dispersed in water is shown in Figure 3.3.

For food emulsions, the Hamaker function is typically about 0.56 x 102 J (1.37kT),
with about 43% of this coming from the zero-frequency contribution and 57% from the
frequency-dependent contribution. The physicochemical properties needed to calculate
Hamaker functions for ingredients typically found in food emulsions are summarized
in Table 3.1. In practice, the magnitude of the Hamaker function depends on droplet
separation and is considerably overestimated by Equation 3.4 because of the effects of
electrostatic screening, retardation, and interfacial layers (see below).
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Figure 3.3 Predicted dependence of the interaction potential on droplet separation for van der Waals inter-
actions: total (wypy); zero-frequency contribution (w,y); frequency-dependent contribution (w,.,). See
Table 3.1 for the physicochemical properties of the oil and water phases used in the calculations (r = 1 um).
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Table 3.1 Physicochemical Properties Needed to Calculate the Nonretarded Hamaker Function
(Equation 3.4) for Some Materials Commonly Found in Food Emulsions.

Static Relative Dielectric Refractive Absorption Frequency
Medium Constant & Index n v,/10% sec!
Water 80 1.333 3.0
Oil 2 1.433 29
Pure protein 5 1.56 29
7% protein in water 5x + 80(1 — x) 1.56x + 1.333(1 — x) 29
Pure Tween 20 1.468 29

Source: Data compiled from Israelachvili (1992), Wei et al. (1994), and Hato et al. (1996).

3.3.3.2.1 Electrostatic screening effects. The zero-frequency component of the
Hamaker function (A,_) is electrostatic in origin because it depends on interactions that
involve permanent dipoles, that is, orientation and induction forces (Section 2.3.3).
Consequently, this part of the van der Waals interaction is “screened” (reduced) when
droplets are suspended in an electrolyte solution because of the accumulation of counte-
rions around the droplets (Section 3.4). Electrostatic screening causes the zero-frequency
component to decrease with increasing droplet separation, and with increasing electrolyte
concentration (Manhanty and Ninham, 1976; Marra, 1986; Israelachvili, 1992; Mishchuk
et al., 1995, 1996). At high electrolyte concentrations, the zero-frequency contribution
decays rapidly with distance and makes a negligible contribution to the overall interaction
energy at distances greater than a few x~! (Figure 3.4a), where k! is the Debye screening
length (see later). On the other hand, the frequency-dependent component (A,,) is
unaffected by electrostatic screening because the ions in the electrolyte solution are so
large that they do not have time to move in response to the rapidly fluctuating dipoles
(Israelachvili, 1992). Consequently, the van der Waals interaction may decrease by as much
as 42% in oil-in-water emulsions at high ionic strength solutions because the zero-
frequency component is completely screened. Equations for calculating the influence of
electrostatic screening on van der Waals interactions have been developed (Israelachvili,
1992). To a first approximation, the influence of electrostatic screening on the zero-
frequency contribution to the van der Waals interaction can be accounted for by replacing
A,y with A,y x e72" in the above equations (Israelachvili, 1992).

3.3.3.2.2 Retardation. The strength of the van der Waals interaction between emul-
sion droplets is reduced because of a phenomenon known as retardation (Israelachvili,
1992). The origin of retardation is the finite time taken for an electromagnetic field to travel
from one droplet to another and back (Manhanty and Ninham, 1976). The frequency-
dependent contribution to the van der Waals interaction (w,.,) is the result of a transient
dipole in one droplet inducing a dipole in another droplet, which then interacts with the
first dipole (Section 2.3.3). The strength of the resulting attractive force is reduced if the
time taken for the electromagnetic field to travel between the droplets is comparable to
the lifetime of a transient dipole, because then the orientation of the first dipole will have
changed by the time the field from the second dipole arrives back (Israelachvili, 1992). This
effect becomes appreciable at dipole separations greater than a few nanometers, and results
in a decrease in the frequency-dependent (A,.,) contribution to the Hamaker function
with droplet separation. The zero-frequency contribution (A, ) is unaffected by retar-
dation because it is electrostatic in origin (Manhanty and Ninham, 1976). Consequently,
the contribution of the A,,, term becomes increasingly small as the separation between
the droplets increases, which leads to a decrease in the overall interaction potential
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Figure 3.4 Influence of (a) electrostatic screening and (b) retardation on the normalized van der
Waals attraction between two oil droplets suspended in water. The normalized interaction potentials
are reported as w(h) in the presence of the stipulated effect relative to w(h) in the absence of the

effect expressed as a percentage. See Table 3.1 for the physicochemical properties of the phases used
in the calculations.

(Figure 3.4b). Any accurate prediction of the van der Waals interaction between droplets
should therefore include retardation effects. A number of authors have developed rela-
tively simple correction functions that can be used to account for retardation effects
(Schenkel and Kitchner, 1960; Gregory, 1969, 1981; Anandarajah and Chen, 1995; Chen
and Anandarajah, 1996), although the most accurate method is to solve the full theory
numerically (Mahanty and Ninham, 1976; Pailthorpe and Russel, 1982). To a first approx-
imation, the influence of retardation on the frequency-dependent contribution to the van
der Waals interaction can be accounted for by replacing A, with A, x (1 + 0.11h)7! in



Colloidal interactions 61

Medium

Medium
3

Figure 3.5 The droplets in food emulsions are normally surrounded by an adsorbed emulsifier layer,
which modifies their van der Waals interactions.

the above equations (Gregory, 1969). Thus, the retarded value of w,.,(l) between two
emulsion droplets at a separation of 20 nm is only about 30% of the nonretarded value.

3.3.3.2.3 Influence of interfacial membranes. So far we have assumed that the van
der Waals interaction occurs between two homogeneous spheres separated by an inter-
vening medium (Figure 3.1). In reality, emulsion droplets are normally surrounded by a
thin layer of emulsifier molecules, and this interfacial layer has different physicochemical
properties (&, 1, and v,) than either the oil or water phases (Figure 3.5). The molecules
nearest the surface of a particle make the greatest contribution to the overall van der Waals
interaction, and so the presence of an interfacial layer can have a large effect on the
interactions between emulsion droplets, especially at close separations (Vold, 1961;
Israelachvili, 1992; Parsegian, 1993).
The influence of an adsorbed layer on the van der Waals interactions between emulsion
droplets has been considered by Vold (1961):

_ 1 h h+26 h+ 5 r+0
Wypw (1) =— 1 {AmH ( 20 +8) ) A, H ( 5 ) 2A,,H ( 5 ﬂ (3.6)

r

where the subscripts 1, 2, and 3 refer to the continuous phase, droplet, and emulsifier
layer, respectively, h is the surface-to-surface separation between the outer regions of the
adsorbed layers, dis the thickness of the adsorbed layer, and H(x, y) is a function given by

2
H(x,y)=— L +— L +21r1[ zx Ty +x ]
XTHxy+x  xTHxy+x+y X Hxy+x+y

The dependence of the (nonretarded and nonscreened) van der Waals interaction between
two emulsion droplets on the thickness and composition of an interfacial layer consisting
of a mixture of protein and water was calculated using Equation 3.6 and the physical
properties listed in Table 3.1 (Figure 3.6). In the absence of the interfacial layer the attraction
between the droplets was about —110kT at a separation of 1 nm. Figure 3.6 clearly indicates
that the interfacial layer causes a significant alteration in the strength of the interactions
between the droplets, leading to either an increase or decrease in the strength of the
attraction depending on the concentration of protein in the interfacial membranes. At high
protein concentrations (>60%) the attraction is greater than that between two bare emul-
sion droplets, whereas at low protein concentrations (<60%) it is smaller.
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Figure 3.6 Influence of the composition of an interfacial layer, consisting of water and protein, on the van
der Waals interactions between emulsion droplets. The interdroplet pair potential is reported at an outer
surface-to-surface separation of 1 nm for 1 um droplets. The physical properties of the oil, water, and interfacial
layer used in the calculations are reported in Table 3.1.

3.3.3 General features of van der Waals interactions

1. The interaction between two oil droplets (or between two water droplets) is always
attractive.

2. The strength of the interaction decreases with droplet separation, and the interac-

tion is fairly long range (w o 1/h).

The interaction becomes stronger as the droplet size increases.

4. The strength of the interaction depends on the physical properties of the droplets
and the surrounding liquid (through the Hamaker function).

5. The strength of the interaction depends on the thickness and composition of the
adsorbed emulsifier layer.

6. The strength of the interaction decreases as the concentration of electrolyte in an
oil-in-water emulsion increases because of electrostatic screening.

©»

van der Waals interactions act between all types of colloidal particles, and therefore
they must always be considered when calculating the overall interaction potential between
emulsion droplets (Israelachvili, 1992; Hiemenz and Rajagopalan, 1997). Nevertheless, it
must be stressed that an accurate calculation of their magnitude and range is extremely
difficult, because of the lack of physicochemical data required to perform the calculations,
and because of the need to simultaneously account for the effects of screening, retardation,
and interfacial layers (Hunter, 1986). The fact that van der Waals interactions are relatively
strong and long range, and that they are always attractive, suggests that emulsion drop-
lets would tend to associate with each other in the absence of any other interactions. In
practice, many food emulsions are stable to droplet aggregation, which indicates the
existence of repulsive interactions that are strong enough to overcome the van der Waals
attraction. In the following sections, we discuss some of the most important types of these
repulsive interactions, including electrostatic, steric, hydration, and thermal fluctuation
interactions.
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3.4 Electrostatic interactions
3.4.1 Origins of electrostatic interactions

The droplets in most food emulsions have an appreciable electrical charge (Section 5.4),
and therefore electrostatic interactions may play an important role in determining their
overall stability and physicochemical properties. The magnitude and sign of this charge
depend on the type of emulsifier used to stabilize the emulsion, the concentration of the
emulsifier at the interface, and the prevailing environmental conditions (e.g., pH, temper-
ature, and ionic strength). All the droplets in an emulsion are usually stabilized by the
same type of emulsifier and therefore have the same electrical charge. The electrostatic
interaction between similarly charged droplets is repulsive, and so electrostatic interactions
play a major role in preventing droplets from coming close enough together to aggregate.

The electrostatic interactions between emulsion droplets depend on the electrical char-
acteristics of the droplet surfaces and the ionic composition of the surrounding aqueous
phase (Hunter, 1986; Israelachvili, 1992; Hiemenz and Rajagopalan, 1997). The electrical
properties of a surface are usually characterized by the surface charge density (o) and the
electrical surface potential (y;). The surface charge density is the amount of electrical charge
per unit surface area, whereas the surface potential is the free energy required to increase
the surface charge density from zero to o (Chapter 5). These values depend on the type
and concentration of emulsifier present at a surface, as well as the nature of the electrolyte
solution, for example, pH, ionic strength, and temperature. The important characteristics
of the solution surrounding the droplets are the dielectric constant, concentration, and
valency of the ions it contains (Evans and Wennerstrom, 1994).

3.4.2 Modeling electrostatic interactions

3.4.2.1 Interdroplet pair potential
In food emulsions, we are usually interested in the strength of the electrostatic interactions
between oil droplets dispersed in an aqueous continuous phase (Dickinson and Stainsby,
1982; Dickinson, 1992; Friberg, 1997; Claesson et al., 2004). An isolated charged droplet is
surrounded by a cloud of counterions (Figure 3.7). When two similarly charged droplets
approach each other their counterion clouds overlap and this gives rise to a repulsive
interaction (Evans and Wennerstrom, 1994). The range of the electrostatic interaction is
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Figure 3.7 Emulsion droplets can be considered to be surrounded by clouds of counterions, whose
thickness is determined by the distance that has to be moved into the electrolyte solution before the
charge of the counterions completely neutralizes the charge on the droplet surface. The thickness
of this layer is therefore related to the Debye screening length.
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primarily determined by the Debye screening length (x!), which is a measure of how far
the electrical properties of the interface are sensed by counterions in the surrounding
solution (Section 5.4):

a_ | EEkT
L2 2
\‘we anz’.

where 7, is the concentration of ionic species of type i in the bulk electrolyte solution (in
molecules per cubic meter), z; is their valancy, e is the elementary charge (1.602 x 10-° C),
g is the dielectric constant of a vacuum, and & is the relative dielectric constant of the
solution. For aqueous solutions at room temperatures, k' =0.304/+/I nm, where I is the
ionic strength expressed in moles per liter (Israelachvili, 1992).

The electrostatic repulsion between two similarly charged droplets can be divided
into two contributions: (i) an enthalpic contribution associated with the change in the
strength of the attractive and repulsive electrostatic interactions between the various
charged species involved and (ii) an entropic contribution associated with the confinement
of the counterions between the droplets to a smaller volume. The entropic contribution is
strongly repulsive, whereas the enthalpic contribution is weakly attractive, and therefore
the overall interaction is repulsive (Evans and Wennerstrom, 1994).

Mathematical models have been developed to relate the electrostatic interdroplet pair
potential to the physical characteristics of the emulsion droplets and the intervening
electrolyte solution (Hunter, 1986; Carnie et al., 1994; Okshima, 1994; Hiemenz and Raja-
gopalan, 1997). Analytical equations based on these models can be derived by making
some simplifying assumptions (Sader et al., 1995). For example, if it is assumed that there
is a relatively low surface potential (y; < 25 mV), and that the Debye screening length
and surface-to-surface separation are much less than the droplet size (i.e., k™! < r/10 and
h < r/10), then fairly simple expressions for the electrostatic interdroplet pair potential
between two similar droplets can be derived (Hunter, 1986). The equation that is applicable
for a particular system depends on whether the interface can be treated as having constant
potential or constant charge density when the droplets approach each other (see Section
3.4.2.2).

At constant surface potential:

(3.7)

wgectrostatic(h) = 27[8081(71//; ln (1 + exp(—Kh)) (38)
At constant surface charge:
Wotrostaic 1) = =27, €75 In (1—exp(—Kh)) (3.9)

The smallest droplets in most food emulsions are about 0.1 um in radius, which means
that these equations are likely to be applicable at droplet separations less than about 10 nm,
and at electrolyte concentrations greater than about 1 mM. Whether the electrostatic
interaction between two droplets takes place under conditions of constant surface potential
or constant surface charge depends on the ability of the surface groups to regulate their
charge (Israelachvili, 1992; Reiner and Radke, 1993).

3.4.2.2  Factors influencing electrical characteristics of surfaces

3.42.2.1 Charge requlation. As two similarly charged emulsion droplets move
closer together the interaction between them becomes increasingly repulsive (Figure 3.8).
Certain systems are capable of reducing the magnitude of this increase by undergoing
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Figure 3.8 Comparison of electrostatic interaction between a pair of emulsion droplets under con-
ditions of constant surface charge and constant surface potential.

some form of reorganization of the molecular species present, which is referred to as
charge regulation (Wei et al., 1993). For example, the surface charge may be regulated by
adsorption—-desorption of ionic emulsifiers (Yaminsky et al., 1996a,b) or by association—
dissociation of charged groups (Hunter, 1986, 1989). Depending on the physical characteristics
of a system, it is possible to discern three different situations that may occur when two
droplets approach each other (Reiner and Radke, 1993):

1. Constant surface charge. As the droplets move closer together the number of charges
per unit surface area remains constant, that is, no adsorption—desorption or asso-
ciation—dissociation of ions occurs. In this case, the electrostatic repulsion between
the surfaces is at the maximum possible value because the surfaces are fully
charged.

2. Constant surface potential. As the droplets move closer together the number of
charges per unit surface area decreases so as to keep the surface potential constant,
for example, by an adsorption-desorption or association—dissociation mechanism.
In this case, the electrostatic repulsion between the surfaces is at the minimum
possible value because the surface charge density is reduced as the droplets move
closer together.

3. Intermediate situation. In reality, the electrostatic repulsion usually falls somewhere
between the two extremes mentioned above because of charge regulation. The
number of charges per unit surface area depends on the characteristics of the
adsorption—desorption or association—dissociation mechanisms, for example, the
surface activity of an ionic emulsifier or the pK value of an ionizable surface group.
These processes take a finite time to occur, and therefore the surface charge density
may also depend on the speed at which the droplets come together (Israelachvili,
1992; Israelachvili and Berman, 1995).

The variation of the interdroplet pair potential with separation is shown for two similarly
charged droplets in Figure 3.8. There is a strong repulsive interaction between the droplets
at close separations which decreases as the droplets move further apart. This repulsive
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interaction is often sufficiently strong and long range to prevent droplets from aggregating.
At relatively large droplet separations, Equations 3.8 and 3.9 give approximately the same
predictions for the electrostatic interaction, but at closer separations the assumption of con-
stant surface charge predicts a significantly higher repulsion than the assumption of constant
surface potential (Figure 3.8). In practice, the interdroplet pair potential always lies some-
where between these two extremes and depends on the precise nature of the system.

3.4.2.2.2 Ion binding. The surface charge density of emulsion droplets is often
influenced by adsorption of ionic substances present in the continuous or dispersed
phases to the droplet surfaces, for example, ionic surfactants (e.g., phospholipids, fatty
acids, or small molecule surfactants), multivalent mineral ions (e.g., Ca?*, Cu?', Fe*), and
charged biopolymers (e.g., proteins or polysaccharides). The primary driving force for the
adsorption of these surface-active ions to charged surfaces is usually either hydrophobic
or electrostatic attraction depending on ion type. The contribution of adsorbed ions to
surface charge is governed mainly by the type and concentration of surface-active ions
present in the system, and their relative affinities for the droplet surface. Depending on
the nature of the ionic substances involved, ion adsorption can either decrease or increase
the magnitude of the electrical charge, and under some circumstances it may even lead
to charge reversal (Section 5.4).

3.4.2.2.3 Ionic strength. When the electrostatic interaction between a charged surface
and the counterions is relatively weak, the surface charge density is simply related to the
surface potential: o = ¢,k (Evans and Wennerstrom, 1994). This equation indicates that
the electrical properties of a surface are altered by the presence of electrolyte in the aqueous
phase, and has important consequences for the calculation of the electrostatic interdroplet
pair potential. If the surface charge density remains constant when salt is added to the aqueous
phase, then the surface potential decreases (because less energy is needed to bring a charge
from infinity to the droplet surface through an electrolyte solution). Conversely, if the electrical
potential remains constant as the salt concentration is increased, this means that the surface
charge density must increase. In general, both ¢ and y; tend to change simultaneously. In
food emulsions, one can usually assume that the surface charge density is independent of
ionic strength at low to moderate electrolyte concentrations for monovalent counterions and
so one must take into account the variation of y; with ionic strength when calculating the
electrostatic repulsion between emulsion droplets (Kulmyrzaev et al., 2000a,b). For multiva-
lent counterions, on binding usually occurs even at low ionic strength, thus altering o.

3.4.2.2.4 Heterogeneous charge distribution. So far it has been assumed that the
charge on the droplets is evenly spread out over the whole of the surface. In practice,
droplets may have surfaces that have some regions that are negatively charged, some
regions that are positively charged, and some regions that are neutral. The heterogeneous
distribution of the charges on a droplet may influence their electrostatic interactions (Holt
and Chan, 1997). Thus, two droplets (or molecules) that have no net charge may still be
electrostatically attracted to each other if they have patches of positive and negative charge.
Similarly, an electrically charged polymer may adsorb onto a droplet surface with the
same net charge if the droplet surface has a heterogeneous distribution of positive and
negative charges (Dickinson, 2003).

3.4.2.3  Influence of ionic strength on magnitude and range of interactions.
The magnitude and range of the electrostatic repulsion between two droplets decreases
as the ionic strength of the solution separating them increases because of electrostatic
screening, that is, the accumulation of counterions around the surfaces (Figure 3.9).
Electrostatic screening effects become more pronounced as the concentration and valency
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Figure 3.9 Electrolyte reduces the magnitude and range of the electrostatic repulsion between emul-
sion droplets due to electrostatic screening.

of the counterions in the solution surrounding the emulsion droplets increases. The Debye
screening length (k') provides a good estimate of the influence of electrostatic screening
effects on the range of electrostatic interactions, since it corresponds to the distance where
the electrical potential falls to 1/¢ of its value at droplet contact (h = 0). Multivalent ions
are much more effective at screening electrostatic interactions than monovalent ions
(Equation 3.7). Consequently, much smaller concentrations of multivalent ions are required
to promote emulsion instability (Hunter, 1986). This has important consequences for the
texture and stability of many food emulsions, and explains the susceptibility of electro-
statically stabilized emulsions to flocculation when the electrolyte concentration is
increased above a critical level (Section 7.5).

3.4.2.4 Influence of ion bridging on electrostatic interactions
Ion bridging is another type of colloidal interaction that involves electrostatic interactions
(Ducker and Pashley, 1992; Dickinson, 2003). It occurs when a polyvalent ion simulta-
neously binds to the surface of two emulsion droplets that have an opposite charge to the
ion (Figure 3.10). These polyvalent ions may be low molecular weight species, such as
Ca?*, Mg?*, or AI** (Dickinson et al., 1992; Agboola and Dalgleish, 1995, 1996a) or high
molecular weight biopolymers, such as polysaccharides or proteins (Schmitt et al., 1998;
Benichou et al., 2002; Dickinson, 2003). The tendency for ion bridging to occur depends
on the strength of the electrostatic interaction linking the polyvalent ion to the droplets

Figure 3.10 Polyvalent ions are capable of forming ion bridges between emulsion droplets.
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compared to the strength of the electrostatic repulsion between the similarly charged
droplets. For this reason, large polyvalent species, such as ionic polysaccharides, are often
particularly effective at forming ion bridges because they are able to act as a bridge between
the droplets without allowing them to get too close together. The ability of polyvalent ions
to form ion bridges is superimposed on their ability to modulate the electrostatic repulsion
between droplets through ion binding and charge screening effects mentioned above.

3.4.3 General characteristics of electrostatic interactions

1. Electrostatic interactions maybe either attractive or repulsive depending on the
sign of the charges on the droplets. The interaction is repulsive when droplets
have similar charges (which is usually the case), but is attractive when they have
opposite charges.

2. The strength of the interaction decreases with droplet separation, and may be
either long or short range depending on the ionic strength and dielectric constant
of the electrolyte solution surrounding the droplets. The interaction becomes
increasingly short range as the ionic strength increases because of electrostatic
screening.

3. The strength of the interaction is proportional to the size of the emulsion droplets.

4. The strength of the interaction depends on the electrical characteristics of the
droplet surfaces, that is, the number of emulsifier molecules adsorbed per unit
surface area and the number of ionized groups per emulsifier molecule (which
depends on the concentration of any potential determining ions in the aqueous
phase, e.g., H" or OH").

5. The interaction becomes more difficult to predict when charge regulation occurs
(e.g., due to association—dissociation of ionizable groups or adsorption—desorption
of ionic emulsifiers), especially at close droplet separations.

6. Ionbinding and bridging effects have to be taken into account when polyvalent ions
are involved. Ion binding may alter the surface charge density and surface potential
of a droplet, whereas ion bridging may cause droplets to be linked together.

In this section, we have seen that under certain conditions repulsive electrostatic
interactions may be relatively strong and long range compared to attractive van der
Waals interactions (compare Figures 3.3 and 3.8). This suggests that they may be strong
enough to prevent droplets from aggregating in certain systems. Indeed, it is widely
recognized that electrostatic stabilization plays an important role in determining the
aggregation of droplets in many food emulsions, and particularly those stabilized by
proteins (Friberg, 1997; Dickinson and Stainsby, 1982; Dickinson, 1992; Demetriades and
McClements, 1997a). It should also be recognized that electrostatic interactions influence
various other properties of food emulsions, such as the partitioning of ingredients and
the rates of chemical reactions (Chapters 7 and 9). The partitioning of ionized volatile
flavor compounds between the headspace and bulk of emulsions is influenced by elec-
trostatic interactions between flavor molecules and electrically charged interfaces (Guyot
et al., 1996). The oxidation of lipids in food emulsions is often catalyzed by polyvalent
ions, such as Fe®, that are normally present in the aqueous phase. The rate of iron-
catalyzed lipid oxidation in oil-in-water emulsions has been shown to increase when
the droplets have a negative charge because the Fe®* catalyst and oil molecules are
brought into close contact (Coupland and McClements, 1996; Mei et al., 1997;
McClements and Decker, 2000). Knowledge of the factors that determine the magnitude
and range of electrostatic interactions is therefore extremely important to food scientists
for a variety of different reasons.
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Figure 3.11 Orientation of some emulsifiers at an oil-water interface: (a) small molecule surfactants, (b) flexible
biopolymers, (and ¢) globular biopolymers.

3.5 Steric interactions
3.5.1 Origin of steric interactions

The droplets in most food emulsions are coated by a thin layer of emulsifier molecules,
such as surfactants, phospholipids, proteins, or polysaccharides (Section 4.4). When
two droplets approach each other sufficiently closely, then their emulsifier layers start
to overlap and interact with each other. Steric interactions are a result of the intermin-
gling and/or compression of the interfacial layers. At close droplet separations steric
interactions are strongly repulsive and may therefore prevent emulsion droplets from
aggregating. Nevertheless, the overall magnitude, sign, and range of steric interactions
is strongly dependent on the characteristics of the interfacial layers (e.g., thickness,
packing, rheology, and molecular interactions), and therefore depends on emulsifier
type (Figure 3.11). An improved understanding of the relationship between the prop-
erties of the interfacial membranes formed by emulsifiers and the ability of emulsifiers
to stabilize emulsion droplets against aggregation is particularly important for food
scientists, since it would enable them to rationally select emulsifiers with optimum
performance for each specific application.

3.5.2  Modeling steric interactions

3.5.2.1 Interdroplet pair potential
As mentioned earlier, steric interactions arise when emulsion droplets get so close together
that the interfacial layers overlap (Figure 3.12). This type of interaction can be conveniently
divided into two contributions (Hunter, 1986; Hiemenz and Rajagopalan, 1997):

wsteric(h) = welastic(h) + wmix(h) (310)

The elastic contribution is due to the compression of the interfacial layers, whereas the
mixing contribution is due to the intermingling of the emulsifier molecules within the
interfacial layers (Figure 3.12).

3.5.2.2  Mixing contribution
If it is assumed that the emulsifier molecules within the interfacial layers interpenetrate
without the layers being compressed (Figure 3.12a), then the interaction is entirely due to
mixing of the emulsifier molecules. The theories describing steric interactions are much
less well developed than those describing electrostatic or van der Waals interactions,
primarily because they are particularly sensitive to the precise structure, orientation,
packing, and interactions of the emulsifier molecules within the interfacial membrane
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Figure 3.12 Steric interactions between emulsion droplets can be divided into an elastic contribution
which involves compression of the polymer layers and a mixing contribution which involves inter-
penetration of the polymer chains.

(Hunter, 1986; Claesson et al., 1995, 2004). These parameters vary from system to system
and are difficult to account for theoretically or to measure experimentally. Mathematical
theories have been developed for a number of simple well-defined systems, and it is
informative to examine these because they provide some useful insights into more complex
systems (Hunter, 1986). Consider a system that consists of polymeric emulsifier molecules
that are permanently attached to the droplet surfaces, with a constant number of polymer
chains per unit surface area. A mathematical analysis of the interactions that occur between
the polymer chains when the interfacial layers approach each other leads to the following
equation for the mixing contribution (Hunter, 1986):

V(1 1hY
w, . (h)=4rrkTm’N (— x](l—j (3.11)
v, \2 26

where m is the mass of polymer chains per unit area, ¢ is the thickness of the adsorbed
layer, N, is Avogadro's number, y is the Flory-Huggins parameter, v, is the partial
specific volume of the polymer chains, and V is the molar volume of the solvent. The
Flory-Huggins parameter depends on the relative magnitude of the solvent—solvent,
solvent-segment, and segment-segment interactions, and is a measure of the quality
of a solvent. It is related to the effective interaction parameter (w) which was introduced
in Chapter 2 to characterize the compatibility of molecules in mixtures: y = w/RT. In
a good solvent (y < 1/2), the polymer molecules prefer to be surrounded by solvent
molecules. In a poor solvent (y > 1/2), the polymer molecules prefer to be surrounded
by each other. In an indifferent (theta) solvent (y = 1/2), the polymer molecules have
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Figure 3.13 Interdroplet pair potential due to steric polymeric interactions. At intermediate separa-
tions the steric polymeric interaction can be either attractive or repulsive depending on the quality
of the solvent because of the mixing contribution, but at short separations it is strongly repulsive
because of the elastic contribution.

no preference for either solvent or polymer molecules. In the original Flory-Huggins
theory, it was assumed that y was entirely due to enthalpic contributions associated
with the molecular interactions. In practice, it is more convenient to assume that y
also contains entropic contributions since then interactions involving changes in the
structural organization of the solvent can be accounted for, for example, hydrophobic
interactions (Evans and Wennerstrom, 1994; Norde, 2003). Whether the mixing contri-
bution is attractive or repulsive depends on the quality of the solvent (Figure 3.13). In
a good solvent, the increase in concentration of polymer molecules in the interpene-
tration zone is thermodynamically unfavorable (w,,;, positive), because it reduces the
number of polymer—solvent contacts and therefore leads to a repulsive interaction
between the droplets. Conversely, in a poor solvent it is thermodynamically favorable
(wnix Negative), because it increases the number of polymer—polymer contacts and
therefore leads to an attractive interaction between the droplets. In an indifferent
solvent, the polymer molecules have no preference as to whether they are surrounded
by solvent or by other polymer molecules and therefore the mixing contribution is
zero. Thus, by altering solvent quality it is possible to change the mixing contribution
from attractive to repulsive or vice versa. In food emulsions, this could be done by
changing the solvent quality for the polymer chains, for example, by altering the
temperature or adding alcohol to the aqueous phase.

3.5.2.3 Elastic contribution
If it is assumed that the interfacial layers surrounding the emulsion droplets are com-
pressed without any interpenetration of the emulsifier molecules (Figure 3.12b), then the
interaction is entirely elastic. When the interfacial layers are compressed a smaller volume
is available to the emulsifier molecules and therefore their configurational entropy is
reduced, which is thermodynamically unfavorable, and so this type of interaction is always
repulsive (W, positive).



72 Food Emulsions

For certain simple systems, the magnitude of the elastic contribution can be calculated
from a statistical analysis of the number of configurations that the emulsifier molecules
can adopt before and after the layers are compressed (Dickinson, 1992; Hiemenz and
Rajagopalan, 1997; Quemada and Berli, 2002). Nevertheless, it is usually not possible to
carry out such an analysis for most real systems because of the structural complexity of
the interfacial layers. For these systems, it is often better to use semiempirical models to
account for the elastic interaction. For example, a simple exponential model has recently
been proposed to describe the steric repulsion between emulsion droplets stabilized by
polymeric emulsifiers: wg,.;.(h)/kT = Agexp(—mh/L), where L is the polymer chain length
and A; is a parameter that depends on polymer chain length, chain packing, and droplet
size (Quemada and Berli, 2002). An alternative semiempirical expression was developed
by considering the force required to compress interfacial layers with specified rheologic
characteristics (Jackel, 1964):

1 1.2
Wi (M) = 0.77E(25 _Zh) (r+96), (h<d) (3.12)

wElastic(h) = 0/ (h > 5)

where E is the elastic modulus of the interfacial layer. This equation indicates that there
is a negligible interaction between the droplets when the separation is greater than the
thickness of one emulsifier layer (J), but that there is a steep increase in the interaction
energy when the droplets approach closer than this distance (Figure 3.13). As a first
approximation, it may be possible to use measurements of the elastic modulus of macro-
scopic solutions and gels formed using emulsifier concentrations similar to those found
in the interfacial region in Equation 3.12. Alternatively, the elastic modulus of an interfacial
layer could be measured directly using various types of surface force apparatus (Claesson
et al., 1995, 2004).

3.5.2.4 Distance dependence of steric interactions
Steric interactions between emulsion droplets can be conveniently divided into three
regimes, according to the separation of the surface of the bare droplets / relative to the
thickness of the interfacial layers o:

1. Zero interaction regime (h > 26). At sufficiently large droplet separations, the inter-
facial layers do not overlap with each other and the steric interaction between the
droplets is zero.

2. Interpenetration regime (8 < h < 20). When the droplets are sufficiently close together
for their interfacial layers to overlap with each other, so that the emulsifier mol-
ecules on different droplets can intermingle, but the interfacial layers are not
significantly compressed, then the major contribution to the steric interaction is
the mixing contribution (w,,). This contribution may be either repulsive (positive)
or attractive (negative) depending on the solvent quality.

3. Interpenetration and compression regime (h < §). When the droplets get so close together
that the emulsifier layers start to compress each other the overall steric interaction
is a combination of elastic and mixing contributions, although the strongly repulsive
elastic component usually dominates, and so the overall interaction is repulsive.

It should be stressed that the length of the interpenetration and elastic regions actually
depends on the precise nature of the emulsifier molecules within the interfacial layers
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(Claesson et al., 1995, 2004). Flexible biopolymer molecules will have relatively large
interpenetration regions, whereas compact globular proteins will have relatively small
ones. Consequently, the choice of § as the distance where the elastic contribution first
contributes to the interaction is rather arbitrary, and different values will be more appro-
priate for some systems. As mentioned earlier, the only way these values can accurately
be established for a particular system is by measuring the force between two emulsifier-
coated surfaces as they are brought closer together (Israelachvili, 1992; Claesson et al.,
1995, 1996, 2004).

3.5.2.5  Optimum characteristics of steric stabilizers

To be effective at providing steric stabilization, an emulsifier must have certain physico-
chemical characteristics (Hunter, 1986; Dickinson, 1992; Claesson et al., 2004). First, it
must have some segments that bind strongly to the droplet surfaces (to anchor the
emulsifier molecules to the surface) and other segments that protrude a significant
distance into the surrounding liquid (to prevent the droplets coming close together). This
means that the emulsifier must be amphiphilic, having some hydrophobic segments that
protrude into the oil phase, and some hydrophilic segments that protrude into the
aqueous phase (Figure 3.11). The binding to the interface must be strong enough to
prevent the emulsifier from desorbing from the droplet surface as the droplets approach
one another. Theoretical calculations suggest that a good polymeric stabilizer should have
10-20% of the molecule that adsorbs to the droplet surfaces, and 80-90% of the molecule
that protrudes into the continuous phase (Claesson et al., 2004). Second, the continuous
phase surrounding the droplets must be a sufficiently good solvent for the segments of
the emulsifier molecules that protrude into it, so that the mixing contribution to the
overall interaction energy is repulsive (w,, positive). Third, the steric repulsive interac-
tion must act over a distance that is comparable to the range of the attractive van der
Waals interactions. Thus, emulsifiers that form thick interfacial layers (such as modified
starch or gum arabic) are much more effective at stabilizing emulsions against flocculation
than emulsifiers that form thin layers (such as globular proteins at their isoelectric point*).
Finally, the surface must be covered by a sufficiently high concentration of emulsifier. If
too little of a polymeric emulsifier is present, a single emulsifier molecule may adsorb
onto the surface of more than one emulsion droplet forming a bridge that causes the
droplets to flocculate. In addition, some of the nonpolar regions will be exposed to the
aqueous phase which leads to a hydrophobic attraction between the droplets (see
Section 3.7). Many emulsifiers are charged, and therefore they stabilize emulsion droplets
against aggregation through a combination of electrostatic and steric repulsion (Claesson
et al., 1995, 2004).

3.5.3 General characteristics of steric interactions

1. Steric interactions are always strongly repulsive at short separations (k < 8), but
may be either attractive or repulsive at intermediate separations (6 < h < 26)
depending on the quality of the solvent (Figure 3.13).

2. The range of steric interactions increases with the thickness of the adsorbed layer.

The strength of steric interactions increases with droplet size.

4. The strength of steric interactions depends on the precise molecular characteristics
of the interfacial layer, for example, packing, flexibility, rheology, molecular inter-
actions. Consequently, it varies considerably from system to system and is difficult
to predict from first principles.

@

* Thick biopolymer layers may also help stabilize droplets against aggregation by reducing the magnitude of
the attractive van der Waals interaction (Section 3.3.6).
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Table 3.2 Comparison of the Advantages and Disadvantages of Polymeric and
Electrostatic Stabilization Mechanisms in Food Emulsions.

Polymeric Steric Stabilization Electrostatic Stabilization

Insensitive to pH pH dependent—aggregation tends to occur
when emulsifier loses charge

Insensitive to electrolyte Aggregation tends to occur at high electrolyte

concentrations (>CFC)
Large amounts of emulsifier needed to  Small amounts of emulsifier needed to cover

cover droplet surface droplet surface
Weak flocculation (easily reversible) Strong flocculation (often irreversible)
Good freeze—thaw stability Poor freeze—thaw stability

Source: Adapted from Hunter (1986).

Steric interactions are one of the most common and important stabilizing mecha-
nisms in food emulsions. Unlike electrostatic interactions, they occur in almost every
type of food emulsion because most droplets are stabilized by a layer of adsorbed
emulsifier molecules. Some food emulsions are stabilized almost entirely by steric
stabilization, whereas others are mainly stabilized by a combination of steric and
electrostatic stabilization. Food scientists must often decide the most appropriate emul-
sifier for a particular application, and so it is useful to compare the differences between
steric and electrostatic stabilization (Table 3.2). The principal difference is their sensi-
tivity to pH and ionic strength (Hunter, 1986). The electrostatic repulsion between
emulsion droplets is dramatically decreased when the electrical charge on the droplet
surfaces is reduced (e.g., by altering the pH) or screened (e.g., by increasing the
concentration of electrolyte in the aqueous phase). In contrast, steric repulsion is fairly
insenstive to both electrolyte concentration and pH.* Another major difference is the
fact that the electrostatic repulsion is usually weaker than the van der Waals attraction
at short distances, whereas the steric stabilization is stronger (Hunter, 1986). This means
that emulsions stabilized entirely by electrostatic repulsion are prone to coalescence
when the droplets approach sufficiently closely, whereas emulsions stabilized by steric
interactions may flocculate, but they are unlikely to coalesce because of the extremely
strong short-range repulsion.

From a practical stand-point, another important difference is the fact that considerably
more emulsifier is usually required to provide steric stabilization (because a thick inter-
facial layer is required) than to provide electrostatic stabilization. Thus, >5% modified
starch is required to stabilize a 20 wt% oil-in-water emulsion containing 1 um droplets,
whereas <0.5% whey-protein is required to stabilize the same system (Demetriades et al.,
1997¢; Chanamai and McClements, 2002). The amount of emulsifier required to prepare
an emulsion is often an important financial consideration when formulating a food
product.

3.6 Depletion interactions
3.6.1 Origin of depletion interactions
Many food emulsions contain small colloidal particles that are dispersed in the continuous phase

that surrounds the droplets (Figure 3.14). These colloidal particles may be surfactant micelles

* It should be stressed that the polymeric steric interaction may be effected by pH and ionic strength if the
polymer molecules are charged, because this will alter the thickness of the interfacial layer and the interaction
of the polymer chains.
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Figure 3.14 An attractive depletion interaction arises between emulsion droplets when they are
surrounded by small nonadsorbing colloidal particles.

formed when the free surfactant concentration exceeds some critical value (Bibette et al.,
1990; Aronson, 1992; Bibette, 1991; McClements, 1994), individual polymer molecules
(Sperry, 1982; Seebergh and Berg, 1994; Dickinson, 1994; Dickinson et al., 1995; Smith and
Williams, 1995; Jenkins and Snowden, 1996) or aggregated polymers (Dickinson and
Golding, 1997a,b). The presence of these colloidal particles causes an attractive interaction
between the droplets that is often large enough to promote emulsion instability
(McClements, 1994; Dickinson et al., 1996). The origin of this interaction is the exclusion
of colloidal particles from a narrow region surrounding each droplet (Figure 3.14). This
region extends a distance approximately equal to the radius of a colloidal particle away
from the droplet surface. The concentration of colloidal particles in this depletion zone is
effectively zero, while it is finite in the surrounding continuous phase. As a consequence,
there is an osmotic potential difference that favors the movement of solvent molecules
from the depletion zone into the bulk liquid, so as to dilute the colloidal particles and
thus reduce the concentration gradient. The only way this process can be achieved is by
two droplets aggregating and thereby reducing the volume of the depletion zone, which
manifests itself as an attractive force between the droplets (Figure 3.14). Thus, there is an
osmotic driving force that favors droplet aggregation, and which increases as the concen-
tration of colloidal particles in the aqueous phase increases.

3.6.2  Modeling of depletion interactions

When the separation between two droplets is small compared to their size (h < r,), the
interdroplet pair potential due to exclusion of the colloidal particles from the depletion
zone is given by the following expression (Sperry, 1982):

2 T ’ h 3 r 2 h
st eonafl A2 o

where P, is the osmotic pressure arising from the exclusion of the colloidal particles, »
is the radius of the emulsion droplets, and 7, is the radius of the colloidal particles. This
equation is applicable for i < 2r,, for higher droplet separations Wgepeion(h) = 0. To a first
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approximation, the osmotic pressure difference can be described by one of the following
equivalent expressions (Hiemenz and Rajagopalan, 1997):

Posv =kTn,(1+2n,v) (3.14a)
cRT 2N ,cv
=1+ 3.14b
Posw="1 ( M ) (3.14b)
Posm = RT (1 + 2R, ] (3.140)
M P,

where ¢, M, v, n;, and p, are the concentration (in kg m3), molecular weight (in kg mol™?),
volume (in m®), number density (in m=), and mass density (in kg m=) of the colloidal
particles, and N, is Avogadro's number.* The parameter, R,, is called the volume ratio
and is equal to the effective volume of a nonadsorbing colloidal particle divided by the
actual volume of the constituent atoms added to the system (McClements, 2000). For
compact spherical colloidal particles, such as solid spheres, surfactant micelles, or glob-
ular proteins, R, = 1, however, for asymmetrical solid particles or biopolymers that
entrain large quantities of solvent as they rotate in solution, R, >> 1 (Chapter 4). This
phenomenon has important consequences for the ability of nonadsorbing colloidal parti-
cles to promote depletion flocculation in emulsions (see below).

The range of the depletion interactions is approximately equal to twice the radius of
the nonadsorbed colloidal particles: 2r.. An estimate of the maximum strength of the
attractive depletion interaction between two droplets can be obtained by calculating the
interdroplet pair potential when the droplets are in contact (i.e., h = 0):

wdepletion

(h=0)= —27tr62POSM[r + érc} (3.15)

Theoretical predictions of the attractive depletion interactions between a pair of emulsion
droplets are shown in Figure 3.15. The interaction potential is zero at droplet separations greater
than the diameter (2r,) of the nonadsorbing colloidal particles and decreases to a finite negative
value (given by Equation 3.15) when the droplets come into close contact. For nonadsorbing
colloidal particles of constant molecular weight (or radius), the strength of the interaction
increases with increasing particle concentration (Figure 3.15a). If it is assumed that an emulsion
contains a constant mass concentration (wt%) of nonadsorbing colloidal particles that are
compact spheres (R, = 1), then the range of the depletion attraction increases with increasing
molecular weight of the particles, but the maximum strength of the interaction decreases with
increasing M (Figure 3.15b). More complex behavior can be observed when the effective
volume of the nonadsorbing colloidal particles is much greater than the actual volume of the
added material (i.e., R, >> 1). For example, the attractive depletion interaction for an emulsion
containing a constant mass concentration (wt%) of nonadsorbing colloidal particles that are
assumed to be linear rigid rods is shown in Figure 3.15c. In this case, both the range and
maximum strength of the depletion attraction increases with increasing molecular weight,
since 7, o< M and R, < M? (hence P, can increase with increasing M, Equation 3.14c).

Depletion interactions rely on the colloidal particles not interacting strongly with the
surface of the emulsion droplets. Otherwise, the bound particles would have to be displaced
as the droplets moved closer together, which would require the input of energy and
therefore be repulsive.

* Equations 3.14a and 3.14b are applicable to non-adsorbing colloidal particles of any type. Equation 3.14c is
most applicable for non-adsorbing polymers, where p, is the mass density of the polymer backbone, rather than
of the overall polymer and trapped liquid.
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Figure 3.15 (a) Influence of the concentration of the nonadsorbing colloidal particles (shown in wt%
in the annotation box) on the attractive depletion interaction between emulsion droplets: ;=1 um,
7. =136 nm (R, = 1). (b) Influence of the molecular weight of the nonadsorbing colloidal particles
(shown in kg mol™! in the annotation box) on the attractive depletion interaction between emulsion
droplets: ¢ =5 wt%, r; =1 pm, r, = 0.63 — 2.9 nm. It was assumed that the colloidal particles were
dense spheres, so that 7, e« M/ and R, = 1. (c) Influence of the molecular weight of the nonadsorbing
colloidal particles (shown in kg mol in the annotation box) on the attractive depletion interaction
between emulsion droplets: ¢ =5 wt%, r; =1 um, r, = 2.8 — 14 nm (R, = 44 — 1,100). It was assumed

that the colloidal particles were linear rigid rods, so that r, o« M and R, < M2,

3.6.3 General characteristics of depletion interactions

1. The maximum strength of the depletion interaction increases as the size of the
emulsion droplets increases.
2. The maximum strength of the depletion interaction increases as the concentration
(n; or c) of nonadsorbing colloidal particles in the continuous phase increases (at
constant M or r.).



78 Food Emulsions

0 = =
7 Phe
7 e
/ ,
/ ,
-1004 7 ,/
/ /
/ /
/
K / /
= -200 )/
= /
K —— 2 kg mol™’
/ — — 5kg mol™!
—3001 ) —- = =10 kg mol™"
/
/
-400 T T T
0 10 20 30 40

h/nm

Figure 3.15 (Continued)

3. The maximum strength of the interaction may either decrease or increase with
increasing molecular weight of the nonadsorbing colloidal particles at constant
(n; or ¢) depending on their volume ratio, R,.

4. The range of the depletion interaction (2r,) increases as the radius of the colloidal
particles increases.

Equation 3.13 suggests that the strength of the depletion interaction is independent of
pH and ionic strength. Nevertheless, these parameters may indirectly influence the depletion
interaction by altering the effective size of the colloidal particles and the depletion zone. For
example, changing the number of charges on a biopolymer molecule by altering the pH can
either increase or decrease its effective size (Launay et al., 1986; Rha and Pradipasena, 1986).
Increasing the number of similarly charged groups usually causes a biopolymer to become
more extended because of electrostatic repulsion between the charged groups. On the other
hand, decreasing the number of similarly charged groups or having a mixture of positively
and negatively charged groups, usually causes a biopolymer to reduce its effective size.
Altering the ionic strength of an aqueous solution also causes changes in the effective size
of biopolymer molecules, for example, adding salt to a highly charged biopolymer molecule
screens the electrostatic repulsion between charged groups and therefore causes a decrease
in biopolymer size (Launay et al., 1986; Rha and Pradipasena, 1986). Thus, if the colloidal
particles are ionic one would expect the strength of the depletion interaction to depend on
pH and ionic strength, but if they are nonionic one would expect them to be fairly insensitive
to these parameters (Demetriades and McClements, 1999). It should be noted that at high
concentrations of free colloidal particles in the continuous phase one can actually have
depletion stabilization (Hiemenz and Rajagopolan, 1997).

3.7 Hydrophobic interactions
3.7.1 Origin of hydrophobic interactions

Hydrophobic interactions are believed to play an important role in determining the
stability and physicochemical properties of a number of food emulsions. For example, it
has been proposed that this mechanism is responsible for promoting droplet flocculation
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in heat-treated globular protein-stabilized emulsions (Monahan et al., 1996, Demetriades
et al., 1997b; Kim et al., 2002a,b). Hydrophobic interactions are important when the sur-
faces of the droplets have some nonpolar character, either because they are not completely
covered by emulsifier (e.g., during homogenization or at low emulsifier concentrations)
or because the emulsifier has some hydrophobic regions exposed to the aqueous phase
(e.g., denatured globular proteins).

There has been considerable debate about the physicochemical origin of the hydrophobic
interactions that act between nonpolar surfaces separated by water (Attard, 2003). Exper-
imental measurements of the forces between different kinds of hydrophobic surfaces have
shown that the force-distance curves can be highly irreproducible and that they vary
greatly from system to system (Christenson and Claesson, 2001). It appears that the various
types of behavior observed in these experiments can be classified into two groups: (i) a
long-range strong irreproducible attractive force; (ii) a short-range weaker reproducible
attractive force (Christenson and Claesson, 2001; Attard, 2003). The long-range interaction
has been attributed to the presence of “nanobubbles” that adhere to the nonpolar surfaces,
whereas the short-range interaction has been attributed to a solvent structuring effect
similar to the hydrophobic interaction for nonpolar molecules. The existence of stable
nanobubbles on hydrophobic surfaces has been demonstrated by characteristic features
of the measured force-distance curves and surface-imaging techniques (Attard, 2003). In
the absence of nanobubbles only the short-range hydrophobic attraction is observed, but
it should be noted that this attraction is still considerable stronger than the van der Waals
attraction (Attard, 2003). The existence of nanobubbles on the surface of emulsion droplets
in foods has not been demonstrated. Nevertheless, recent experiments suggest that
nanobubbles may be present in hydrocarbon oil-in-water emulsions containing no emul-
sifier and that these nanobubbles may adversely influence emulsion stability (Pashley,
2003). The role of nondissolved air on the stability of food emulsions is clearly an inter-
esting area of further research.

The molecular origin of the short-range hydrophobic attraction between droplets
can be attributed to the ability of water molecules to form relatively strong hydrogen
bonds with each other but not with nonpolar molecules (Section 4.3.3). Consequently,
the interaction between nonpolar substances and water is thermodynamically unfavor-
able, which means that a system will attempt to minimize the contact area between these
substances by causing them to associate (Tanford, 1980; Israelachvili, 1992; Israelachvili
and Wennerstrom, 1996; Alaimo and Kumosinski, 1997). This process manifests itself as a
relatively strong attractive force between hydrophobic substances dispersed in water, and
is responsible for many important phenomenon that occur in food emulsions, such as
protein conformation, micelle formation, adsorption of surfactants to interfaces, and the
low water solubility of nonpolar compounds (Chapters 4 and 5).

3.7.2  Modeling hydrophobic interactions

Assuming that there are no nanobubbles adsorbed to the surface of emulsion droplets,
then the hydrophobic interaction between emulsion droplets will only be due to the short-
range interaction mentioned above. Under these circumstances, the interdroplet pair
potential between two emulsion droplets with hydrophobic surfaces separated by water
can be represented as an exponential decay (Israelachvili and Pashley, 1984; Pashley et al.,
1985; Israelachvili, 1992; Skvarla, 2001):

whydrophobic (h) = —Zﬂi")/j ¢H2’O e_h/% (316)
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Figure 3.16 An attractive hydrophobic interaction arises between emulsion droplets when their surfaces have
some hydrophobic character, where ¢ is approximately equal to the fraction of the droplet surface which is
nonpolar.

where 7 is the interfacial tension between the nonpolar groups and water (typically
between 10 and 50 m] m~2 for food oils), 4, is the decay length of the interaction (typically
between 1 and 2 nm), and ¢ is a measure of the surface hydrophobicity of the droplets.
The surface hydrophobicity varies from 0 (for a fully polar surface) to 1 (for a fully
nonpolar surface). Thus, the magnitude of the hydrophobic interaction increases as the
surface hydrophobicity increases, that is, ¢y tends toward unity (Figure 3.16). It should
be noted that the above equation is probably a gross simplification and the actual short-
range hydrophobic attraction will depend on the precise nature of the system involved.
For example, experiments have shown that the hydrophobic interaction is not directly
proportional to the number of nonpolar groups at a surface, because the alteration in water
structure imposed by nonpolar groups is disrupted by the presence of any neighboring
polar groups (Israelachvili, 1992). Thus, it is not possible to assume that ¢ is simply equal
to the fraction of nonpolar sites at a surface. As a consequence, it is difficult to accurately
predict their magnitude from first principles. Measurements of the force versus distance
profile of nonpolar surfaces have shown that the hydrophobic attraction is stronger than
the van der Waals attraction up to relatively high surface separations (Israelachvili, 1992;
Claesson et al., 2004).

When hydrophobic surfaces are covered by amphiphilic molecules, such as small
molecule surfactants or biopolymers, the hydrophobic interaction between them is effec-
tively screened and the overall attraction is mainly due to van der Waals interactions
(Israelachvili, 1992). Nevertheless, hydrophobic interactions are likely to be significant
when the surface has some hydrophobic character, for example, if the surface is not
completely saturated with emulsifier molecules (Tcholakova et al., 2002), if it is bent to
expose the oil molecules (Israelachvili, 1992), or if the emulsifier molecules have some
hydrophobic regions exposed to the aqueous phase, for example, denatured adsorbed
globular proteins (Demetriades et al., 1997b; Kim et al., 2002a,b).
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3.7.3 General characteristics of hydrophobic interactions

Few studies have been carried out to systematically characterize the influence of environ-
mental and solution conditions on the strength and range of hydrophobic interactions
between emulsion droplets. Nevertheless, it is possible to gain some insight into the factors
that would be expected to influence interdroplet hydrophobic interactions by examining
the factors that influence the strength of intermolecular hydrophobic interactions. Inter-
molecular hydrophobic interactions become increasingly strong as the temperature is raised
(Israelachvili, 1992). Thus, hydrophobic interactions between emulsion droplets should
become more important at higher temperatures. Because the strength of hydrophobic
interactions depends on the magnitude of the interfacial tension, any change in the prop-
erties of the solvent that increases the interfacial tension will increase the hydrophobic
attraction or vice versa. The addition of small amounts of alcohol to the aqueous phase
of an emulsion lowers ¥, and therefore would be expected to reduce the hydrophobic
attraction between nonpolar groups. Electrolytes that alter the structural arrangement of
water molecules also influence the magnitude of the hydrophobic effect when they are
present at sufficiently high concentrations (Christenson et al., 1990). Structure breakers
tend to enhance hydrophobic interactions, whereas structure promoters tend to reduce
them (Chapter 4). Variations in pH have little direct effect on the strength of hydrophobic
interactions, unless there are accompanying alterations in the structure of the water or the
interfacial tension (Israelachvili and Pashley, 1984).

3.8 Hydration interactions
3.8.1 Origin of hydration interactions

Hydration interactions arise from the structuring of water molecules around dipolar and
ionic groups (in contrast to hydrophobic interactions which arise from structuring of water
around nonpolar groups). Most food emulsifiers naturally have dipolar or ionic groups
that are hydrated (e.g., -OH, —-COO-, and -NH;*), and some are also capable of binding
hydrated ions (e.g., -COO- + Na* — —COO- Na*). As two droplets appoach each other,
the bonds between the polar groups and the water molecules in their immediate vicinity
must be disrupted, which results in a repulsive interaction (Besseling, 1997). The magni-
tude and range of the hydration interaction therefore depends on the number and strength
of the bonds formed between the polar groups and the water molecules: the greater the
degree of hydration, the more repulsive and long range the interaction (Israelachvili, 1992;
Claesson et al., 2004; Norde, 2003).

3.8.2  Modeling hydration interactions

Just as with hydrophobic interactions, it is difficult to develop theoretical models to
describe this type of interaction from first principles because of the complex nature of its
origin and its dependence on the specific type of ions and polar groups present. Never-
theless, experimental measurements of the forces between two liquid surfaces have shown
that hydration interactions are fairly short-range repulsive forces that decay exponentially
with surface-to-surface separation (Claesson, 1987; Israelachvili, 1992):

whydration(h) = AT/IO e_h/% (317)

where A is a constant that depends on the degree of hydration of the surface (typically
between 3 and 30 m] m2) and A, is the characteristic decay length of the interaction
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Figure 3.17 Short-range repulsive interactions arise between emulsion droplets when they come
into close contact due to hydration, protrusion, and undulation of interfacial layers.

(typically between 0.6 and 1.1 nm) (Israelachvili, 1992). The greater the degree of hydration
of a surface group, the larger the values of A and A,. The hydration interaction is negligible
at large droplet separations but becomes strongly repulsive when the droplets get closer
than a certain separation (Figure 3.17). In practice, it is often difficult to isolate the con-
tribution of the hydration forces from other short-range interactions that are associated
with mobile interfacial layers at small separations (such as steric and thermal fluctuation
interactions), and so there is still much controversy about their origin and nature. Never-
theless, it is widely accepted that they make an important contribution to the overall
interaction energy in many systems.

Experimental measurements of the forces between extremely smooth solid surfaces
separated by water reveal an oscillating force versus distance profile, rather than the smooth
one predicted by the above equation (Israelachvili, 1992). The spacing between the peaks
in this oscillating force curve is equal to the radius of water molecules, which suggests that
energy needs to be supplied to expel each layer of water molecules. Nevertheless, these
oscillations are not observed when the surfaces are relatively fluid or rough because the
effects are averaged out, which would be the case for the surfaces of emulsion droplets.

3.8.3 General characteristics of hydration interactions

At high electrolyte concentrations, it is possible for ionic surface groups to specifically
bind hydrated ions to their surfaces (Hunter, 1986, 1989; Miklavic and Ninham, 1990).
Some of these ions have large amounts of water associated with them and can therefore
provide strong repulsive hydration interactions. Specifc binding depends on the radius
and valancy of the ion involved, because these parameters determine the degree of ion
hydration. Ions that have small radii and high valencies tend to bind less strongly because
they are surrounded by a relatively thick layer of tightly “bound” water molecules and
some of these must be removed before the ion can be adsorbed (Israelachvili, 1992). As
a general rule, the adsorbability of ions from water can be described by the lyotropic
series: I > Br-> CI” > F~ for monovalent ions and K+ > Na* > Li* for monovalent cations
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(in order of decreasing adsorbability). On the other hand, once an ion is bound to a
surface the strength of the repulsive hydration interaction between the emulsion droplets
increases with degree of ion hydration because more energy is needed to dehydrate the
ion as the two droplets approach each other. Therefore, the ions that tend to adsorb the
least strongly are also the ones that provide the greatest hydration repulsion when they
do adsorb. Thus, it is possible to control the interaction between droplets by altering the
type and concentration of ions present in the aqueous phase.

Hydration interactions are often strong enough to prevent droplets from aggregating
(Israelachvili, 1992). Thus, oil-in-water emulsions that should contain enough electrolytes
to cause droplet flocculation through electrostatic screening have been found to be stable
because of specific binding of ions (Israelachvili, 1992). This effect is dependent on the pH
of the aqueous phase because the electrolyte ions have to compete with the H* or OH-
ions in the water (Miklavic and Ninham, 1990). For example, at relatively high pH and
electrolyte concentrations (>10 mM), it has been observed that Na* ions can adsorb to
negatively charged surface groups and prevent droplets from aggregating through hydra-
tion repulsion, but when the pH of the solution is decreased the droplets aggregate because
the high concentration of H* ions displace the Na* ions from the droplet surface (Israelach-
vili, 1992). Nonionic emulsifiers are less sensitive to pH and ionic strength, and they do
not usually bind highly hydrated ions. The magnitude of the hydration interaction
decreases with increasing temperature because polar groups become progressively dehy-
drated as the temperature is raised (Israelachvili, 1992). In summary, the importance of
hydration interactions in a particular system depends on the nature of the hydrophilic
groups on the droplet surfaces, as well as on the type and concentration of ions present in
the aqueous phase.

3.9 Thermal fluctuation interactions
3.9.1 Origin of thermal fluctuation interactions

The interfacial region that separates the oil and aqueous phases of an emulsion is often
highly dynamic (Israelachvili, 1992). In particular, interfaces that are comprised of small
molecule surfactants tend to exhibit undulations because their bending energy is relatively
small compared to the thermal energy of the system (Figure 3.18). In addition, the surfac-
tant molecules may be continually twisting and turning, as well as moving in-and-out of
the interfacial region. When two dynamic interfaces move close to each other they
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Figure 3.18 Interfaces that are comprised of small molecule surfactants are susceptible to protrusion
and undulation interactions.
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experience a number of short-range repulsive thermal fluctuation interactions that are
entropic in origin (Israelachvili, 1992). In emulsions the two most important of these are
protrusion and undulation interactions.

3.9.2  Modeling thermal fluctuation interactions

Protrusion interactions are short-range repulsive interactions that arise when two surfaces
are brought so close together that the movement of the surfactant molecules in-and-out
of the interface of one droplet is restricted by the presence of another droplet, which is
entropically unfavorable. The magnitude of this repulsive interaction depends on the
distance that the surfactant molecules are able to protrude from the interface, which is
governed by their molecular structure. The interdroplet pair potential due to protrusion
interactions is given by the following expression (Israelachvili, 1992):

w (h) = 3aTrkTA, e (3.18)

protrusion

where I' is the number of surfactant molecules (or head groups) per unit surface area and
Ay is the characteristic decay length of the interaction (typically between 0.07 and 0.6 nm),
which depends on the distance the surfactant can protrude from the surface.

Undulation interactions are short-range repulsive interactions that arise when the
wave-like undulations of the interfacial region surrounding one emulsion droplet is
restricted by the presence of another emulsion droplet, which is entropically unfavorable.
The magnitude and range of this repulsive interaction increases as the amplitude of the
oscillations increases. The interdroplet pair potential due to undulation interactions is
given by the following expression (Israelachvili, 1992):

~ 7rr(kT)2

wundulation(h) - 4k h (319)
b

where k, is the bending modulus of the interfacial layer, which typically has values of
between 0.2 and 20 x 10-% ] depending on the surfactant type. The magnitude of the
bending modulus is related to the molecular geometry of the surfactant molecules
(Section 4.1.1), and tends to be higher for surfactants that have two nonpolar chains,
than those that have only one. Predictions of the protrusion and undulation interactions
made using the above equations are shown in Figure 3.17.

3.9.3 General characteristics of fluctuation interactions

Thermal fluctuation interactions are much more important for small molecule surfactants
that form fairly flexible interfacial layers, than for biopolymers that form fairly rigid
interfacial layers. Both types of interactions tend to increase with temperature because the
interfaces become more mobile. Nevertheless, this effect may be counteracted by increas-
ing dehydration of any polar groups with increasing temperature. These interactions may
play a significant role in stabilizing droplets against aggregation in emulsions stabilized
by small molecule surfactants, particularly when they act in conjunction with other types
of short-range repulsive interactions, such as steric or hydration interactions. The strength
of this interaction is mainly governed by the structure and dynamics of the interfacial
layer and therefore varies considerably from system to system (Israelachvili, 1992).
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3.10 Nonequilibrium effects

So far, it has been assumed that the interactions between droplets occur under equilib-
rium conditions. In practice, the molecules and droplets in emulsions are in continual
motion, which influences the colloidal interactions in a number of ways (Evans and
Wennerstrom, 1994).

3.10.1 Molecular rearrangements at the interface

The system may not have time to reach equilibrium when two droplets rapidly approach
each other because molecular rearrangements take a finite time to occur, for example,
adsorption—desorption of emulsifiers, ionization /deionization of charged groups, and con-
formational changes of biopolymers (Israelachvili, 1992; Israelachvili and Berman, 1995).
As a consequence, the colloidal interactions between droplets may be significantly different
from those observed under equilibrium conditions. These nonequilibrium effects depend
on the precise nature of the system and are therefore difficult to account for theoretically.

3.10.2 Hydrodynamic flow of continuous phase

The movement of a droplet causes an alteration in the flow profile of the intervening
continuous phase, which can be “felt” by another droplet (Dukhin and Sjoblom, 1996;
Walstra, 2003a). As two droplets move closer together, the continuous phase must be
squeezed out from the narrow gap separating them against the friction of the droplet
surfaces (Figure 3.19). This effect manifests itself as a decrease in the effective diffusion
coefficient of the emulsion droplets, D(h) = D,G(h), where D is the diffusion coefficient of
a single droplet and G(h) is a correction factor that depends on surface-to-surface separa-
tion between the droplets (Hunter, 1986). Mathematical expressions for G(h) have been
derived from a consideration of the forces that act on particles as they approach each other
in a viscous liquid (Davis et al., 1989; Zhang and Davis, 1991; Dukhin and Sjoblom, 1996).
For rigid spherical particles the hydrodynamic correction factor can be approximated by
the following expression (Hunter, 1986):

_2h 1+ (3h/2r)
Gh)= r 14(13h/2r) + (3h%/r?)

(3.20)
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Figure 3.19 Schematic representation of the Gibbs—Marangoni effect. As two emulsion droplets approach each other
some of the intervening fluid separating them must flow out. The resulting viscous drag on the interfacial membrane
may lead to a concentration gradient of emulsifier at the interface, which opposes fluid flow from between the droplets.
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The value of G(h) varies from 0 when the particles are in close contact (k= 0) to 1 when
they are far apart and therefore have no influence on each other (h — o). Thus, as
particles approach each other their speed gets progressively slower, and therefore they
would not aggregate unless there was a sufficiently strong attractive colloidal interaction
to overcome the repulsive hydrodynamic interaction. Equation 3.20 must be modified
for emulsions to take into account the fact that there is less resistance to the movement
of the continuous phase out of the gap between the droplets when their surfaces have
some fluid-like characteristics (Davis et al., 1989; Zhang and Davis, 1991). Thus, the
hydrodynamic resistance to the approach of fluid droplets is less than that for solid
droplets. Hydrodynamic interactions are particularly important for determining the
stability of droplets to flocculation and coalescence in emulsion systems (Chapter 7).

3.10.3 Gibbs-Marangoni effect

There may be an additional nonequilibrium contribution to the colloidal interactions
between emulsion droplets due to the Gibbs—Marangoni effect (Walstra, 1993a, 1996b, 2003a).
As two droplets approach each other, the liquid in the continuous phase is forced out of
the narrow gap that separates them. As the liquid is squeezed out it drags some of the
emulsifier molecules along the droplet surface, which leads to the formation of a region
where the emulsifier concentration on the surfaces of the two emulsion droplets is lowered
(Figure 3.19). This causes a surface tension gradient at the interface, which is thermody-
namically unfavorable. The emulsifier molecules therefore have a tendency to flow toward
the region of low emulsifier concentration and high interfacial tension, dragging some of
the liquid in the surrounding continuous phase along with them. This motion of the
continuous phase is in the opposite direction to the outward flow that occurs when it is
squeezed from between the droplets, and therefore it opposes the movement of the droplets
toward each other, and therefore increases their stability to close approach and coalescence.
This affect is most important for emulsifiers that are relatively mobile at the oil-water
interface, such as small molecule surfactants rather than surface-active biopolymers.

3.11 Total interaction potential

The overall interdroplet pair potential is the sum of the various attractive and repulsive
contributions*:

wtotal (h) = wVDW(h) + welectros’tatic (h) + wsteric (h) + wdepletion (h) + whydrophobic(h) e (321)

Not all of the interactions play an important role in every type of food emulsion, and it
is often possible to identify two or three interactions that dominate the overall interaction.
For this reason, it is informative to examine the characteristics of certain combinations of
colloidal interaction that are particularly important in food emulsions. A summary of the
characteristics of the various types of interactions is given in Table 3.3. In this section, the
use of predicting the overall interdroplet pair potential as a function of droplet separation
for understanding the behavior of food emulsions is demonstrated. We begin by consid-
ering a simple system, where only van der Waals attraction and steric repulsion operates,
and then build up the complexity of the system by incorporating the effects of other
important types of attractive and repulsive interactions. The physicochemical parameters
used in the theoretical calculations are shown in figure captions.

* In reality, it is not always appropriate to simply sum the contribution from all of the separate interactions
because some of them are coupled (Ninham and Yaminsky, 1997). Nevertheless, this approach gives a good first
approximation.
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Table 3.3 Summary of the Characteristics of the Various Types of Colloidal Interactions Between
Emulsion Droplets’.

Interaction Type Sign Strength Range Major Factors Affecting
van der Waals A S LR gn,l
Electrostatic R WS SR — LR ys, opH, I
Steric

Elastic R S SR 6, E

Mixing AorR W-—>S SR 5w
Depletion A WS SR ., 1.
Hydrophobic A S LR O T
Hydration R S SR - MR T
Thermal fluctuation R S SR —- MR T

" The interactions are classified according to the following symbols: A = attractive, R = repulsive; S = strong,
W = weak, SR = short range (<10 nm), MR = medium range (10-20 nm), and LR = long range (>20 nm). The
major factors affecting the interactions are dielectric constant (&), refractive index (1), ionic strength (I), surface
potential (y;), surface charge density (o), thickness of interfacial layer (8), elastic modulus of interfacial layer
(E), effective interaction parameter for emulsifier—solvent interactions (w), and temperature (T).

3.11.1 wvan der Waals and steric

The most basic model for describing the colloidal interactions between emulsion droplets
is to consider that only van der Waals and steric interactions are important. van der Waals
interactions always act between emulsion droplets and must therefore be taken into
account. Similarly, the droplets in emulsions are nearly always stabilized by an interfacial
layer of adsorbed emulsifier molecules and so steric interactions must also be taken into
account. This type of model would be appropriate for describing the behavior of emulsion
droplets stabilized by nonionic surfactants or uncharged biopolymers. It would also be
appropriate for describing the behavior of emulsion droplets stabilized by charged sur-
factants or biopolymers at high salt concentrations where the electrostatic interactions are
effectively screened.
The overall interdroplet pair potential for this simple model system is given by

w(h) = wVDW(h) + wsteric(h) (322)

The dependence of the overall interdroplet pair potential on droplet separation for
emulsions with interfacial layers of different thickness are shown in Figure 3.20. It is
assumed that the continuous phase is an indifferent quality solvent for the polymer, so
that the mixing contribution to the polymeric steric interaction is zero (Section 3.5). At
wide separations the overall interaction between the droplets is negligible. As the droplets
move closer together, the attractive van der Waals interaction begins to dominate and so
there is a net attraction between the droplets. However, once the droplets get so close
together that their interfacial layers overlap then the repulsive steric interaction dominates
and there is a net repulsion between the droplets. At a particular separation there is a
minimum in the interdroplet pair potential, and this is the location where the droplets
tend to reside. If the depth of this minimum is large compared to the thermal energy of
the system the droplets remain aggregated, otherwise they move apart. The depth and
position of the minimum depends on the thickness and properties of the interfacial layer
surrounding the droplets. As the thickness of the adsorbed layer increases, the repulsive
interaction between droplets becomes more significant at larger separations, and conse-
quently the depth of the minima decreases. If the interfacial layer is sufficiently thick it
may prevent the droplets from aggregating altogether, because the depth of the minimum
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Figure 3.20 Predicted interdroplet pair potentials for emulsions where only van der Waals and steric
interactions are important. Predictions are carried out for oil-in-water emulsions with different
thicknesses of adsorbed layers as stated in the annotation (r = 1 um, T = 25°C).

is relatively small compared to the thermal energy. This phenomenon accounts for the
effectiveness of emulsifiers that form relatively thick interfacial layers (e.g., polysaccha-
rides) at preventing droplet flocculation and coalescence in emulsions containing high salt
concentrations, whereas emulsifiers that form relatively thin interfacial layers (e.g., glob-
ular proteins) can prevent coalescence but not flocculation (Chanamai and McClements,
2002). As mentioned in Section 3.3, the composition and thickness of the adsorbed layer
may have an additional influence on the overall interaction potential due to its modifica-

tion of the van der Waals interactions (which was not taken into account in the calculations
carried out here).

3.11.2 wvan der Waals, steric, and electrostatic

The droplets in many food emulsions have an electric charge because of adsorption of
surface-active ions or emulsifiers (Section 3.4). A more realistic model of the colloidal
interactions between emulsion droplets is therefore obtained by considering van der
Waals, steric, and electrostatic interactions:

w(h) = wVDW(h) + wsteric(h) + welectrostatic(h) (323)

The dependence of the overall interdroplet pair potential on droplet separation for
electrically charged droplets is shown in Figure 3.21. For simplicity of discussion, a more
schematic representation of the general form of the interaction potential for this type of
system is shown in Figure 3.22. When the two droplets are separated by a large distance
there is no effective interaction between them. As they move closer together, then the
van der Waals attraction dominates initially and there is a shallow minimum in the profile,
which is referred to as the secondary minimum, w(hy . ). When the depth of this minimum
is large compared to the thermal energy (lw(h)_. )> kT) the droplets tend to be floccu-
lated, but if it is small compared to the thermal energy, they tend to remain nonaggregated.
At closer separations, the repulsive electrostatic interaction dominates and there is an
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Figure 3.21 Predicted interdroplet pair potentials for emulsions where only van der Waals, steric,
and electrostatic interactions are important. Predictions are carried out for oil-in-water emulsions
with different ionic strengths as stated in the annotation (r =1 pm, 6= 1nm, T = 25°C, y, =20 mV).

The height of the energy barrier decreases as the ionic strength of the intervening medium increases
because of electrostatic screening.
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Figure 3.22 Schematic representation of the overall interaction potential between a pair of electrically
charged droplets covered by an interfacial membrane, assuming only van der Waals, steric, and elec-
trostatic interactions are important. The depths of the primary and secondary minima and the height
of the energy barrier determine the stability of the system to droplet aggregation.
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energy barrier, w(h,,,,), that must be overcome before the droplets can come any closer. At
still closer separations, the attractive van der Waals interaction dominates the repulsive
electrostatic interaction and there is a relatively deep primary minimum, w(h, . ). If the
energy barrier is sufficiently large compared to the thermal energy (fw(h,__ ) >20kT), then
it will effectively prevent the droplets from falling into the primary minimum. On the other
hand, if it is relatively small compared to the thermal energy, then the droplets tend to fall
into the primary minimum, which would lead to strong droplet aggregation. When the
droplets get so close together that their interfacial membranes overlap, there is an extremely
strong steric repulsion that dominates the other interactions. This short-range repulsive
interaction should prevent the droplets from getting close enough together to coalesce.

There are a number of complicating factors that need to be taken into account when
implementing the above approach. First, one must decide the location of the electrical
charge in the system (e.g., at the oil droplet surfaces or at the outer edge of the interfacial
membranes), since this will have a pronounced influence on the strength and range of
the electrostatic interactions. Second, one may have to take into account the influence
of electrostatic screening, retardation, and the interfacial membrane on the strength of
the van der Waals interactions (Section 3.3). Third, one may have to take into account
changes in the thickness or characteristics of the interfacial membrane if it consists of
charged emulsifier molecules, since this will influence the strength and range of the
steric interactions (Section 3.5). Despite these complicating factors, the above approach
provides valuable insights into the factors that influence the stability of electrically
charged emulsion droplets.

Electrostatically stabilized emulsions are particularly sensitive to the ionic strength
and pH of the aqueous phase (Figure 3.21). At low electrolyte concentrations there may
be a sufficiently high-energy barrier to prevent the droplets from coming close enough
together to aggregate into the primary minimum. As the ion concentration is increased
the screening of the electrostatic interaction becomes more effective (Section 3.4), which
reduces the height of the energy barrier. Above a certain electrolyte concentration, often
referred to as the critical aggregation concentration or CAC, the energy barrier is no longer
high enough to prevent the droplets from falling into the deep primary minimum, and
so the droplets tend to aggregate. This accounts for the susceptibility of many electro-
statically stabilized food emulsions to droplet aggregation when salt is added to the
aqueous phase (Hunt and Dalgleish, 1994, 1995; Demetriades et al., 1997a; Kim et al.,
2002a,b; Keowmaneechai and McClements, 2002a). The electrical charge of many food
emulsifiers is sensitive to the pH of the aqueous phase. For example, the droplet charge
of protein-stabilized emulsions decreases as the pH tends toward the isoelectric point of
the proteins, which reduces the magnitude of the electrostatic repulsion between the
droplets. This accounts for the tendency of protein-stabilized emulsions to become floc-
culated when their pH is adjusted to the isoelectric point of the adsorbed proteins
(Demetriades et al., 1997a). Nevertheless, the droplets are often stable to coalescence
because of the presence of the short-range steric repulsion associated with the adsorbed
protein layers.

It should be noted that the classical approach to describing the interactions between
electrically charged particles is the DLVO theory, named after the four scientists who first
proposed it: Derjaguin, Landau, Verwey, and Overbeek (Derjaguin et al., 1987; Derjaguin,
1989; Hiemenz and Rajagopalan, 1997). The DLVO theory does not take into account the
steric repulsion that acts between droplets at close separations, and it is therefore not a
particularly realistic model for describing the behavior of emulsion droplets coated by
interfacial membranes. This theory predicts that the emulsion droplets would coalesce
once they fell into the primary minimum because there would be no short-range repulsive
force stopping them getting closer together.
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Figure 3.23 Predicted interdroplet pair potentials for emulsions where van der Waals, steric,
electrostatic, and hydrophobic interactions are important. Predictions are carried out for oil-in-
water emulsions with different surface hydrophobicities as stated in the annotation box (r =1 um,
6=1nm, T = 25°C, y, = 20 mV, [ =20 mM). The height of the energy barrier decreases as the
surface hydrophobicity increases because of the increase in the hydrophobic attraction.

3.11.3 van der Waals, steric, electrostatic, and hydrophobic

The droplet surfaces in many food emulsions acquire some hydrophobic character during
their manufacture, storage, or consumption. A typical example is a whey-protein-stabilized
emulsion that is subjected to a heat treatment (Monahan et al., 1996, Demetriades et al.,
1997b; Kim et al., 2002a,b). Heating the emulsion above 65°C causes the protein molecules
adsorbed to the oil-water interface to partially unfold and thus expose some of the
nonpolar amino acids to the aqueous phase. The overall interdroplet pair potential for
this type of system is given by

w(h) = wVDW(h) + wsteric(h) + welect‘rostatic(h) + whydrophobic(h) (324)

The dependence of the overall interdroplet pair potential on droplet separation for droplets
with different degrees of surface hydrophobicity is shown in Figure 3.23. As the hydropho-
bicity of the droplet surface increases, the hydrophobic attraction increases which causes a
decrease in the height of the energy barrier. When the surface hydrophobicity is sufficiently
large the energy barrier becomes so small that the droplets can aggregate into the primary
minimum. This accounts for the experimental observation that whey-protein-stabilized
emulsions become more susceptible to aggregation when they are heated above a tem-
perature where the protein molecules unfold (Demetriades et al., 1997b).

3.11.4 wvan der Waals, steric, electrostatic, and depletion

Depletion interactions are important when the continuous phase of an emulsion contains a
significant concentration of small colloidal particles, such as surfactant micelles or nonad-
sorbing biopolymers (Dickinson and McClements, 1995; Jenkins and Snowden, 1996).
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Figure 3.24 Predicted interdroplet pair potentials for emulsions where van der Waals, steric, electrostatic, and
depletion interactions are important. Predictions are carried out for oil-in-water emulsions containing different
volume fractions of nonadsorbed colloidal particles dispersed in the continuous phase as stated in the annotation
box (r=1um, 6 =1nm, r.=5nm, T = 25°C, ¥, = 20 mV, I = 50 mM). The height of the energy barrier
decreases as the concentration of colloidal particles increases because of the increase in the depletion attraction.

The interdroplet pair potential for a system in which depletion interactions are important
is given by

w(h) = wVDW(h) + wsteric(h) + welec’trostatic(h) + wdeple’tion(h) (325)

The variation of the interdroplet pair potential with droplet separation for this type of system
is shown in Figure 3.24. At low concentrations of colloidal particles the energy barrier is
sufficiently large to prevent the droplets falling into the primary minimum. As the concen-
tration of colloidal particles is increased the attraction between the droplets increases. A
number of workers have shown that depletion interactions promote droplet flocculation
in emulsions when the concentration of surfactant or biopolymer exceeds some critical
concentration (Sperry, 1982; Aronson, 1991; McClements, 1994; Dickinson et al., 1995;
Jenkins and Snowden, 1996).

3.12 Measurement of colloidal interactions

One of the major advances in recent years has been the development and usage of analytical
instruments for accurately measuring the forces between macroscopic surfaces down to
separations of a fraction of a nanometer (Israelachvili, 1992; Luckham and Costello, 1993;
Claesson et al., 1996, 2004). A variety of different instruments have been developed for this
purpose, including surface force apparatus, atomic force microscopy, light-lever instru-
ments, and so on (Christenson and Claesson, 2001). Nevertheless, all of the instruments
use some means of measuring the separation distance and force acting between two mac-
roscopic surfaces as one of the surfaces is moved through the intervening liquid in a
controlled fashion (Christenson and Claesson, 2001). The surfaces can be chemically or
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physically modified to control their hydrophobicity, hydrophilicity, electrical charge, rough-
ness, and thickness. In addition, it is possible to adsorb different types of emulsifiers onto
the surfaces, and to vary the composition and properties of the liquid separating the
surfaces. One drawback of these techniques for understanding the characteristics of par-
ticular types of interactions is that they only measure the overall interaction potential, and
so it is necessary to design ways of disentangling the contributions from the various
individual interactions. Nevertheless, the application of these techniques has led to con-
siderable advances in our knowledge of the origin, sign, magnitude, and range of colloidal
interactions, as well as providing a better understanding of the factors that influence these
interactions (e.g., pH, temperature, ionic environment, solvent composition). Ultimately,
the knowledge gained from application of these techniques will help food scientists to gain
a better understanding of the factors that determine the stability of food emulsions.

3.13 Prediction of colloidal interactions in food emulsions

In this chapter, we have examined the origin, magnitude, and range of the most important
types of attractive and repulsive interactions that can arise between emulsion droplets. In
principle, it is possible to predict the likelihood that the droplets in an emulsion will be
in an aggregated or a nonaggregated state using the theories given above. In practice, it
is extremely difficult to make quantitative predictions about the properties of food emul-
sions for a number of reasons. First, food emulsions contain a huge number of different
emulsion droplets (rather than just two) which interact with each other and with other
components within the system, and it is difficult to quanitify the overall nature of these
interactions (Dickinson, 1992). Second, there is often a lack of information about the
relevant physical parameters needed to carry out the calculations (Hunter, 1986). Third,
certain simplifying expressions often have to be made in the theories in order to derive
tractable expressions for the interaction energies, and these are not always justified
(Ninham and Yaminsky, 1997). Fourth, food systems are not usually at thermodynamic
equilibrium and so many of the above equations do not strictly apply (Israelachvili and
Berman, 1995). Fifth, covalent interactions are important in some systems, and these are
not taken into account in the above analysis (McClements et al., 1993d; Mohanan et al.,
1996). Finally, food emulsions may be subjected to external forces that affect the interac-
tions between the droplets, e.g., gravity, centrifugation, or mechanical agitation (Berli and
Quemeda, 2002; Saether et al., 2004). Despite the limitations described above, an under-
standing of the various types of interactions that act between droplets gives food scientists
a powerful tool for understanding and predicting the effects of ingredient formulations
and processing conditions on the properties of many food products. It is often possible
to predict the major factors that determine the stability of emulsions (albeit in a fairly
qualitative fashion). Alternatively, in some systems it may be possible to experimentally
measure the forces between surfaces using a force measurement technique (see Section
3.12) for a system that closely mimics the food system of interest. For example, it may be
possible to coat the solid surfaces in the force measuring device with the same type of
emulsifier as used in the food product and to use an aqueous solution with the same
composition as found in the food product (e.g., pH, ionic composition). The force—distance
curves could then be measured and the factors that influence them determined.






chapter four

Emulsion ingredients

4.1 Introduction

Inspection of the labels of most commercially available food emulsions indicates that they
contain a wide variety of different constituents, for example, oil, emulsifiers, thickening
agents, gelling agents, buffering systems, preservatives, antioxidants, chelating agents,
sweeteners, salts, colorants, flavors. Each of these constituents has its own unique molec-
ular and functional characteristics. Ultimately, the physicochemical and organoleptic prop-
erties of a product depend on the type of constituents present, their physical location, and
their interactions with each other. The efficient production of high-quality food emulsions
therefore depends on knowledge of the contribution that each individual constituent
makes to the overall properties, and how this contribution is influenced by the presence
of the other constituents. One of the most important decisions that a food manufacturer
must make during the design, formulation, and production of a food product is the
selection of the most appropriate constituents for that particular product. Each ingredient
must exhibit its desired functional properties within the food, while also being economi-
cally viable, convenient to use, of reliably high quality, compatible with other ingredients,
readily available, and possibly “label friendly.”

It is possible to define the composition of an emulsion in a number of different ways:
concentrations of specific atoms (e.g., H, C, O, N, Na, Mg, Cl); concentrations of specific
molecules (e.g., water, sucrose, amylose, ff-lactoglobulin); concentrations of general classes
of molecules (e.g., proteins, lipids, carbohydrates, minerals); concentrations of composite
ingredients (e.g., flour, milk, salt, egg); concentrations of functional ingredients (e.g., oil,
water, emulsifiers, texture modifiers, buffering agents, preservatives). Food manufacturers
are usually concerned with the concentration of composite or functional ingredients,
because food components are normally purchased and used in this form. On the other
hand, research scientists may be more interested in the concentrations of specific atoms,
molecules, or molecular classes, depending on the purpose of their investigations. In this
chapter, we will mainly categorize ingredients according to their functional roles within
emulsions, since this seems to be the most logical and convenient means of discussing them.

The formulation of food products has traditionally been more of a craft than a science.
Many of the foods that are familiar to us today are the result of a long and complex history
of development. Consequently, there has often been a rather poor understanding of the
role (or multiple roles) that each chemical constituent plays in determining their overall
quality. The 20th century saw the development of large-scale industrial manufacturing
operations where foods are mass produced. Mass production has led to the availability
of a wide variety of low-cost foods that are quick and easy to prepare, and are therefore
appealing to the modern consumer. Nevertheless, increasing reliance on mass production
has meant that food manufacturers have had to develop a more thorough understanding
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of the behavior of food ingredients before, during, and after processing (Hollingsworth,
1995). This knowledge is required for a number of reasons:

1. The properties of the ingredients entering a food factory often vary from batch-to-
batch. Food manufacturers may reject poor quality ingredients or they may use their
knowledge of the behavior of food ingredients under different conditions to adjust
the food processing operations so that the final product has consistent properties.

2. Food manufacturers are often looking for cheaper alternatives to existing ingredi-
ents, for ingredients with improved functional properties, or for ingredients that
are more “label friendly.” An understanding of the role(s) that the original ingre-
dient plays in a food will facilitate the rational selection of an alternative ingredient.

3. There is a growing trend toward improving the quality, variety, and convenience
of processed foods (Sloan, 2003). Knowledge of ingredient properties enables food
scientists to develop these foods in a more systematic and informed manner.

4. There is an increasing tendency toward removing or reducing the amounts of
food constituents that have been associated with human health concerns (e.g.,
saturated fat, trans fatty acids, cholesterol, and salt) or the addition of food
constituents that have been associated with maintaining or improving human
health (e.g., ®-3 fatty acids, dietary fiber, and specific minerals). The removal of
certain ingredients or the addition of new ingredients may cause significant
changes in the taste, texture, or appearance of foods that consumers find unde-
sirable (McClements and Demetriades, 1998; Malone et al., 2000, 2003a,b; Kilcast
and Clegg, 2002). For example, many no-fat or low-fat products do not exhibit
the desirable taste or textural characteristics of the full-fat products that they are
designed to replace (O’Donnell, 1995; Kilcast and Clegg, 2002). Consequently, it
is important to understand the role that each ingredient plays in determining the
overall physicochemical and organoleptic properties of foods, so that this role can
be mimicked by a healthier alternative ingredient.

This chapter provides an overview of the molecular, physicochemical, and functional
characteristics of the major categories of functional ingredients present in food emulsions.
Special emphasis is given to those ingredients that are particular to food emulsions, that
is, emulsifiers and texture modifiers.

4.2 Fats and oils

Fats and oils are part of a group of compounds known as lipids (Gunstone and Norris, 1983;
Weiss, 1983; Nawar, 1996, Gunstone and Padley, 1997; Akoh and Min, 2002; Larsson, 2004).
By definition a lipid is a compound that is soluble in organic solvents, but insoluble or only
sparingly soluble in water. This group of compounds contains a large number of different
types of molecules, including acylglycerols, fatty acids, and phospholipids. Triacylglycerols
are by far the most common lipid in foods, and it is this type of molecule that is usually
referred to as a fat or oil. Edible fats and oils come from a variety of different sources including
plants, seeds, nuts, animals, and fish (Sonntag, 1979a—c; Weiss, 1983; Nawar, 1996; Akoh and
Min, 2002). By convention a fat is solid-like at room temperature, whereas oil is liquid, although
these terms are often used interchangeably (Walstra, 1987). Because of their high natural
abundance and their major importance in food emulsions, we will be mainly concerned with
the properties of triacylglycerols in this section. Nevertheless, it should be mentioned that
other types of lipids are more important in certain food emulsions, for example, the major
lipid source in many beverage emulsions are flavor oils (Tan, 2004). The characteristics of
flavor oils are discussed in more detail in the section on beverage emulsions (Chapter 12).
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Fats and oils influence the nutritional, organoleptic, and physicochemical properties
of food emulsions in a variety of ways. Lipids are a major source of energy and essential
nutrients in the human diet; however, overconsumption of certain types of lipids (choles-
terol, saturated fat, trans fatty acids) have been linked to human health concerns, such as
obesity, cardiovascular disease, diabetes, and cancer (Chow, 1992; Smolin and Grosvenor,
1994; Gurr, 1997; Kritchevesky, 2002). Consequently, there has been a trend in the food
industry to reduce the overall fat content of many traditional foods, as well as reducing
the proportion of undesirable lipids within the fat phase (O’Donnell, 1995; Jones, 1996;
Gurr, 1997). The challenge to the food scientist is to create a product that has the same
desirable quality attributes as the original, but with a reduced fat content, which is often
extremely difficult (Jones, 1996, McClements and Demetriades, 1998). On the other hand,
underconsumption of certain types of polyunsaturated lipids has also been linked to
various human health problems, such as heart disease, diabetes, cancer, and brain devel-
opment (Gurr, 1997; Kritchevesky, 2002). Consequently, many food manufacturers are
attempting to find effective strategies of incorporating these polyunsaturated lipids into
foods, which is often problematic because of their poor oxidative stability (McClements
and Decker, 2000).

The perceived flavor of a food emulsion is strongly influenced by the type and
concentration of lipids present (Chapter 9). Lipids undergo a variety of chemical changes
during the processing, storage, and handling of foods that generate products that can be
either desirable or deleterious to their flavor profile (Nawar, 1996). Controlling these
reactions requires knowledge of both lipid chemistry and emulsion science (Frankel, 1991;
Frankel et al., 1994; Coupland and McClements, 1996; McClements and Decker, 2000). The
flavor of food emulsions is also indirectly influenced by the presence of the lipid phase
because flavor compounds can partition among the oil, water, and gaseous phases accord-
ing to their polarities (Chapter 9). For this reason, the perceived aroma and taste of food
emulsions are often strongly influenced by the type and concentration of lipids present.
The lipid phase may also act as a solvent for various other important food components,
including oil-soluble vitamins, antioxidants, preservatives, and essential oils. Reducing
the lipid content of an emulsion can therefore have a profound influence on its flavor
profile, stability, and nutritional content.

The characteristic appearance and rheology of food emulsions is largely a result of
the immiscibility of oil and water, since this leads to a system where the droplets of one
phase are dispersed in the other phase. Food emulsions usually appear turbid, cloudy, or
opaque because the light passing through them is scattered by these droplets (McClements,
2002a,b). The intensity of the scattering depends on the concentration of droplets present,
so that both the color and opacity of food emulsions are strongly influenced by their fat
content (Chapter 10). The rheology of many food emulsions also depends on the fat
content, since their overall viscosity increases with increasing droplet concentration, for
example, creams, desserts, dressings, and mayonnaise (Chapter 8). The characteristic
texture of some food emulsions is due to the ability of the oil phase to crystallize (Mulder
and Walstra, 1974; Moran, 1994; Walstra, 2003a). The “spreadability” of water-in-oil (W /O)
emulsions, such as margarines and butters, is determined by the formation of a three-
dimensional network of aggregated fat crystals in the continuous phase which provides
the product with mechanical rigidity (Moran, 1994; Flack, 1997). On the other hand, the
creation of products such as ice cream and whipped cream depends on the controlled
destabilization of partially crystalline oil droplets in oil-in-water (O/W) emulsions (Goff,
1997a—c). The tendency of a cream to thicken or “clot” when it is cooled below a certain
temperature is due to the formation of fat crystals in the oil droplets, which causes them
to aggregate (Boode, 1992). The melting of fat crystals in the mouth causes a cooling
sensation that is an important sensory attribute of many fatty foods (Walstra, 1987).
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The ability of food scientists to improve the quality of food emulsions therefore depends
on an improved understanding of the multiple roles that fats and oils play in determining
their properties.

4.2.1 Molecular structure and organization

Chemically, triacylglycerols are esters of a glycerol molecule and three fatty acid molecules
(Figure 4.1). Each of the fatty acids may contain different numbers of carbon atoms, and
may have different degrees of unsaturation and branching (Lawson, 1995; Nawar, 1996;
Gunstone, 1997; Larsson, 2004). Nevertheless, most naturally occurring fatty acids have
an even number of carbon atoms (usually less than 24) and are nonbranched. The fact
that there are many different types of fatty acid molecules, and that these fatty acids can
be located at different positions on the glycerol molecule, means that there are a huge
number of possible triacylglycerol molecules present in foods. Indeed, edible fats and oils
always contain a great many different types of triacylglycerol molecules, with the precise
type and concentration depending on their origin (Weiss, 1983; Gunstone and Padley, 1997;
Akoh and Min, 2002).

Triacylglycerol molecules have a “tuning-fork” structure, with the two fatty acids at
the ends of the glycerol molecule pointing in one direction, and the fatty acid in the middle
pointing in the opposite direction (Figure 4.1). Triacylglycerols are predominantly nonpo-
lar molecules and so the most important types of molecular interactions with their neigh-
bors are van der Waals attraction and steric overlap repulsion (Chapter 2). At a certain
molecular separation there is a minimum in the intermolecular pair potential whose depth
is a measure of the strength of the attractive interactions that hold the molecules together
in the solid and liquid states (Section 2.4). Whether a triacylglycerol exists as a liquid or
solid at a particular temperature depends on a balance between these attractive interac-
tions and the disorganizing influence of the thermal energy (Section 4.2.3).

4.2.2  Bulk physicochemical properties

The bulk physicochemical properties of edible fats and oils depend on the molecular
structure and interactions of the triacylglycerol molecules that they contain (Formo, 1979;
Gunstone and Norris, 1983; Birker and Padley, 1987; Timms, 1991, 1995; Larsson, 2004).
The strength of the attractive interactions between molecules and the effectiveness of their
packing in a condensed phase determines their melting point, density, and rheology
(Israelachvili, 1992). Triacylglycerols that contain branched or unsaturated fatty acids are
not able to pack as closely together as those that contain linear saturated fatty acids, and
so they have lower densities and higher compressibilities than saturated triacylglycerols
(Walstra, 1987). The temperature at which a triacylglycerol melts also depends on the
packing of the molecules: the more effective the packing the higher the melting point
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Figure 4.1 Chemical structure of a triacylglycerol molecule, which is assembled from three fatty
acids and a glycerol molecule.



Emulsion ingredients 99

Table 4.1 Melting Points and Heats of Fusion of the Most Stable
Polymorphic forms of Selected Triacylglycerol Molecules: L = Lauric
Acid (C12:0); M = Myristic Acid (C14:0); P = Palmitic Acid (C16:0); S =
Stearic Acid (C16:0); O = Oleic Acid (C18:1); Li = Linoleic (C18:2); and
Ln = Linolenic (C18:3)

Triglyceride Melting Point (°C) AH, (J g™)
LLL 46 186
MMM 58 197
PPP 66 205
5SS 73 212
000 5 113
LiLiLi -13 85
LnLnLn —24 —
SOs 43 194
SO0 23 —

Source: Adapted from Walstra (2003a).

(Israelachvili, 1992; Walstra, 2003a). Thus, the melting points of triacylglycerols increase
with increasing chain length; are higher for saturated than for unsaturated fatty acids; are
higher for straight chained than branched fatty acids; and, are higher for triacylglycerols
with a more symmetrical distribution of fatty acids on the glycerol molecule (Table 4.1).
Triacylglycerol molecules have a relatively low dielectric constant because of their low
polarity (Table 4.2). Knowledge of the dielectric constant of oils is important because it
influences the range and magnitude of the colloidal interactions between droplets in
emulsions, especially van der Waals and electrostatic interactions (Chapter 3).

Many of the bulk physicochemical properties of edible fats and oils have an important
influence on the formation and stability of food emulsions. The creaming stability of
emulsions depends on the density contrast between the oil and aqueous phases, and hence
changes in the density of the oil phase may cause changes in the long-term stability of an
emulsion (Section 7.3). The minimum size of droplets that can be produced by some
homogenizers depends on the ratio of the viscosity of the dispersed phase to that of the
continuous phase (Section 6.4.1). The viscosity of edible lipids decreases appreciably with
temperature, and the precise nature of the viscosity—temperature profile depends on lipid
type and composition (Coupland and McClements, 1997). Hence, the ability to produce
an emulsion containing small droplets may depend on the nature of the oil used, as well

Table 4.2. Comparison of Some Bulk Physicochemical Properties of Liquid
Qil (Triolein) and Water at 20°C

Oil Water
Molecular weight 885 18
Melting point(°C) 5 0
Density(kg m=3) 910 998
Compressibility 5.03 x 10710 4.55 x 1010
Viscosity(mPa s) =50 1.002
Thermal conductivity(W m™ K1) 0.170 0.598
Specific heat capacity(J kg! K1) 1980 4182
Thermal expansion coefficient(°C) 7.1 x10* 2.1 x10*
Dielectric constant 3 80.2
Surface tension(mN m1) =35 72.8

Refractive index

1.46

1.333
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as on the homogenization conditions used in the emulsion preparation, for example, valve
pressure, temperature. The interfacial tension of an oil-water interface may also influence
the size of the droplets produced during homogenization, since droplet disruption usually
becomes easier as the interfacial tension decreases (Section 6.4.1). The interfacial tension
may also affect the long-term stability of emulsions by influencing the composition and
properties of the interface formed. The interfacial tension of an oil depends on the polarity
of the dominant lipid molecules present (e.g., triacylglycerols or terpenes), as well as on
the presence of any minor surface-active components (e.g., free fatty acids, monoacylg-
lycerols, diacylglycerols, or phospholipids). There can be significant variations in the
interfacial tensions produced by oils depending on their origin and purity (Chanamai
et al., 2002). Oil polarity may also influence the partitioning of functional constituents
(such as flavors, antioxidants, preservatives, or colors) between the oil and aqueous phases,
which may alter the physicochemical or sensory properties of the system. The strength
and range of the colloidal interactions between the droplets in emulsions are determined
by the dielectric constant and refractive index of the component phases (Chapter 3). The
appearance of an emulsion depends on the scattering of light by the emulsion droplets
and the absorption of light by any chromophoric materials present (Chapter 10), hence
usage of oils of different refractive index or color may lead to differences in emulsion
appearance. In summary, differences in the bulk physicochemical properties of oils can
cause appreciable changes in the stability and properties of food emulsions.

The bulk physicochemical properties of many edible oils and fats are fairly similar
(Coupland and McClements, 1997), and therefore the choice of oil type may not have a
large influence on the overall properties of an emulsion. Nevertheless, some types of oil
do have significantly different properties from the majority of other oils, which may
appreciably influence their functional characteristics in emulsions. This may be particu-
larly important when trying to replace one type of oil with another chemically-different
type, for example, oil rich in monosaturated lipids with oil rich in polyunsaturated lipids,
or a conventional oil with a fat substitute (Lindsay, 1996a). It should be noted that much
of the research carried out to establish the colloidal basis of emulsion properties uses
simple model systems containing highly purified oils with known chemical structures, for
example, hydrocarbons. These model oils may facilitate the interpretation of experimental
data, but one should be careful to ensure that conclusions drawn from these model systems
apply to real food emulsions.

4.2.3 Fat crystallization

One of the most important characteristics of fats and oils is their ability to undergo solid-liquid
phase transitions at temperatures that occur during the processing, storage, and handling of
food emulsions (Walstra, 1987, 2003a; Timms, 1991, 1995; Gunstone and Padley, 1997; Lawler
and Dimick, 2002). The texture, mouthfeel, stability, and appearance of many food emulsions
depend on the physical state of the lipid phase (Moran, 1994). The conversion of milk into
butter relies on the controlled destabilization of an O/W emulsion (milk) into a W /O emulsion
(butter), which is initiated by the formation of crystals in the milk fat globules (Mulder and
Walstra, 1974; Boode, 1992). The spreadability of the butter produced by this process is
governed by the final concentration of fat crystals (Moran and Rajah, 1994). If the percentage
of fat crystals is too high the product is firm and difficult to spread, and if it is too low the
product is soft and tends to collapse under its own weight. The creation of food emulsions
with desirable properties therefore depends on an understanding of the major factors that
influence the crystallization and melting of lipids in foods (Birker and Padley, 1987).

The arrangement of triacylglycerol molecules in the solid and liquid state is shown
schematically in Figure 4.2. The physical state of a triacylglycerol at a particular temperature
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Figure 4.2 The arrangement of triacylglycerols in the solid and liquid states depends on a balance
between the organizing influence of the attractive interactions between the molecules and the
disorganizing influence of the thermal energy.

depends on its free energy, which is made up of contributions from enthalpic and entropic
terms: AGg_,; = AHg_,; — TASg_,; (Atkins, 1994). The enthalpy term (AHg_,;) represents the
change in the overall strength of the molecular interactions between the triacylglycerols
when they are converted from a solid to a liquid, whereas the entropy term (ASg_,;) repre-
sents the change in the organization of the molecules that is brought about by the melting
process. The strength of the bonds between the molecules is greater in the solid state than
in the liquid state because the molecules are able to pack more efficiently, and so AHg_,; is
positive, which favors the solid state. On the other hand, the entropy of the molecules in
the liquid state is greater than that in the solid state, and therefore ASg_,; is positive, which
favors the liquid state. At low temperatures, the enthalpy term dominates the entropy term
(AHg,. > TASg_,;), and therefore the solid state has the lowest free energy (Atkins, 1994;
Walstra, 2003a). As the temperature increases, the entropic contribution becomes increas-
ingly important. Above a certain temperature, known as the melting point, the entropy term
dominates the enthalpy term (TASg ,; > AHg ;) and so the liquid state has the lowest free
energy. A material therefore changes from a solid to a liquid when its temperature is raised
above the melting point. A solid-to-liquid transition (melting) is endothermic because
energy must be added to the system to pull the molecules further apart. Conversely, a
liquid-to-solid transition (crystallization) is exothermic because energy is released as the
molecules come closer together.

The temperature dependence of the free energies of the solid and liquid states shows
that below the melting point the solid state has the lowest free energy, but above it the
liquid state has the lowest (Figure 4.3). Thermodynamics informs us whether or not a phase
transition can occur, but it tells us nothing about the rate at which this process occurs or
about the physical mechanism by which it is accomplished (Atkins, 1994). As will be seen
below, an understanding of lipid phase transitions requires knowledge of both the thermo-
dynamics and kinetics of the process. The crystallization of fats can be conveniently divided
into three stages: supercooling, nucleation, and crystal formation (Boistelle, 1988; Mullin,
1993; Roos, 1995; Hartel, 2001; Mullin, 2001; Marangoni and Narine, 2002; Walstra, 2003a).

4.2.3.1 Supercooling
Crystallization can only take place once a liquid phase is cooled below its melting point
(Garside, 1987; Walstra, 1987, 2003a). Even so, a material may persist as a liquid below its
melting point for a considerable time before any crystallization is observed (Skoda and
van Tempel, 1963; Phipps, 1964; Mulder and Walstra, 1974). This is because of an activation
energy that must be overcome before the liquid-solid phase transition can occur
(Figure 4.4). If the magnitude of this activation energy is sufficiently high compared to
the thermal energy of the system crystallization will not occur, even though the transition
is thermodynamically favorable (Turnbull and Cormia, 1961). The system is then said to
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Figure 4.3 Temperature dependence of the free energies of the solid and liquid states. At low
temperatures the solid state is thermodynamically favorable, but above the melting point the liquid
state is more favorable.

exist in a metastable state. The height of the activation energy depends on the ability of
crystal nuclei to be formed in the liquid oil that are stable enough to grow into crystals
(see Section 4.2.3.2.). The degree of supercooling of a liquid is defined as AT = T - T,
where T is the temperature and T,,, is the melting point. The value of AT at which
crystallization is first observed depends on the chemical structure of the oil, the presence
of any contaminating materials, the cooling rate, the microstructure of the oil (e.g., bulk
vs. emulsified), and the application of external forces (Dickinson and McClements, 1995;
Hartel, 2001). Pure oils containing no impurities can often be supercooled by more than
10°C before any crystallization is observed (Turnbull and Cormia, 1961; Dickinson et al.,
1990; McClements et al., 1993a).

4.2.3.2 Nucleation
Crystal growth can only occur after stable nuclei have been formed in a liquid. These
nuclei are believed to be clusters of oil molecules that form small ordered crystallites, and
are formed when a number of oil molecules collide and become associated with each other

AG*

Liquid

AG

Solid

Figure 4.4 When there is a sufficiently high activation energy between the solid and liquid states a
liquid oil can persist in a metastable state below the melting point of a fat.
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(Hernqvist, 1984; Hartel, 2001). There is a free energy change associated with the formation
of one of these nuclei (Garside, 1987). Below the melting point, the bulk crystalline state
is thermodynamically favorable, and so there is a decrease in free energy when some of
the oil molecules in the liquid cluster together to form a nucleus. This negative free energy
(AGy) change is proportional to the volume of the nucleus formed. On the other hand, the
formation of a nucleus leads to the creation of a new interface between the solid and liquid
phases which requires an input of free energy to overcome the interfacial tension
(Chapter 5). This positive free energy (AG;) change is proportional to the surface area of
the nucleus formed. The total free energy change associated with the formation of a nucleus
is therefore a combination of a volume and a surface term (Hartel, 2001; Walstra, 2003a):

AH, AT
AG=AG, +AG, = %7‘[1’3 % +4rr’y, 4.1)

mp

where r is the radius of the nuclei, AHy is the enthalpy change per unit volume associated
with the liquid-solid transition (which is negative), and ¥ is the solid-liquid interfacial
tension. The volume contribution becomes increasingly negative as the size of the nuclei
increases, whereas the surface contribution becomes increasingly positive (Figure 4.5). The
surface contribution dominates for small nuclei, while the volume term dominates for
large nuclei. The overall free energy has a maximum value at a certain critical nucleus
radius (r):

dA—G=47rrZM+8nry, =0 4.2)
dr Tmp !

This equation can be rearranged to give an expression for the critical radius of the nucleus
that must be achieved for crystallization to occur:

2yT,
y= i (4.3)
AH, AT

fus

If a nucleus is formed that has a radius below this critical size it will tend to dissociate so
as to reduce the free energy of the system. On the other hand, if a nucleus is formed that
has a radius above this critical value it will tend to grow into a crystal. This equation

AG AGs

AG*

Figure 4.5 The critical size of a nucleus required for crystal growth depends on a balance between
the volume and surface contributions to the free energy of nuclei formation.
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indicates that the critical size of nuclei required for crystal growth decreases as the degree
of supercooling increases, which accounts for the increase in nucleation rate with decreas-
ing temperature.

The rate at which nucleation occurs can be related to the activation energy AG" that
must be overcome before a stable nuclei is formed (Boistelle, 1988):

] = A exp(-AG "/kT) (4.4)

where | is the nucleation rate, which is equal to the number of stable nuclei formed per
second per unit volume of material, A is a preexponential factor, k is Boltzmann’s constant,
and T is the absolute temperature. The value of AG" is calculated by replacing r in Equation
4.1 with the critical radius given in Equation 4.3. The variation of the nucleation rate
predicted by Equation 4.4 with the degree of supercooling (AT) is shown in Figure 4.6.
The formation of stable nuclei is negligibly slow at temperatures just below the melting
point, but increases dramatically when the liquid is cooled below a certain temperature,
T". In reality, the nucleation rate increases with cooling up to a certain temperature, but
then decreases on further cooling. This is because the increase in viscosity of the oil that
occurs as the temperature is decreased slows down the diffusion of oil molecules toward
the liquid-nucleus interface (Boistelle, 1988; Hartel, 2001). Consequently, there is a maxi-
mum in the nucleation rate at a particular temperature (Figure 4.6).

The type of nucleation described above occurs when there are no impurities present
in the oil, and is usually referred to as homogeneous nucleation (Boistelle, 1988). If the liquid
oil is in contact with foreign surfaces, such as the surfaces of dust particles, fat crystals,
oil droplets, air bubbles, reverse micelles, or the vessel containing the oil, then nucleation
can be induced at a higher temperature than expected for a pure system (Walstra, 1987,
2003a; McClements et al., 1993a; Hartel, 2001). Nucleation due to the presence of these
foreign surfaces is referred to as heterogeneous nucleation, and can be divided into two
types: primary and secondary (Boistelle, 1988; Hartel, 2001). Primary heterogeneous nucle-
ation occurs when the foreign surfaces have a different chemical structure to that of the
oil, whereas secondary heterogeneous nucleation occurs when the foreign surfaces are
crystals with the same chemical structure as the liquid oil. Heterogeneous nucleation
occurs when the impurities provide a surface where the formation of stable nuclei is more
thermodynamically favorable than in the pure oil (Boistelle, 1988). As a result the degree

Supercooling, AT

Figure 4.6 Theoretically, the rate of the formation of stable nuclei increases with supercooling (solid
line), but in practice, the nucleation rate decreases below a particular temperature because the
diffusion of oil molecules is retarded by the increase in oil viscosity (broken line).
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of supercooling required to initiate fat crystallization is reduced. On the other hand, certain
types of impurities are capable of decreasing the nucleation rate of oils because they are
incorporated into the surface of the growing nuclei and prevent any further oil molecules
being incorporated (Hartel, 2001). Whether an impurity acts as a catalyst or an inhibitor
of nucleation depends on its molecular structure and interactions with the nuclei (Boistelle,
1988; Garti and Yano, 2001). It should be noted that there is still considerable debate about
the mathematical modeling of nucleation, since existing theories often give predictions of
nucleation rates that are greatly different from experimental measurements (Walstra,
2003a). Nevertheless, the general form of the dependence of nucleation rates on temper-
ature are predicted fairly well by existing theories.

4.2.3.3 Crystal growth

Once stable nuclei have been formed, they grow into crystals by incorporating molecules
from the liquid oil at the solid-liquid interface (Garside, 1987; Boistelle, 1988; Hartel, 2001;
Walstra, 2003a). It should be noted that crystals have different faces, and each face may
grow at an appreciably different rate, which partially accounts for the wide variety of
different crystal shapes that can be formed by fats. The overall crystal growth rate depends
on a number of factors, including mass transfer of the liquid molecules to the solid-liquid
interface, mass transfer of noncrystallizing species away from the interface, incorporation
of the liquid molecules into the crystal lattice, or removal of the heat generated by the
crystallization process from the interface (Hartel, 2001). Any of these processes can be
rate-limiting depending on the molecular characteristics of the system and the prevailing
environmental conditions, for example, temperature profile and mechanical agitation.
Consequently, a general theoretical model of crystal growth is difficult to construct. In
crystallizing lipid systems, the incorporation of a molecule at the crystal surface is often
rate-limiting at high temperatures, whereas the diffusion of a molecule to the solid-liquid
interface is often rate-limiting at low temperatures. This is because the viscosity of the
liquid oil increases as the temperature is lowered and so the diffusion of a molecule is
retarded. The crystal growth rate therefore increases initially with supercooling, has a
maximum rate at a certain temperature, and then decreases on further supercooling
(Hartel, 2001). The dependence of the growth rate on temperature therefore shows a similar
trend to the nucleation rate (Figure 4.6); however, the maximum rate of nuclei formation
usually occurs at a different temperature to the maximum rate of crystal growth. Exper-
imentally, it has been observed that the rate of crystal growth is proportional to the degree
of supercooling, and inversely proportional to the viscosity of the melt (Timms, 1991).

A variety of mathematical theories have been developed to model the rate of crystal
growth in crystallizing fats (Hartel, 2001). The most appropriate model for a specific
situation depends on the rate-limiting step for that particular system under the prevailing
environmental conditions, for example, mass transfer of the liquid molecules to the
solid-liquid interface, mass transfer of noncrystallizing species away from the interface,
incorporation of the liquid molecules into the crystal lattice, or removal of the heat gen-
erated by the crystallization process from the interface (Hartel, 2001).

It should be noted that once crystallization is complete, there may still be changes in
crystal size and shape during storage due to postcrystallization processes, such as crystal
aggregation or Ostwald ripening (Hartel, 2001; Walstra, 2003a). Crystal aggregation occurs
when two or more crystals come together and form a larger crystal, whereas Ostwald
ripening occurs when oil molecules migrate from smaller crystals to large crystals through
the intervening medium. Aggregation and Ostwald ripening therefore both lead to an
increase in the average size of the crystals present within a fat. Crystal growth during
storage is often undesirable since it adversely affects the physicochemical and sensory
properties of the final product (Walstra, 2003a).
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4.2.3.4 Crystal morphology

The morphology of the crystals formed depends on a number of internal factors (e.g.,
molecular structure, composition, packing, and interactions) and external factors (e.g.,
temperature—time profile, mechanical agitation, and impurities). In general, when a liquid
oil is cooled rapidly to a temperature well below its melting point a large number of small
crystals are formed, but when it is cooled slowly to a temperature just below its melting
point a smaller number of larger crystals are formed (Moran, 1994; Timms, 1995; Hartel,
2001; Walstra, 2003a). This is because the nucleation rate increases more rapidly with
decreasing temperature than the crystallization rate. Thus, rapid cooling produces many
nuclei simultaneously that subsequently grow into small crystals, whereas slow cooling
produces a smaller number of nuclei that have time to grow into larger crystals before
further nuclei are formed. Crystal size has important implications for the rheology and
organoleptic properties of many types of food emulsions. When crystals are too large they
are perceived as being “grainy” or “sandy” in the mouth (Walstra, 1987, 2003a). The
efficiency of molecular packing in crystals also depends on the cooling rate. If a fat is
cooled slowly, or the degree of supercooling is small, then the molecules have sufficient
time to be efficiently incorporated into a crystal (Wasltra, 1987). At faster cooling rates, or
higher degrees of supercooling, the molecules do not have sufficient time to pack efficiently
before another molecule is incorporated. Thus, rapid cooling tends to produce crystals
that contain more dislocations, and in which the molecules are less densely packed (Timms,
1991). The cooling rate therefore has an important impact on the morphology and func-
tional properties of crystalline lipids in foods.

4.2.3.5 Polymorphism
Triacylglycerols exhibit a phenomenon known as polymorphism, which is the ability of a
material to exist in a number of crystalline structures with different molecular packing
(Hauser, 1975; Garti and Sato, 1988; Sato, 1988; Hernqvist, 1990; Hartel, 2001; Walstra,
2003a; Larsson, 2004). The three most commonly occurring types of packing in triacylg-
lycerols are hexagonal, orthorhombic, and triclinic which are usually designated as ¢, f/,
and f polymorphic forms, respectively. The thermodynamic stability of the three forms
decreases in the order: > B’ > a. Even though the f form is the most thermodynamically
stable, triacylglycerols often crystallize in one of the metastable states because they have
a lower activation energy of nuclei formation (Figure 4.7). With time the crystals transform

Figure 4.7 The polymorphic state that is initially formed when an oil crystallizes depends on the
relative magnitude of the activation energies associated with nuclei formation.
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to the most stable state at a rate that depends on environmental conditions, such as
temperature, pressure, and the presence of impurities (Timms, 1991). Polymorphic tran-
sitions often occur at a different rate in emulsified fats than in bulk fats (Walstra, 1987).
In addition, the morphology and spatial arrangement of the crystals formed in emulsified
fats is often different from those formed in bulk fats, which has been attributed to differ-
ences in heat transfer rates when crystallizing fats are surrounded by water rather than
by oil and because of the physical limitations imposed by the droplet surfaces (Walstra,
2003a). Knowledge of the polymorphic form of the crystals in an emulsified fat is often
important because it can impact the physicochemical and sensory properties of food
emulsions.

4.2.3.6  Crystallization of edible fats and oils

The melting point of a triacylglycerol depends on the chain length, branching, and degree
of unsaturation of its constituent fatty acids, as well as their relative positions along the
glycerol molecule (Table 4.1). Edible fats and oils contain a complex mixture of many
different types of triacylglycerol molecules, each with a different melting point, and so
they usually melt over a wide range of temperatures, rather than at a distinct temperature
as would be the case for a pure triacylglycerol (Figure 4.8).

The melting profile of a fat is not simply the weighted sum of the melting profiles of
its constituent triacylglycerols, because high melting point triacylglycerols are soluble in
lower melting point ones (Timms, 1991). For example, in a 50:50 mixture of tristearin and
triolein it is possible to dissolve 10% of solid tristearin in liquid triolein at 60°C (Walstra,
1987; Timms, 1995). The solubility of a solid component in a liquid component can be
predicted assuming they have widely differing melting points (>20°C):

lnxzﬁ L_l 4.5)

Here x is the solubility, expressed as a mole fraction of the higher melting point component
in the lower melting point component, and AHj, is the molar heat of fusion (Walstra, 1987).

Pure
Triglyceride

Fatty food

Temperature

Figure 4.8 Comparison of the melting profile of a pure triacylglycerol and a typical edible fat. The
edible fat melts over a much wider range of temperatures because it consists of a mixture of many
different pure triacylglycerol molecules each with different melting points.
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The structure and physical properties of crystals produced by cooling a complex mixture
of triacylglycerols is strongly influenced by the cooling rate and temperature (Moran, 1994;
Hartel, 2001; Walstra, 2003a). If an oil is cooled rapidly all the triacylglycerols crystallize
at approximately the same time and a solid solution is formed, which consists of homoge-
neous crystals in which the triacylglycerols are intimately mixed with each other (Walstra,
1987, 2003a). On the other hand, if the oil is cooled slowly the higher melting point
triacylglycerols crystallize first, while the low melting point triacylglycerols crystallize
later, and so mixed crystals are formed. These crystals are heterogeneous and consist of
some regions that are rich in high melting point triacylglycerols and other regions that
are depleted in these triacylglycerols. Whether a crystalline fat forms mixed crystals or a
solid solution influences many of its physicochemical properties, such as density, com-
pressibility, and melting profile (Walstra, 1987), which could have an important influence
on the properties of a food emulsion.

Once a fat has crystallized, the individual crystals may aggregate to form a three-
dimensional network that traps liquid oil through capillary forces (Moran, 1994). The
interactions responsible for crystal aggregation in pure fats are primarily van der Waals
interactions between the solid fat crystals, although “water bridges” between the crystals
have also been proposed to play an important role (Moran, 1994). Once aggregation has
occurred the fat crystals may partially fuse together which strengthens the crystal net-
work (Timms, 1994, 1995; Walstra, 2003a). The system may also change over time due to
the growth of larger crystals at the expense of smaller ones, that is, Ostwald ripening
(Section 7.8).

4.2.3.7 Fat crystallization in emulsions

The influence of fat crystallization on the bulk physicochemical properties of food emul-
sions depends on whether the fat forms the continuous phase or the dispersed phase. The
characteristic stability and rheological properties of W/O emulsions, such as butter and
margarine, are determined by the presence of a network of aggregated fat crystals within
the continuous (oil) phase (Moran, 1994; Chrysam, 1996). The fat crystal network is respon-
sible for preventing the water droplets from sedimenting under the influence of gravity,
as well as determining the spreadability of the product. If there are too many fat crystals
present the product is firm and difficult to spread, but when there are too few crystals
present the product is soft and collapses under its own weight. Selection of a fat with the
appropriate melting characteristics is therefore one of the most important aspects of
margarine and spread production (Gunstone and Norris, 1983; Gunstone and Padley,
1997). The melting profile of natural fats can be optimized for specific applications by
various physical or chemical methods, including blending, interesterification, fraction-
ation, and hydrogenation (Birker and Padley, 1987; Gunstone and Padley, 1997).

Fat crystallization also has a pronounced influence on the physicochemical properties
of many O/W emulsions, such as milk or salad cream (Mulder and Walstra, 1974; Boode,
1992). When the fat droplets are partially crystalline, a crystal from one droplet can
penetrate into another droplet during a collision which causes the two droplets to stick
together (Walstra, 1987; Boode, 1992; Dickinson and McClements, 1995). This phenomenon
is known as partial coalescence and leads to a dramatic increase in the viscosity of an
emulsion, as well as a decrease in the stability to creaming (Section 7.7). Extensive partial
coalescence can eventually lead to phase inversion, that is, conversion of an O/W emulsion
to a W/O emulsion (Mulder and Walstra, 1974). This process is one of the most important
steps in the production of butters, margarines, and spreads (Moran and Rajah, 1994).
Partial coalescence is also important in the production of ice cream and whipped creams,
where an O/W emulsion is cooled to a temperature where the fat in the droplets partially
crystallizes and is mechanically agitated to promote droplet collisions and aggregation
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(Goff, 1997a—c). The aggregated droplets form a two-dimensional network around the air
bubbles and a three-dimensional network in the continuous phase that contribute to the
stability and texture of the product (Walstra, 2003a).

4.2.4 Chemical changes

The type and concentration of molecules within the lipid phase can change with time due
to chemical reactions. The two most important chemical changes that occur in edible fats
and oils are lipolysis and oxidation (Sonntag, 1979b, Nawar, 1996). Lipolysis is the process
where ester bonds of fats and oils are hydrolyzed by certain enzymes, or by a combination
of heat and moisture. The result of lipolysis is the liberation of free fatty acids, which can
be either detrimental or desirable to food quality. Lipolysis has deleterious effects on the
quality of some food products because it leads to the generation of rancid off-flavors and
off-odors (hydrolytic rancidity). In addition, free fatty acids are more surface-active than
triacylglycerols and therefore accumulate preferentially at an oil-water or air-water inter-
face, which increases their susceptibility to oxidation and may increase the tendency for
emulsion droplets to coalesce (Coupland et al., 1996; Coupland and McClements, 1996).
On the other hand, a limited amount of lipolysis is beneficial to the quality of some foods
because it leads to the formation of desirable flavors and aromas, for example, cheese and
yogurt (Nawar, 1996).

Many food emulsions contain polyunsaturated lipids that are highly susceptible to
lipid oxidation. Indeed, lipid oxidation is one of the most serious causes of quality dete-
rioration in many foods because it leads to the generation of undesirable off-flavors and
off-odors (oxidative rancidity), as well as potentially toxic reaction products (Schultz, 1962;
Simic et al., 1992; Nawar, 1996). In other foods, a limited amount of lipid oxidation is
beneficial because it leads to the generation of a desirable flavor profile, for example,
cheese. The term lipid oxidation describes an extremely complex series of chemical reactions
that involves unsaturated lipids and oxygen (Halliwell and Gutterridge, 1991; Nawar,
1996). It has proved convenient to divide these reactions into three different types: initi-
ation, propagation, and termination. Initiation occurs when a hydrogen atom is extracted
from the methylene group (-CH=CH-) of a polyunsaturated fatty acid, leading to the
formation of a free radical (-CH=C"-). This process can be started by a variety of different
initiators that are present in foods, including naturally occurring lipid peroxides, transition
metal ions, ultraviolet (UV) light, and enzymes (Nawar, 1996). It is worthwhile noting that
many of these initiators are predominantly water soluble, which has important implica-
tions for the oxidation of emulsified oils, because the initiator must either travel through
or interact across the interfacial membrane in order to come into contact with the oil
(Coupland and McClements, 1996; McClements and Decker, 2000). Once a free radical has
formed it reacts with oxygen to form a peroxy radical (-CH-COO"-). These radicals are
highly reactive and can extract hydrogen atoms from other unsaturated lipids and there-
fore propagate the oxidation reaction. Termination occurs when two radicals interact with
each other to form a nonradical, and thus end their role as propagators of the reaction.
During lipid oxidation a number of decomposition reactions occur simultaneously, which
leads to the formation of a complex mixture of reaction products, including aldehydes,
ketones, alcohols, and hydrocarbons (Nawar, 1996). Many of these products are volatile
and therefore contribute to the characteristic odor associated with lipid oxidation. Some
of the products are surface-active and would therefore accumulate at oil-water interfaces
in emulsions, whereas others are water soluble and would therefore leach into the aqueous
phase of emulsions (Coupland and McClements, 1996; McClements and Decker, 2000).

The growing trend of incorporating polyunsaturated lipids into food products in order
to improve their nutritional profiles has meant that there has been a considerable research
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effort to elucidate the relationship between emulsion properties and lipid oxidation
(Frankel, 1991; Frankel et al., 1994; Coupland and McClements, 1996; McClements and
Decker, 2000). Some of the work carried out in this area is discussed in the chapter on
emulsion stability (Section 7.10).

4.2.5 Selection of an appropriate lipid

A variety of edible fats and oils are available for usage in food emulsions, and the choice
of the most appropriate type for a particular application depends on the nutritional,
physicochemical, and sensory characteristics desired for that specific product. Some of the
most important characteristics to consider when selecting a lipid source are briefly high-
lighted below.

4.2.5.1 Nutritional profile

As mentioned earlier, there is a major trend in the food industry to decrease or increase
the concentration of lipid components whose overconsumption (e.g., cholesterol, sat-
urated fats, trans fatty acids) or underconsumption (e.g., polyunsaturated fats, w-3 fatty
acids), respectively, has been linked to human health problems (Chow, 1992; Smolin
and Grosvenor, 1994; Gurr, 1997; Kritchevesky, 2002). Many food manufacturers are
therefore reformulating their products to replace existing oil sources with lipids with
more healthful nutritional profiles (Jones, 1996). These more healthful lipids could be
oils from different natural sources (e.g., fish oils), modified oils (e.g., chemically, phys-
ically, enzymatically, or genetically modified oils) or fat substitutes with low calorific
values (e.g., Olestra™). Nevertheless, changing the nutritional profile of an oil may
also cause appreciable changes in its physicochemical and sensory properties (e.g.,
flavor profile, crystallization characteristics, and viscosity), which may adversely influ-
ence its functional properties within a specific product. For this reason, research is
currently being carried out to produce emulsions containing oils with improved nutri-
tional profiles, but which also maintain their desirable functional properties.

4.2.5.2  Flavor profile

Triacylglycerols are relatively large molecules that have a low volatility and hence little
inherent flavor. Nevertheless, different natural sources of edible fats and oils do have
distinctive flavor profiles because of the characteristic volatile breakdown products and
impurities that they contain, for example, compare the aromas of corn oil, olive oil, and
fish oil. Oil from a specific natural source may therefore be selected for usage in a particular
food product because it contributes to the overall flavor profile of the emulsion. The oil
phase may also indirectly influence the flavor profile because of its ability to act as a
solvent for volatile nonpolar molecules. The partitioning of flavor molecules among oil,
water, and headspace regions and their release rate during mastication depends on factors
such as the polarity, viscosity, and crystallinity of the lipid phase, which may vary from
one source of oil to another (Chapter 9).

4.2.5.3 Crystallization behavior
The suitability of edible fats and oils for many applications within food emulsions depends
on their melting and crystallization temperatures, solid fat content (SFC)-temperature
profile, crystal morphology, and polymorphic type. In some emulsions it is important that
the fat does not crystallize during the lifetime of the product since this would lead to
instability through partial coalescence. For example, it is important that the oils used to
produce dressings do not crystallize (cloud) when exposed to refrigerator temperatures
(Lopez, 1981; Hui, 1992). This can be achieved either by using oil sources that naturally
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have low melting points, or by removing high melting fractions by selective crystallization
(winterization) or by adding components that retard crystal formation, such as oil-soluble
surfactants (Brandt, 1999). In other food emulsions the crystallization of the lipid phase
is an integral part of their production and determines their desirable physicochemical and
sensory attributes, for example, margarine, butter, whipped cream, ice cream. In these
products it is usually important to select an oil that has a particular SFC versus temperature
profile, and that forms crystals of the appropriate morphology and polymorphic form. A
variety of analytical techniques are available to characterize the crystallization behavior
of oils (Chapter 11). The desired crystallization characteristics can be obtained by selection
of a natural oil with an appropriate triacylglycerol composition, or the triacylglycerol
composition of the oil phase can be obtained by blending, fractionation, interesterification,
or hydrogenation of oils (Nawar, 1996).

4.2.5.4 Oxidative stability

Many edible fats and oils naturally contain significant quantities of polyunsaturated lipids,
which are highly susceptible to lipid oxidation. Lipid oxidation leads to a reduction in
the concentration of these health-promoting polyunsaturated lipids, as well as to the
generation of volatile compounds that may cause an undesirable rancid flavor. Flavor oils
also contain components that are susceptible to oxidative degradation reactions that lead
to loss of desirable flavors and/or production of undesirable off-flavors. When selecting
an oil for use in an emulsion-based food product it is often important to ensure that it
has not undergone a significant amount of lipid oxidation prior to use, and that it will
have good oxidative stability throughout the lifetime of the product. Analytical tests are
available to assess the extent of lipid oxidation that has already occurred in an oil and to
predict the susceptibility of oils to oxidation (Pike, 2003). The oxidative stability of an
emulsion can be improved by using an oil source naturally low in polyunsaturated fats
or by reducing the polyunsaturated fat content of a natural oil, for example, by partial
hydrogenation*. Nevertheless, many food manufacturers want to increase the concentra-
tion of polyunsaturated fats in food products because of their potential health benefits.
For these products it is important to develop effective strategies for preventing or retarding
lipid oxidation during the shelf life of the product (McClements and Decker, 2000).

4.2.5.5 Bulk physicochemical properties
The type and concentration of molecules within an oil phase determine its bulk physico-
chemical properties, for example, viscosity, density, refractive index, dielectric constant,
polarity, interfacial tension. These properties may have an appreciable influence on the
formation, stability, and quality attributes of a food emulsion (Section 4.2.2). Hence, oils
from different natural sources or that have been processed differently may behave differ-
ently when used in an emulsion. These differences may have to be taken into account
when reformulating an emulsion to change the type of lipid used to make up the oil phase.

4.2.5.6 Oil quality

In addition to the impurities mentioned above, the oils used to prepare emulsions may
contain a variety of other impurities that adversely affect their suitability for particular
applications, including off-flavors, pigments, phospholipids, and free fatty acids. For this
reason, components that have a negative impact on emulsion quality are usually removed
from oils prior to their usage in food products, for example, by deodorization, neutralization,

* It should be noted that hydrogenation leads to the production of trans fatty acids, which have been linked to
human health problems. Consequently, many food manufacturers are attempting to find means of reducing the
trans-fatty acid content of foods.
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degumming, and bleaching (Akoh and Min, 2002). A variety of analytical procedures are
routinely used by food scientists to test the quality of an oil phase so as to ensure that it is
suitable for usage in a product (Pike, 2003).

4.3 Water

Water plays an extremely important role in determining the bulk physicochemical and
organoleptic properties of food emulsions. Its unique molecular and structural properties
largely determine the solubility, conformation, and interactions of the other components
present in aqueous solutions (Bergethon, 1998; Norde, 2003). It is therefore crucial for food
scientists to understand the contribution that water makes to the overall properties of
food emulsions.

4.3.1 Molecular structure and organization

A water molecule is comprised of two hydrogen atoms covalently bonded to an oxygen
atom (Figure 4.9). The oxygen atom is highly electronegative and pulls the electrons associ-
ated with the hydrogen atoms toward it (Fennema, 1996b; Norde, 2003). This leaves a partial
positive charge (6*) on each of the hydrogen atoms, and a partial negative charge (6°) on
each of the lone pairs of electrons on the oxygen atom. The tetrahedral arrangement of the
partial charges on an individual water molecule means that it can form hydrogen bonds
with four of its neighbors (Figure 4.9). A hydrogen bond is formed between a lone pair of
electrons on the oxygen atom of one water molecule and a hydrogen atom on a neighboring
water molecule, that is, O-H?% --- O%. A hydrogen bond is actually a composite of more
fundamental interactions, that is, dipole-dipole, van der Waals, steric, and partial charge
transfer (Baker and Hubbard, 1984; Dill, 1990). The magnitude of the hydrogen bonds in
water is typically between 13 and 25 k] mol™ (5-10 kT), which is sufficiently strong to cause
the water molecules to overcome the disorganizing influence of the thermal energy and
become highly aligned with each other (Israelachvili, 1992). In order to maximize the number
of hydrogen bonds formed, water molecules organize themselves into a three-dimensional

Figure 4.9 Molecular structure and tetrahedral organization of water molecules.
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tetrahedral structure because this allows each water molecule to form hydrogen bonds with
four of its nearest neighbors (Franks, 1972-1982; Fennema, 1996b). In the solid state, the
number of hydrogen bonds formed per molecule is four. In the liquid state, the disorganizing
influence of the thermal energy means that the number of hydrogen bonds per molecule is
between 3 and 3.5 at room temperature, and decreases with increasing temperature. The
three-dimensional tetrahedral structure of water in the liquid state is highly dynamic, with
hydrogen bonds continually being broken and reformed as the water molecules move about.
Water molecules that dissociate to form ions, such as H;O* and OH-, do not fit into the
normal tetrahedral structure of water, nevertheless, they have little effect on the overall
structure and properties of water because their concentration is so low (Fennema, 1996b).

As well as forming hydrogen bonds with each other, water molecules are also
capable of forming them with other polar molecules, such as organic acids, bases,
proteins, and carbohydrates (Franks, 1972-1982). The strength of these interactions
varies from 2-40 k] mol™? (1-16 kT) depending on the electronegativity and orientation
of the donor or acceptor groups (Baker and Hubbard, 1984). Many ions form relatively
strong ion—dipole interactions with water molecules, which have a pronounced influence
on the structure and physicochemical properties of water (Franks, 1975; Israelachvili,
1992; Fennema, 1996b). It is the ability of water molecules to form relatively strong bonds
with each other and with other types of polar or ionic molecules that determines many
of the characteristic properties of food emulsions.

4.3.2  Bulk physicochemical properties

The bulk physicochemical properties of pure water are determined by the mass, dimen-
sions, bond angles, charge distribution, and interactions of the water molecule (Fennema,
1996b; Norde, 2003). Water has a high dielectric constant because the uneven distribu-
tion of partial charges on the molecule means that it is easily polarized by an electric
field (Hasted, 1972). It has a relatively high melting point, boiling point, enthalpy of
vaporization, and surface tension, compared to other molecules of a similar size that
also contain hydrogen (e.g., CH,, NH;, HF, and H,S), because a greater amount of
energy must be supplied to disrupt the strong hydrogen bonds holding the water
molecules together in the condensed state (Israelachvili, 1992; Fennema, 1996b). The
relatively low density of ice and liquid water is because the water molecules adopt a
structure in which they are in direct contact with only four of their nearest neighbors,
rather than forming a more close-packed structure (Franks, 1975; Fennema, 1996b). The
relatively low viscosity of water is because of the highly dynamic nature of hydrogen
bonds compared to the timescale of a rheology experiment. Even though energy is
required to break the hydrogen bonds between water molecules as they move past each
other, most of this energy is regained when they form new hydrogen bonds with their
new neighbors.

The crystallization of water has a pronounced effect on the bulk physiochemical
properties of food emulsions. The presence of ice crystals in the aqueous phase of an
O/W emulsion, such as ice cream, contributes to the characteristic mouthfeel and texture
of the product (Berger, 1997; Hartel, 2001; Walstra, 2003a). When these ice crystals grow
too large a product is perceived as being “grainy” or “sandy,” which is commonly
experienced when ice cream is melted and then refrozen (Berger, 1997). Many foods are
designed to be freeze—thaw stable, that is, their quality should not be adversely affected
once the product is frozen and then thawed (Partmann, 1975). Considerable care must
be taken in the choice of ingredients and freezing-thawing conditions to create a food
emulsion that is freeze-thaw stable. The basic principles of ice crystallization are similar
to those described for fats and oils (Section 4.2.3.). Nevertheless, water does exhibit some
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anomalous behavior because of its unique molecular properties, for example, it expands
when it crystallizes, whereas most other substances contract (Fennema, 1996b). This is
because the increased mobility of the water molecules in the liquid state means that they
can get closer together, and so the density of the liquid state is actually greater than that
of the solid state. Some of the most important bulk physicochemical properties of liquid
water are compared with those of a liquid oil in Table 4.2. A more detailed discussion of
the molecular basis of the physicochemical properties of water in relation to food quality
is given by Fennema (1996b).

4.3.3 Influence of solutes on the organization of water molecules

The aqueous phase of most food emulsions contains a variety of water-soluble constitu-
ents, including minerals, acids, bases, flavors, preservatives, vitamins, sugars, surfactants,
proteins, and polysaccharides (Dickinson, 1992). The solubility, partitioning, volatility,
conformation, and chemical reactivity of many of these food ingredients are determined
by their interactions with water. It is therefore important for food scientists to understand
the nature of solute—water interactions and their influence on the bulk physicochemical
and organoleptic properties of food emulsions.

When a solute molecule is introduced into pure water, the normal structural organi-
zation and interactions of the water molecules are altered. This results in changes in the
physicochemical properties of the water molecules that are affected by the presence of
the solute, such as density, compressibility, melting point, boiling point, and mobility
(Franks, 1975; Reichartdt, 1988; Israelachvili, 1992; Murrell and Jenkins, 1994; Fennema,
1996b; Norde, 2003). The extent of these changes depends on the molecular characteristics
of the solute, that is, its size, shape and polarity. The water molecules in the immediate
vicinity of the solute experience the largest modification of their properties, and are often
referred to as being “bound” to the solute (Reichartdt, 1988; Murrel and Jenkins, 1994).
In reality, these water molecules are not permanently bound to the solute, but rapidly
exchange with the bulk water molecules, albeit with a reduced mobility (Franks, 1991;
Fennema, 1996b). The mobility of “bound” water increases as the strength of the attractive
interactions between it and the solute decreases, that is, non-polar-water > dipole-water
> jon-water (Israelachvili, 1992). The amount of water “bound” to a solute can be defined
as the number of water molecules whose properties are significantly altered by its pres-
ence. In practice, it is difficult to unambiguously define or stipulate the amount of “bound”
water (Franks, 1991). First, the water molecules “bound” to a solute do not all have the
same properties: the water molecules closest to the solute are more strongly influenced
by its presence than those furthest away. Second, the physicochemical properties that are
measured in order to determine the amount of “bound” water are each influenced to a
different extent (e.g., density, compressibility, mobility, melting point). As a consequence,
different analytical techniques often measure different amounts of “bound” water,
depending on the physical principles on which they operate.

4.3.3.1 Interaction of water with ionic solutes
Many of the solutes present in food emulsions are either ionic or are capable of being
ionized, including salts, acids, bases, proteins, and polysaccharides (Fennema, 1996a). The
degree of ionization of many of these solutes is governed by the pH of the aqueous
solution, and so their interactions are particularly sensitive to pH. The ion-dipole inter-
actions that occur between an ionic solute and a water molecule are usually stronger than
the dipole—dipole interactions that occur between a pair of water molecules (Table 4.3).
As a consequence, the water molecules in the immediate vicinity of an ion tend to orientate
themselves so that their oppositely charged dipole faces the ion. Thus, a positively charged
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Table 4.3 Typical Water-Solute Interactions Found in Food Emulsions

Interaction Strength Compared To

Interaction Type Typical Example Water—Water Hydrogen Bond
Water—ion Free ions (Na*, CI") Greater

Ionic groups (-CO,~, -NH;"*)
Water—dipole -C =0, -NH, -OH Similar
Water—-nonpolar Alkyl group Much smaller

Source: Adapted from Fennema (1996b).

ion causes the water molecules to align themselves so that a 6~ group faces the ion, whereas
the opposite is true for a negatively charged ion (Figure 4.10). The relatively strong nature
of ion—dipole interactions means that the mobility of the water molecules near the surface
of an ion is significantly less than that of bulk water (Reichartdt, 1988; Fennema, 1996b;
Robinson et al., 1996). The residence time of a water molecule in the vicinity of an ionic
group is =10 sec, whereas it is =107 sec in bulk water (Fennema, 1996b). The influence
of an ion on the mobility and alignment of the water molecules is greatest at its surface
because the electric field is strongest there. As one moves away from the ion surface, the
strength of the electric field diminishes, so that the ion-water interactions become pro-
gressively weaker. Thus, the water molecules become more mobile and are less likely to
be aligned toward the ion. At a sufficiently large distance from the ion surface the water
molecules are uninfluenced by its presence and have properties similar to those of bulk
water (Franks, 1973; Reichardt, 1988). Alterations in the structural organization and inter-
actions of water molecules in the vicinity of an ion cause significant changes in the
physicochemical properties of water (Fennema, 1996b). The water that is “bound” to an
ionic solute is less mobile, less compressible, more dense, has a lower freezing point, and
has a higher boiling point than bulk water. Most ionic solutes have a high water solubility
because the formation of many ion-dipole bonds in an aqueous solution helps to com-
pensate for the loss of the strong ion—ion bonds in the crystals, which is coupled with the
favorable entropy of mixing contribution (Chapter 2).

The number of water molecules whose mobility and structural organization is altered
by the presence of an ion increases as the strength of its electric field increases (Norde,
2003). The strength of the electric field generated by an ion is determined by its charge
divided by its radius (Israelachvili, 1992). Thus, ions that are small and/or multivalent
generate strong electric fields that influence the properties of the water molecules up to

S

Figure 4.10 Organization of water molecules around ions in aqueous solutions.
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relatively large distances from their surface, for example, Li*, Na*, H;0*, Ca?*, Ba?*, Mg?*,
AP+, and OH~. On the other hand, ions that are large and/or monovalent, generate
relatively weak electrical fields, and therefore their influence extends a much shorter
distance into the surrounding water, for example, K*, Rb*, Cs*, NH,*, Cl-, Br-, and I". The
number of water molecules “bound” to an ion is usually referred to as the hydration number.
Thus, the hydration number of small multivalent ions is usually larger than that of large
monovalent ions.

When an ionic solute is added to pure water it disrupts the existing tetrahedral
arrangement of the water molecules, but imposes a new order on the water molecules in
its immediate vicinity (Norde, 2003). The overall structural organization of the water
molecules in an aqueous solution can therefore either increase or decrease after a solute
is added, depending on the amount of structure imposed on the water by the ion compared
to that lost by disruption of the tetrahedral structure of bulk water (Collins and
Washabaugh, 1985). If the structure imposed by the ion is greater than that lost by the
bulk water, the overall structural organization of the water molecules is increased, and
the solute is referred to as a structure maker (Figure 4.11). Ionic solutes that generate strong
electric fields are structure makers, and the magnitude of their effect increases as the size
of the ions decreases and/or their charge increases. If the structure imposed by an ion is
not sufficiently large to compensate for that lost by disruption of the tetrahedral structure
of bulk water, then the overall structural organization of the water molecules in the
solution is decreased, and the solute is referred to as a structure breaker (Figure 4.11). Ionic
solutes that generate weak electric fields are structure breakers, and the magnitude of
their effect increases as their size increases or they become less charged (Israelachvili, 1992).

The influence of ionic solutes on the overall properties of water depends on their
concentration (Israelachvili, 1992; Robinson et al., 1996). At low solute concentrations, the
majority of water is not influenced by the presence of the ions and therefore has properties
similar to that of bulk water. At intermediate solute concentrations some of the water
molecules have properties similar to those of bulk water, whereas the rest have properties
that are dominated by the presence of the ions. At high solute concentrations, all the water
molecules are influenced by the presence of the solute molecules and therefore have
properties that are appreciably different from those of bulk water. At relatively high salt

m-
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Figure 4.11 Schematic representation of organization of water molecules around ionic solutes that
act as either structure breakers or structure makers. The water molecules surrounding an ionic solute
can be conceptually divided into three regions: (i) water molecules in the immediate vicinity of the
solute that are highly organized; (ii) water molecules in the intermediate region between the solute-
organized region and the bulk water region; and (iii) water molecules having the normal tetrahedral
organization of bulk water.
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concentrations, the solubility of biopolymer molecules in aqueous solutions generally
decreases when the concentration of ionic solutes increases above a certain level, which
is known as “salting-out,” because the solutes compete with the biopolymers for the
limited amount of water that is available to hydrate them (Creighton, 1993). Ionic solutes
may also influence the molecular conformation and association of biopolymers, and there-
fore their functional properties, by screening electrostatic interactions, by binding to oppo-
sitely charged groups, or by acting as salt bridges (Damodaran, 1996). Consequently, at
relatively low salt concentrations, biopolymer solubility may either increase or decrease
with increasing ionic strength depending on the precise nature of the interactions involved.

Itis also useful to outline the various ways that ionic solutes can influence droplet-droplet
interactions in O/W emulsions since this has a major impact on the stability and properties
of these emulsions, especially those stabilized by ionic emulsifiers:

1. At relatively low concentrations (<10 mM), multivalent ions may bind to the surface
of oppositely charged emulsion droplets, thereby decreasing the magnitude of their
electrical charge ({-potential) and reducing the strength of the electrostatic repulsion
between them (Section 3.4). In addition, these ions may form salt bridges between
charged emulsion droplets, thereby promoting droplet flocculation (Section 3.4).

2. At intermediate concentrations (<250 mM), ionic solutes screen electrostatic inter-
actions (Section 3.4.) and screen the zero-frequency contribution to the van der
Waals interaction (Section 3.3), thus altering the magnitude and range of the re-
pulsive and attractive interactions between the droplets.

3. Atrelatively high concentrations (>500 mM), ionic (and other) solutes increase the
attraction between emulsion droplets (and other types of colloidal particles) be-
cause of a steric exclusion effect (McClements, 2002c). Hydrated ions are signifi-
cantly bigger than water molecules. Hence, there is a region surrounding the
surface of an emulsion droplet where the water molecules can enter but the hy-
drated ions are excluded. This generates a solute concentration gradient between
the solute-depleted region and the bulk aqueous solution, which is thermodynam-
ically unfavorable and generates an attractive force between the emulsion droplets.
This mechanism is similar to depletion flocculation, but has a much shorter range.

4. At relatively high concentrations (>500 mM), ionic solutes alter the structural
organization of water, which influences the strength of hydrophobic interactions
(Section 3.7). Structure breakers increase the hydrophobic attraction, whereas struc-
ture makers decrease the hydrophobic attraction.

5. Ionic solutes may cause changes in the conformation of biopolymer molecules
adsorbed to the surface of emulsion droplets or dispersed in the continuous phase,
which will alter the strength of the steric and depletion interactions between
droplets (Sections 3.5 and 3.6).

6. The binding of hydrated ions to the surface of emulsion droplets may increase the
hydration repulsion between the droplets (Section 3.8).

The fact that ions influence the interactions between emulsion droplets in so many
different ways means that it is often difficult to accurately predict or quantify their effect
on emulsion properties.

4.3.3.2 Interaction of water with polar solutes
Many food constituents are noncharged molecules that are either entirely polar or contain
polar regions, including alcohols, sugars, polyols, proteins, polysaccharides, and surfac-
tants (Fennema, 1996a). Water is capable of participating in dipole-dipole interactions
with the polar groups on these solutes (Franks, 1973, 1991; Norde, 2003). By far the most
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important type of dipole—dipole interaction is between water and those solutes that have
hydrogen bond donors (e.g., -O-H?%) or acceptors (e.g., >O-). The strength of hydrogen
bonds between water and this type of polar solute is similar to that between two water
molecules (Table 4.3). The addition of a polar solute to water therefore has much less
influence on the mobility and organization of the water molecules in its immediate vicinity
than does a similarly sized ionic solute (Fennema, 1996b). The influence of polar solutes
on the properties of water is largely governed by the ease at which they can be accom-
modated into the existing tetrahedral structure of the water molecules. When a polar
solute is of an appropriate size and shape, and has hydrogen bond acceptors and donors
at positions where they can easily form bonds with the neighboring water molecules, it
can fit into the tetrahedral structure (Brady and Ha, 1975; Galema and Hoiland, 1991;
Franks, 1991; Schmidt et al., 1994). For this type of solute, there need be little change in
the number of hydrogen bonds formed per water molecule or the overall structural
organization of the water molecules. This type of solute therefore tends to be highly water-
soluble because of the entropy of mixing (Chapter 2). If the solute molecule is not of an
appropriate size and shape, or if its hydrogen bond donors and acceptors are not capable
of aligning with those of neighboring water molecules, then it cannot easily fit into the
tetrahedral structure of water. This causes a dislocation of the normal water structure
surrounding the solute molecules, which is thermodynamically unfavorable. In addition,
there may be a significant alteration in the physicochemical properties of the water
molecules in the vicinity of the solute. For this reason, polar solutes that are less com-
patible with the tetrahedral structure of water tend to be less soluble than those that are
compatible.

Just as with ionic solutes, the affect of polar solutes depends on their concentration.
At low solute concentrations, most of the water has the same properties as bulk water,
but at high concentrations a significant proportion of the water has properties that are
altered by the presence of the solute. Nevertheless, it takes a greater concentration of a
polar solute to cause the same affect as an ionic solute because of the greater strength of
ion-water interactions compared to dipole-water interactions. At high solute concentra-
tions there may also be a steric exclusion effect as mentioned in the previous section.

Interactions between polar groups and water determine a number of important prop-
erties of food components in emulsions. The hydration of the polar head groups of
surfactant molecules is believed to be partly responsible for their stability to aggregation
(Evans and Wennerstrom, 1994). When surfactants are heated, the head groups become
progressively dehydrated, which eventually cause the molecules to aggregate (Section
4.5). These hydration forces also play an important role in preventing the aggregation of
emulsion droplets stabilized by nonionic surfactants (Section 3.8). The three-dimensional
conformation and interactions of proteins and polysaccharides is influenced by their ability
to form intramolecular and intermolecular hydrogen bonds (Section 4.5). The solubility,
partitioning, and volatility of polar solutes depend on their molecular compatibility with
the surrounding solvent: the stronger the molecular interactions between a solute and its
neighbors in a liquid, the greater its solubility and lower its volatility (Baker, 1987).

4.3.3.3 Interaction of water with nonpolar solutes: the hydrophobic effect
The attraction between a water molecule and a nonpolar solute is much weaker than that
between two water molecules, because nonpolar molecules are incapable of forming hydro-
gen bonds (Israelachvili, 1992; Evans and Wennerstrom, 1994; Norde, 2003). For this reason,
when a nonpolar molecule is introduced into pure liquid water, the water molecules
surrounding it change their orientation so that they can maximize the number of hydrogen
bonds formed with neighboring water molecules (Figure 4.12). The structural rearrange-
ment and alteration in the physicochemical properties of water molecules in the immediate
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Figure 4.12 Schematic representation of the reorganization of water molecules near a nonpolar solute.

vicinity of a nonpolar solute is known as hydrophobic hydration. At relatively low tempera-
tures, it is believed that a “cage-like” or chlathrate structure of water molecules exists
around a nonpolar solute, in which the water molecules involved have a coordination
number of four, which is greater than that of the water molecules in the bulk phase (3-3.5)
(Israelachvili, 1992). Despite gaining some order, the water molecules in the cage-like
structures are still highly dynamic, having residence times of the order of 10! sec (Evans
and Wennerstrom, 1994). The alteration in the organization and interactions of water mol-
ecules surrounding a nonpolar solute has important implications for the solubility and
interactions of nonpolar groups in water (Tanford, 1980; Israelachvili, 1992; Fennema, 1996b;
Norde, 2003).

The behavior of nonpolar solutes in water can be understood by considering the
transfer of a nonpolar molecule from an environment where it is surrounded by similar
molecules to one where it is surrounded by water molecules (Tanford, 1980). When a
nonpolar solute is transferred from a nonpolar solvent into water there are changes in
both the enthalpy (AH, ) and entropy (TAS,,ner) Of the system. The enthalpy change
is related to the alteration in the overall strength of the molecular interactions, whereas
the entropy change is related to the alteration in the structural organization of the solute
and solvent molecules. The overall free energy change (AG..s.:) depends on the relative
magnitude of these two contributions (Evans and Wennerstrom, 1994):

AG

= AHt - TAStransfer (46)

transfer ransfer

The relative contribution of the enthalpic and entropic contributions to the free energy
depends on temperature (Figure 4.13). An understanding of the temperature dependence
of the free energy of transfer is important for food scientists because it governs the behavior
of many food components during food processing, storage, and handling. At relatively
low temperatures (<25°C), the number of hydrogen bonds formed by the water molecules
in the cage-like structure surrounding the nonpolar solute is slightly higher than in bulk
water and so AH, .. is negative (i.e., favors transfer). On the other hand, the water
molecules in direct contact with the nonpolar solute are more ordered than those in bulk
water and so the entropy term is positive (i.e., opposes transfer). Overall, the entropy term
dominates and so the transfer of a nonpolar molecule into water is thermodynamically
unfavorable (Tanford, 1980; Israelachvili, 1992).

As the temperature is raised the water molecules become more thermally agitated
and so their organization within the cage-like structure is progressively lost, which has
consequences for both the enthalpy and entropy contributions. First, some of the partial
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Figure 4.13 Temperature dependence of the typical thermodynamics associated with the transfer of
a nonpolar solute from a nonpolar liquid into water. Adapted from Creighton (1993).

charges on the water molecules face toward the nonpolar group and are therefore unable
to form hydrogen bonds with the surrounding water molecules. Thus, the number of
hydrogen bonds formed by the water molecules in the cage-like structure decrease with
increasing temperature. At a certain temperature, the number of hydrogen bonds formed
by the water molecules in the cage-like structure becomes less than that of bulk water.
Below this temperature the enthalpy associated with transferring a nonpolar molecule
into water is negative (exothermic) and so is favorable to transfer, but above this temper-
ature it is positive (endothermic) and so is unfavorable to transfer (Tanford, 1980). The
enthalpy term therefore makes an increasing contribution to opposing the transfer of
nonpolar molecules into water as the temperature rises. Second, the increasing disorga-
nization of the water molecules surrounding a nonpolar molecule as the temperature is
raised means that the entropy difference between the water molecules in the cage-like
structure and those in the bulk water is lessened. Thus, as the temperature is increased
the contribution of the entropy term becomes progressively less important. In summary,
at low temperatures the major contribution to the unfavorable free energy change associ-
ated with transfer of a nonpolar molecule into water is the entropy term, but at higher
temperatures it is the enthalpy term (Creighton, 1993). Overall, the transfer of a nonpolar
molecule from an organic solvent into water becomes increasingly thermodynamically
unfavorable as the temperature is raised up to a certain temperature (around 100-150°C).

The free energy associated with transferring a nonpolar molecule from an environment
where it is surrounded by similar molecules to one in which it is surrounded by water
molecules has been shown to be a product of its surface area and the interfacial tension
between the bulk nonpolar liquid and water that is, AG = yAA (Tunon et al., 1992). An
aqueous solution containing a nonpolar solute can decrease its free energy by reducing
the unfavorable contact area between the nonpolar groups and water, which is known as
the hydrophobic effect. The strong tendency for nonpolar molecules to associate with each
other in aqueous solutions is a result of the attempt of the system to reduce the contact
area between water and nonpolar regions and is known as the hydrophobic interaction
(Section 3.7). The hydrophobic effect is responsible for many of the characteristic properties
of food emulsions, including the aggregation of proteins, the formation of surfactant
micelles, the adsorption of emulsifiers at oil-water and air-water interfaces, the aggrega-
tion of hydrophobic particles, and the immiscibility of oil and water.

The strength of the hydrophobic interaction between nonpolar substances in water is
affected by the presence of ions in the aqueous phase separating them. Ions can either
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increase or decrease the structural organization of water molecules in an aqueous solution,
depending on whether they are structure makers or structure breakers (previous section).
As one of the major driving forces for hydrophobic interactions is the difference in struc-
tural organization (entropy) between the water molecules in the immediate vicinity of the
nonpolar solute and those in bulk water, then changes in the organization of the water
molecules in bulk water alters its strength (Israelachvili, 1992). Structure makers decrease
the magnitude of the hydrophobic interaction and therefore increase the water-solubility
of nonpolar solutes because the difference in structural organization of water molecules
in the bulk solution and in the immediate vicinity of a nonpolar solute is reduced, whereas
structure breakers have the opposite effect. The strength of the hydrophobic interaction
also depends on temperature, increasing as the temperature is raised up to a temperature
somewhere above 100°C (Figure 4.13). The temperature dependence of the hydrophobic
interaction has important implications for the functionality of many food constituents,
since there may be appreciable changes in product temperature during the manufacture,
storage, and usage of food emulsions.

4.3.4  Influence of solutes on the physicochemical properties of solutions

Emulsion formation, stability, and properties are strongly influenced by the bulk physic-
ochemical properties of the aqueous phase, for example, density, viscosity, refractive index,
specific heat capacity, thermal conductivity, dielectric constant. For example, the ability to
produce small emulsion droplets during homogenization depends on the viscosity and
interfacial tension of the aqueous phase (Section 6.4.1). The creaming stability of O/W
emulsions depends on the density and viscosity of the aqueous phase (Section 7.3). The
flocculation and coalescence stability of emulsions depends on the strength of the attractive
and repulsive interactions between the droplets, which is influenced by the ionic strength,
dielectric constant, and refractive index of the aqueous phase (Chapter 3). The appearance
of an emulsion is influenced by the contrast in refractive index between the oil and aqueous
phases, since this determines the fraction of light scattered by the droplets (Section 10.5.2).
The flavor of emulsions depends on the partitioning and release rate of flavor molecules in
a food, which are influenced by the polarity and viscosity of the aqueous phase (Chapter 9).
Knowledge of the bulk physicochemical properties of the aqueous phase is therefore
important for predicting, understanding, and controlling the behavior of food emulsions.

The bulk physicochemical properties of an aqueous phase depend on the type, con-
centration, and interactions of the various solutes present. Solutes may influence the bulk
properties of water directly through their molecular interactions with the water molecules,
or indirectly due to thermodynamic “colligative” effects (Atkins, 1994). For example, the
presence of solutes in an aqueous solution causes a decrease in melting point, an increase
in boiling point, and a decrease in water activity of aqueous solutions (Walstra, 2003a).
Each solute type influences the bulk physicochemical properties of water in a different
manner because of differences in its intrinsic molecular characteristics (e.g., size, shape,
mass) and in its ability to alter the properties of the water molecules in its vicinity. The
physicochemical properties of aqueous solutions containing different concentrations of
many common solutes have been tabulated in the literature (e.g., CRC Handbook of
Chemistry and Physics).

4.3.5 Selection of an appropriate aqueous phase

From a scientific standpoint, water is usually considered to be a chemically distinct sub-
stance with the chemical formula H,O. In practice, the “water” used in the commercial
preparation of food emulsions normally contains significant concentrations of organic and
inorganic contaminants that influence its physicochemical and sensory properties, for
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example, acids, bases, minerals, microorganisms, off-flavors. Many of these contaminants
can have an adverse affect on the quality of emulsion-based food products, and therefore
they are often removed by treating the water prior to usage (Heath, 1978; Tan, 2004).

A variety of different solutes are often incorporated into the aqueous phase of food
emulsions to control their physicochemical and sensory properties, including acids, bases,
salts, buffers, sugars, emulsifiers, and biopolymers. The molecular and functional prop-
erties of the most important of these constituents are discussed elsewhere in this chapter.
Each constituent plays one or more specific roles in determining the overall properties of
a food emulsion, and these roles are often influenced by the presence of the other constit-
uents. It is therefore important for food scientists to identify the role or multiple roles that
each functional ingredient plays within a particular food emulsion, and to understand
how these roles are influenced by the presence of other constituents. This knowledge will
facilitate the rational selection of the optimum combination of ingredients required to
produce the desired physicochemical and sensory properties of the final product.

4.4 Emulsifiers

The term “emulsifier” is used in this book to describe any surface-active substance that
is capable of adsorbing to an oil-water interface and protecting emulsion droplets from
aggregation (flocculation and/or coalescence). The most commonly used emulsifiers in
the food industry are small-molecule surfactants, amphiphilic biopolymers, and surface-
active particulate matter. These emulsifiers vary widely in their ability to form and stabilize
emulsions depending on their molecular and physicochemical characteristics. Ideally, an
emulsifier should rapidly adsorb to the oil-water interface during homogenization, reduce
the interfacial tension by an appreciable amount, and prevent droplet coalescence from
occurring during homogenization (Chapter 6). In addition, it is usually important that the
emulsifier forms an interfacial membrane that prevents droplet aggregation (flocculation
and/or coalescence) under the environmental conditions that the product experiences
during manufacture, transport, storage, and usage (Chapter 7). In this section, we will
review the major types of emulsifiers used in food products, and discuss some of the
factors that should be considered in selecting an emulsifier for a particular application.

4.4.1 Surfactants

4.4.1.1 Molecular characteristics
The term “surfactant” is used to refer to those relatively small surface-active molecules
that consist of a hydrophilic “head” group, which has a high affinity for water, attached
to a lipophilic “tail” group, which has a high affinity for oil (Myers, 1988; Hasenhuettl,
1997a; Lindman, 2001; Faergemand and Krog, 2003; Krog and Sparso, 2004). The principal
role of surfactants in food emulsions is to improve emulsion formation and stability
(Charalambous and Doxastakis, 1989; Hasenhuettl and Hartel, 1997; Stauffer, 1996, 1999).
Nevertheless, they may also alter emulsion properties in a number of other ways, including
forming surfactant micelles, interacting with biopolymers, or modifying the formation,
growth, and structure of fat crystals (Bergenstahl, 1997a; Bos et al., 1997; Deffenbaugh,
1997; Krog, 1997; Faergemand and Krog, 2003). A wide variety of surfactants are available
for usage in food products, and a number of the most commonly used are listed in
Table 4.4. These surfactants can be represented by the formula RX, where X represents the
hydrophilic head and R the lipophilic tail (Dickinson and McClements, 1995). The char-
acteristics of a particular surfactant depend on the nature of its head and tail groups. The
head group may be anionic, cationic, zwitterionic, or nonionic (Myers, 1988; St Angelo,
1989; Zielinski, 1997), although most surfactants used in the food industry are mainly
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Table 4.4 Classes of Small Molecule Surfactants Commonly Used in Food Emulsions
EU ADI
Chemical Name Abbreviation = Number U.S. FDA (mg/kg) Solubility
Ionic

Lecithin E 322 184.1400 NL Oil/water
Fatty acid salts FA E 470 172.863 NL Oil/water
Sodium stearoyl lactylate ~ SSL E 481 172.846 0-20 Water
Calcium stearoyl lactylate  CSL E 482 172.844 0-20 Oil
Citric acid esters of MG CITREM E 472c 172.832 NL Water
Diacetyl tartatric acid esters DATEM E 472¢ 184.1101 0-50 Water

of MG

Nonionic

Monoglycerides MG E 471 184.1505 NL Oil
Acetic Acid esters ACETEM E 472a 172.828 NL QOil

of MG
Lactic acid esters of MG LACTEM E 472b 172.852 NL Qil
Succinic acid esters SMG — 172.830 —

of MG
Polyglycerol esters PGE E 475 172.854 0-25 Water

of FA
Propylene glycol esters of PGMS E 477 172.856 0-25 Oil

FA
Sucrose esters of FA E 473 172.859 0-10 Oil/Water”
Sorbitan monostearate SMS E 491 172.842 0-25 Water
Sorbitan tristearate STS E 492 — 0-15 Oil
Polyoxyethylene (20) Polysorbate 60 E 435 172.836 0-25 Water

sorbitan monostearate
Polyoxyethylene (20) Polysorbate 65 E 436 172.838 0-25 Water

sorbitan tristearate
Polyoxyethylene (20) Polysorbate 80 E 433 172.840 0-25 Water

sorbitan monooleate

Note: The table includes their chemical name, abbreviation, acceptable daily intake (ADI), and solubility. NL
= not limited.

“The solubility of some classes of surfactants depends on the relative lengths of their hydrophilic and hydro-
phobic parts.

Source: Adapted from Krog (1997) and Faergemand and Krog (2003).

nonionic (e.g., monoglycerides [MG], Tweens, Polysorbates, Spans, ACETEM, LACTEM),
anionic (e.g., fatty acid salts, stearyl lactylate salts, DATEM, CITREM), or zwitterionic*
(e.g., lecithin). The tail group usually consists of one or more hydrocarbon chains, having
between 10 and 20 carbon atoms per chain (St Angelo, 1989; Bergensthal, 1997; Zielinski,
1997). Surfactant chains may be saturated or unsaturated, linear or branched, aliphatic
and/or aromatic, but most food surfactants have either one or two linear aliphatic chains,
which may be saturated or unsaturated (Stauffer, 1999). Each type of surfactant has
functional properties that are determined by its unique molecular structure and the phys-
icochemical environment that it operates within (Myers, 1988; Jonsson et al., 1998). In
addition, surfactants vary considerably in their cost, usage levels, legal status, ingredient
compatibility, and ease of usage (Krog, 1997; Stauffer, 1999; Faergemand and Krog, 2003).

* A zwitterionic surfactant is one which has both positively and negatively charged groups on the same molecule.
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Hence, there is no single surfactant that is suitable for every food application and so it is
necessary to select the most appropriate surfactant for each particular product.

Food-grade surfactants are produced industrially by chemical processes using a vari-
ety of different raw materials, such as fats, oils, glycerol, organic acids, sugars, and polyols
(Krog, 1997; Zielinski, 1997). Despite normally being called by a specific chemical name
(Table 4.4), most commercial surfactants are actually highly complex mixtures of a number
of different chemical species (Stauffer, 1999). This compositional heterogeneity can have
a large impact on their functional properties in both laboratory studies of emulsion prop-
erties and in their usage as ingredients in food products (Walstra, 2003a). Consequently,
it is often important to have analytical methods to determine the type and concentration
of different chemical species present in a commercial surfactant (Hasenhuettl, 1997b). It
should also be noted that surfactants are often used in combinations with other types of
surfactants, rather than as individual components, since improved functional properties
can often be obtained (Krog, 1997; Stauffer, 1999; Faergemand and Krog, 2003). Surfactant
ingredients for usage in the food industry come in a variety of different forms, including
liquids, pastes, solids, powders, and beads. The surfactant is usually suspended in the
phase that it is most soluble in prior to homogenization, so that water-soluble surfactants
are dispersed in the aqueous phase and oil-soluble surfactants are dispersed in the lipid
phase. Even so, there are also many examples in the food industry where the surfactant
is simply blended directly with the oil and aqueous phases. A variety of processing
treatments may be required to ensure that the surfactant is adequately dispersed (e.g.,
shearing, heating), and these are usually stipulated by the ingredient supplier.

4.4.1.2  Physicochemical properties
The various factors influencing the physicochemical properties of food and nonfood sur-
factants have been reviewed in detail elsewhere (Bergenstahl, 1997; Jonsson et al., 1998).
This section will therefore only provide an overview of the most important functional
properties of surfactants that are relevant to their application in food emulsions.

4.4.1.2.1 Molecular organization of surfactants in solution. At sufficiently low con-
centrations, surfactants exist as monomers in solution because the entropy of mixing
overweighs the attractive forces operating between the surfactant molecules (Jonsson et al.,
1998). Nevertheless, as their concentration is increased they can spontaneously aggregate
into a variety of thermodynamically stable structures known as association colloids, for
example, micelles, bilayers, vesicles, and reverse micelles (Figure 4.14). The primary driv-
ing force for the formation of these structures is the hydrophobic effect, which causes the
system to adopt a molecular organization that minimises the unfavorable contact area
between the nonpolar tails of the surfactant molecules and water (Evans and Wennerstrom,
1994; Heimenz and Rajagopalan, 1997). At still higher concentrations, surfactants may
organize themselves into a variety of liquid crystalline structures, such as hexagonal,
lamellar and reversed hexagonal phases (Jonsson et al., 1998; Hartel, 2001; Faergemand
and Krog, 2003; Larsson, 2004). In addition, the surfactant solution may separate into a
number of phases, with different compositions and molecular organizations. The molecular
organization of surfactants in solutions depends mainly on the geometry and interactions
of the surfactant molecules, the nature of the solvent, the solution composition, and the
temperature (MacKay, 1987; Myers, 1988; Krog, 1997; Jonsson et al., 1998). The influence
of solution and environmental conditions on the molecular organization of surfactants can
be conveniently described by phase diagrams (Bergenstahl, 1997; Faergemand and Krog,
2003). Phase diagrams are usually determined empirically for a given surfactant system
and allow one to determine the type, number, and composition of the phases formed under
a given set of experimental conditions (Jonsson et al., 1998). The surfactant concentrations
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Figure 4.14 Some typical structures formed due to the self-association of surfactant molecules at
relatively low surfactant concentrations. At higher surfactant concentrations many different kinds
of liquid crystalline phases may form.

normally used in food emulsions are insufficient to lead to the formation of liquid crys-
talline structures, although they are often high enough to lead to the formation of associ-
ation colloids. In the remainder of this section we will focus on the properties of surfactant
micelles, since these are the most common type of association colloid formed in food
emulsions (Dickinson and McClements, 1995).

4.4.1.2.2  Critical micelle concentration. A surfactant forms micelles in an aqueous
solution when its concentration exceeds some critical level, known as the critical micelle
concentration or CMC (Myers, 1988; Lindman, 2001). Below the CMC, the surfactant mol-
ecules are dispersed predominantly as monomers, but once the CMC is exceeded, any
additional surfactant molecules form micelles, and the monomer concentration remains
fairly constant (Hiemenz and Rajagopalan, 1997). Micelles have highly dynamic structures
because they are only held together by physical interactions that are relatively weak
compared to the thermal energy of the system (Israelachvili, 1992). Despite the highly
dynamic nature of their structure, surfactant micelles have a fairly well-defined average
size and shape under a given set of environmental conditions (Israelachivili, 1992). Thus,
when surfactant is added to a solution above the CMC the number of micelles tends to
increase, rather than the size or shape of the individual micelles (although this may not
be true at high surfactant concentrations). There is an abrupt change in the physicochem-
ical properties of a surfactant solution when the CMC is exceeded, for example, surface
tension, electrical conductivity, turbidity, and osmotic pressure (Rosen, 1978; Hiemenz and
Rajagopalan, 1997; Jonsson et al., 1998). This is because the properties of surfactant mol-
ecules dispersed as monomers are different from those in micelles. For example, surfactant
monomers are amphiphilic and have a high surface activity, whereas micelles have little
surface activity because their surface is covered with hydrophilic head groups. Conse-
quently, the surface tension of a solution decreases with increasing surfactant concentra-
tion below the CMC, but remains fairly constant above it (Section 5.7). The CMC of a
surfactant solution depends on the chemical structure of the surfactant molecules, as well
as on the solution composition and prevailing environmental conditions (Jonsson et al.,
1998; Lindman, 2001). The CMC tends to decrease as the hydrophobicity of surfactant



126 Food Emulsions

molecules increases (e.g., by increasing the hydrocarbon tail length) or their hydrophilicity
decreases (e.g., by decreasing the length of a nonionic head group or by exchanging an
ionic head group for a nonionic one). For ionic surfactants, the CMC decreases appreciably
with increasing ionic strength, since counterions screen the electrostatic repulsion between
charged head groups, reducing the magnitude of this unfavorable contribution to micelle
formation. The CMC is not usually strongly temperature-dependent over the temperature
ranges normally found in foods (e.g., 0-100°C). For many commercial food-grade surfac-
tants, the CMC does not occur at a well-defined concentration, but occurs over a range
of concentrations, because the surfactant ingredient contains a mixture of components
with different chain lengths, degrees of unsaturation, and head-group size (Walstra, 2003a).

4.4.1.2.3 Krafft point. It is usually necessary for a surfactant to be adequately dis-
persed in a solvent before it can exhibit its desired functional properties (Bergenstahl,
1997). For this reason, it is often necessary to heat surfactants that have a high melting
point (usually ionic surfactants) above a critical temperature, known as the Krafft point,
before they become soluble enough to function properly (Jonsson et al., 1998). The Krafft
point occurs at the temperature where the solubility of the monomers equals the CMC of
the surfactant (Figure 4.15). Below the Krafft point the solubility of the surfactant is low,
but once the Krafft point is exceeded the surfactant solubility increases dramatically
because micelles are much more soluble than monomers (Jonsson et al., 1998).

4.4.1.2.4 Cloud point. When a surfactant solution is heated above a certain tem-
perature, known as the cloud point, it becomes turbid (Myers, 1988). This occurs because
the hydrophilic head groups of the surfactant molecules become progressively dehydrated
as the temperature is raised, which alters their molecular geometry and decreases the
hydration repulsion between them (Israelachvili, 1992; Evans and Wennerstrom, 1994).
Above a certain temperature, known as the cloud point, the micelles form aggregates that
are large enough to scatter light and therefore make the solution appear turbid. As the
temperature is increased further, the aggregates may grow so large that they sediment
under the influence of gravity and form a separate phase that can be observed visually.
The cloud point of nonionic surfactants tends to increase as the size of their hydrophilic
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Figure 4.15 Simplified phase diagram for a typical surfactant at relatively low surfactant concentra-
tions. At higher surfactant concentrations many different kinds of liquid crystalline phases may form.
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head group increases, and depends on the type and concentration of electrolytes present
in aqueous solutions (Jonsson et al.,, 1998). Knowledge of the cloud point may be an
important factor to consider when selecting a surfactant for a particular food emulsion
application. The interfacial tension tends to decrease appreciably as the temperature is
increased toward the cloud point of a surfactant, which means that droplets are easier to
disrupt, but are also more prone to coalescence (Jonsson et al., 1998). Consequently, if an
emulsion is going to receive some kind of thermal processing treatment it may be necessary
to ensure that the cloud point of the surfactant used to stabilize the system is considerably
higher than the maximum temperature experienced by the product. On the other hand,
it may be advantageous to homogenize an emulsion at a temperature close to the cloud
point of the surfactant since droplet disruption is facilitated and smaller droplet sizes can
be achieved using the same input energy (Jonsson et al., 1998). The emulsion can then be
cooled down to a temperature well below the cloud point to ensure that the droplets are
stable to coalescence.

4.4.1.2.5 Solubilization. Nonpolar molecules, which are normally insoluble or only
sparingly soluble in water, can be solubilized in an aqueous surfactant solution by incor-
porating them into micelles or other types of association colloids (Elworthy et al., 1968;
Mukerjee, 1979; MacKay, 1987; Christian and Scamehorn, 1995). The resulting system is
thermodynamically stable; however, it may take an appreciable time to reach equilibrium
because of the time taken for molecules to diffuse through the system and because of the
activation energy associated with transferring a nonpolar molecule from a bulk phase into
a micelle (Dickinson and McClements, 1995; Kabalanov and Weers, 1996). Micelles con-
taining solubilized materials are referred to as swollen micelles or microemulsions, whereas
the material solubilized within the micelle is referred to as the solubilizate. The ability of
micellar solutions to solubilize nonpolar molecules has a number of potentially important
applications in the food industry, including selective extraction of nonpolar molecules
from oils, controlled ingredient release, incorporation of nonpolar substances into aqueous
solutions, transport of nonpolar molecules across aqueous membranes, and modification
of chemical reactions (Dickinson and McClements, 1995; Jonsson et al., 1998). There are
three important factors that determine the functional properties of swollen micellar solu-
tions: (i) the location of the solubilizate within the micelles; (ii) the maximum amount of
material that can be solubilized per unit mass of surfactant; and (iii) the solubilization
rate. The concentration of surfactants in O/W emulsions is often high enough to form
micelles in the aqueous phase. These micelles may be capable of solubilizing various kinds
of nonpolar and amphiphilic molecules, including flavors, antioxidants, proxidants, and
preservatives, thereby altering their functional characteristics. Food manufacturers may
therefore have to take into account the possibility that micelle solubilization may influence
the bulk physicochemical and sensory properties of food emulsions.

4.4.1.2.6 Surface activity and droplet stabilization. Surfactant molecules adsorb to
oil-water interfaces because they can adopt an orientation in which the hydrophilic part
of the molecule is located in the water, while the hydrophobic part is located in the oil (St
Angelo, 1989; Dickinson, 1992; Bergensthal, 1997). This minimizes the contact area between
hydrophilic and hydrophobic regions, and therefore reduces the interfacial tension (Chapter
5). This reduction in interfacial tension is important during homogenization because it
facilitates the further disruption of emulsion droplets, that is, less energy is needed to
breakup a droplet when the interfacial tension is lowered (Section 6.4.1). Once adsorbed
to the surface of a droplet the surfactant must provide a repulsive force that is strong
enough to prevent the droplet from aggregating with its neighbors (Chapters 3 and 7).
Ionic surfactants primarily provide stability by causing all of the emulsion droplets to have



128 Food Emulsions

the same electric charge and therefore electrostatically repelling each other (Section 3.4).
Nonionic surfactants primarily provide stability by generating a number of short-range
repulsive forces that prevent the droplets from coming too close together, such as steric,
hydration, and thermal fluctuation interactions (Chapter 3). In addition, even oil droplets
stabilized by nonionic surfactants often have an electrical charge and therefore electrostatic
repulsion may also contribute to their stability (Pashley, 2003; Hsu and Nacu, 2003). Some
surfactants form multilayers (rather than monolayers) at the surface of an emulsion droplet,
which has been found to greatly enhance the stability of the droplets against aggregation
(Frieberg and EI Nokaly, 1983). In summary, surfactants must have three characteristics to
be effective at enhancing the formation and stability of emulsions (Chapter 6). First, they
must rapidly adsorb to the surface of the freshly formed emulsion droplets during homog-
enization. Second, they must reduce the interfacial tension by a significant amount. Third,
they must form an interfacial layer that prevents the droplets from aggregating under the
solution and environmental conditions pertaining to the emulsion.

The interfacial membranes formed by some surfactants (especially those containing
saturated hydrocarbon chains) are capable of undergoing liquid-solid phase transitions
on changes in temperature (Walstra, 2003a). Above a critical temperature (T,), the hydro-
carbon chains have a relatively high molecular mobility and can be considered to be “fluid-
like,” but below T, the chains lose their molecular mobility, pack closely together, and can
be considered to be more “solid-like.” The transition of the chain packing from fluid-like
to solid-like usually causes an appreciable decrease in the interfacial tension, and may
have important consequences for the functional properties of some emulsions.

It should be noted that the ability of surfactants to from micelles in the continuous
phase of an emulsion can have a negative impact on emulsion stability, because they
induce depletion flocculation or facilitate the transport of oil molecules between droplets
(Dickinson and McClements, 1995). The ability of surfactants to regulate the depletion
interactions between droplets can also have a pronounced influence on the rheological
properties of emulsions (Chapter 8).

4.4.1.2.7 Interaction with biopolymers. Under certain circumstances, surfactant mol-
ecules bind to proteins and polysaccharides and the resulting surfactant-biopolymer
complexes may have very different functional characteristics than either of the individual
components (Goddard and Ananthapadmanabhan, 1993; Lindman et al., 1993; Nylander,
2004). These surfactant-biopolymer interactions can occur through a variety of different
mechanisms, with the two most important being electrostatic and hydrophobic interac-
tions (Caram-Lelham et al., 1997; Singh and Caram-Lelham, 1998; Singh and Nilsson,
1999). The number of surfactant molecules bound to a biopolymer, and whether the
surfactant molecules bind as individual monomers or as micelle-like clusters, depends on
the origin and nature of the interaction. The binding of surfactants to biopolymers can
lead to large changes in the conformation, stability, and interactions of the biopolymer
molecules. These changes can have a large influence on the bulk physicochemical prop-
erties of biopolymer solutions, such as appearance, rheology, and phase behavior
(Goddard and Ananthapadmanabhan, 1993; Nylander, 2004). In addition, these interac-
tions can lead to the formation of structures that may have novel functional properties,
for example, for encapsulation and release.

When surfactant molecules are mixed with a solution of polymer molecules, they may
exist in either a free or a bound state (Figure 4.16). In either of these states, the surfactant
may exist as individual monomers or molecular clusters (e.g., micelles). The partitioning
of surfactant molecules between these different molecular forms depends on the concen-
tration and molecular characteristics of the biopolymer and surfactant (e.g., molecular
weight, hydrophobicity, electrical charge, flexibility), as well as the prevailing solution and
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Figure 4.16 Schematic representation of surfactant binding to biopolymers (assuming that the sur-
factants do not form micelle-like structures on binding, which is often the case): C, is the surfactant
concentration where binding begins; C, is the surfactant concentration where the biopolymer be-
comes saturated with surfactant; and, CMC" is the effective CMC of the surfactant in the presence
of the biopolymer.

environmental conditions (e.g., temperature, pressure, pH, ionic strength, and external
forces). A variety of different physicochemical mechanisms may either favor or oppose bind-
ing, for example, hydrophobic interactions, electrostatic interactions, configurational entropy,
conformational entropy, and hydrogen bonding. In a system of a fixed biopolymer concen-
tration and increasing amounts of surfactant, it is possible to define two critical surfactant
concentrations: “C,” and “C,.” C, is usually referred to as the critical aggregation concentration
(CAC) and represents the onset concentration at which the interaction between the surfactant
and the biopolymer first occurs. Above this concentration the surfactant molecules may either
bind as monomers or as micelle-like clusters. C, is the surfactant concentration at which the
polymer becomes saturated with surfactant. Above this concentration, additional surfactant
goes into the aqueous phase and forms monomers or micelles depending on whether or not
the free surfactant concentration is below or above the CMC, respectively. C, is generally well
below the CMC of the surfactant and is only weakly dependent on the amount of polymer
in solution. On the other hand, C,, which represents the surfactant concentration at saturation
of the polymer, is usually proportional to the polymer concentration.

Interactions between surfactants and polysaccharides are used in many types of food
process to improve food properties. For example, surfactants (e.g., monoglycerides and
stearoyl lactylates) are often incorporated into starch-based products, such as breakfast
cereals, pasta, and potato products, to improve their quality (Stauffer, 1999; Krog and
Sparso, 2004). The surfactants form inclusion complexes with starch by inserting their
hydrocarbon tails into helical coils formed by amylose or linear regions of amylopectin.
These lipid—starch complexes are believed to improve the quality of starch-based products
such as bread by increasing loaf volume, reducing crumb firmness, and delaying staling,
mainly through their ability to retard the retrogradation of starch. The ability of surfactants
to bind to starch depends on the molecular characteristics of the starch (e.g., chain length),
as well as of the surfactants (e.g., head-group polarity, tail group length, and degree of
unsaturation). Starch tends to bind more ionic than nonionic surfactant, and binds more
saturated than unsaturated surfactants (Stauffer, 1999). Surfactants may also interact with
a wide variety of other types of polysaccharides (e.g., cellulose, pectin, chitosan,
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carrageenan), thereby altering their conformation, association and/or stability, which in
turn leads to alterations in their functional properties, such as rheology, appearance,
stability, and phase separation. Judicious usage of these interactions can be used to create
food emulsions with novel properties or to develop encapsulation or delivery systems
(Goddard and Ananthapadmanabhan, 1993).

Interactions between surfactants and proteins are also commonly used to improve
processing operations or product properties (Nylander, 2004). These interactions may be
either direct or indirect. Direct interactions involve binding of surfactants to proteins and
can cause substantial changes in the conformation, stability, or interactions of protein
molecules. Depending on the nature of the interaction, these changes may have either a
beneficial or detrimental influence on the functional properties of proteins, for example,
surface activity, foaming capacity, gelation, and solubility. Surfactants may also interact
indirectly with proteins by either competing with them or displacing them from interfaces.
For example, small-molecule surfactants are added to some emulsified food products to
displace proteins from the surface of oil droplets, thereby facilitating the coalescence of
the droplets during subsequent chilling and shearing operations, for example, ice cream
and whipped cream (Friberg et al., 2004).

4.4.1.2.8 Modification of fat crystallization. Certain types of surfactants have been
shown to be capable of modifying the nucleation and crystallization of lipids, which is
used to control crystal formation in some food products (Stauffer, 1999). Surfactants have
been shown to be capable of preventing clouding in salad oils by retarding the growth of
fat crystals. The surfactants are believed to adsorb to the surface of any nuclei or small
fat crystals formed in the oil, thereby inhibiting their further growth by preventing adsorp-
tion of additional lipid molecules. Surfactants have also been shown to inhibit undesirable
polymorphic transitions of lipid crystals in chocolates, shortenings, and margarines.

4.4.1.3 Surfactant classification schemes

A number of classification schemes have been proposed to facilitate the rational selection
of surfactants for particular applications. Classification schemes have been developed that
are based on a surfactants solubility in oil and/or water (Bancroft’s rule), its ratio of
hydrophilic to lipophilic groups (hydrophile-lipophile balance [HLB] number), and its
molecular geometry (Isrealachvili, 1992, 1994; Davis, 1994b; Bergensthal, 1997). Ultimately,
all of these properties depend on the chemical structure of the surfactant, and so the
different classification schemes are often closely related to each other.

4.4.1.3.1 Bancroft’s rule. One of the first empirical rules developed to describe the
type of emulsion that could be stabilized by a given surfactant was proposed by Bancroft
(Davis, 1994b, Bergenstahl, 1997). Bancroft’s rule states that the phase in which the sur-
factant is most soluble will form the continuous phase of an emulsion. Hence, a water-
soluble surfactant should stabilize O/W emulsions, whereas an oil-soluble surfactant
should stabilize W/O emulsions. It has recently been highlighted that the solubility should
be determined by the total surfactant concentration (monomers + micelles) in a phase, not
just the monomers (Binks, 1998). This rule works well for a wide range of surfactants,
although there are a number of exceptions. For example, some amphiphilic molecules are
highly soluble in either one phase or the other, but they do not form stable emulsions
because they are not particularly surface-active or they do not protect droplets against
aggregation. In summary, Bancroft’s rule is a useful empirical method of determining the
type of emulsion a surfactant will potentially stabilize (O/W or W/O); however, it pro-
vides little insight into the relationship between the molecular structure of a surfactant
and the long-term stability of the emulsions formed.
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4.4.1.3.2 Hydrophile-lipophile balance (HLB). The HLB concept is a semiempirical
method that is widely used for classifying surfactants (Bergenstahl, 1997). The hydrophile—
lipophile balance is described by a number that gives an indication of the relative affinity
of a surfactant molecule for the oil and aqueous phases (Becher, 1983, 1985; Davis, 1994b).
Each surfactant is assigned a HLB number according to its chemical structure. A molecule
with a high HLB number has a high ratio of hydrophilic groups to lipophilic groups, and
vice versa. The HLB number of a surfactant can be calculated from knowledge of the number
and type of hydrophilic and lipophilic groups it contains, or it can be estimated from
experimental measurements of its cloud point (Shinoda and Friberg, 1986). The HLB num-
bers of many surfactants have been tabulated in the literature (Shinoda and Kunieda, 1983;
Becher, 1985, 1996). A widely used semiempirical method of calculating the HLB number
of a surfactant is as follows (Davis, 1994b):

HLB = 7 + Y(hydrophilic group numbers) — >(lipophilic group numbers)  (4.7)

Group numbers have been assigned to many different types of hydrophilic and lipophilic
groups (Table 4.5). The sums of the group numbers of all the lipophilic groups and
hydrophilic groups are substituted into the above equation and the HLB number is cal-
culated. The HLB numbers of many food-grade surfactants have been calculated or deter-
mined experimentally (Table 4.6). Despite originally being developed as a semiempirical
equation, Equation 4.7 has been shown to have a thermodynamic basis, with the sums
corresponding to the free energy changes in the hydrophilic and lipophilic parts of the
molecule when micelles are formed (Becher, 1985).

The HLB number of a surfactant gives a useful indication of its solubility in either the
oil and/or water phases, and can be used to predict the type of emulsion that will be
formed by a surfactant (Table 4.7). A surfactant with a low HLB number (3-6) is predom-
inantly hydrophobic, dissolves preferentially in oil, stabilizes W/O emulsions, and forms
reverse micelles in oil. A surfactant with a high HLB number (10-18) is predominantly
hydrophilic, dissolves preferentially in water, stabilizes O/W emulsions, and forms
micelles in water. A surfactant with an intermediate HLB number (7-9) has no particular
preference for either oil or water, and is considered a good “wetting agent.” Molecules
with HLB numbers below 3 (very hydrophobic) and above 18 (very hydrophilic) are often
not particularly surface-active since they tend to accumulate preferentially in bulk oil or
bulk water, rather than at an oil-water interface. Emulsion droplets are particularly prone
to coalescence when they are stabilized by surfactants that have extreme or intermediate
HLB numbers. At very high or low HLB numbers, a surfactant may have such a low

Table 4.5 Selected HLB Group Numbers

Hydrophilic Group Group Number Lipophilic Group Group Number
-SO; Nat 38.7 -CH- 0.475
-COO- H* 21.2 -CH,- 0.475
Tertiary amine 9.4 —CH;, 0.475
Sorbitan ester 6.8 -CH= 0.475
Glyceryl ester 5.25
-COOH 2.1
-OH 1.9
-O- 1.3
—(CH,~CH,-O)- 0.33

Source: Adapted from Bergenstahl (1997), Friberg (1997), and Stauffer (1999).
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Table 4.6 Approximate HLB Numbers of Some Commonly
Used Food Surfactants

Surfactant Name HLB Number

Sodium lauryl sulfate 40
Sodium stearoyl lactylate 22
Potassium oleate 20
Sucrose monoester 20
Sodium oleate 18
Polyoxyethylene (20) sorbitan monopalmitate 15.6
Polyoxyethylene (20) sorbitan monooleate 15.0
Sucrose monolaurate 15.0
Polyoxyethylene (20) sorbitan monostearate 14.9
Decaglycerol monooleate 14
Decaglycerol monostearate 14
Ethoxylated monoglyceride 13
Decaglycerol dioleate 12
Polyoxyethylene (20) sorbitan tristearate 11
Polyoxyethylene (20) sorbitan trioleate 10.5
Hexaglycerol dioleate 9
Sorbitan monolaurate 8.6
DATEM 8
Soy lecithin 8
Decaglycerol hexaoleate 7
Triglycerol monostearate 7
Sorbitan monopalmitate 6.7
Glycerol monolaurate 5.2
Calcium stearoyl lactylate 5.1
Sucrose trimester 5
Sorbitan monostearate 4.7
Propylene glycol monolaurate 4.5
Sorbitan monooleate 43
Glycerol monostearate 3.8
Glycerol monoleate 34
Propylene glycol monostearate 34
Sorbitan tristearate 2.1
Sorbitan trioleate 1.8
Glyerol dioleate 1.8
ACETEM 1.5
Oleic acid 1.0

Source: Compiled from various sources.

surface activity that it does not accumulate appreciably at the droplet surface and therefore
does not provide protection against coalescence. At intermediate HLB numbers (7-9),
emulsions are unstable to coalescence because the interfacial tension is so low that very
little free energy is required to disrupt the membrane. Empirical observations suggest that
maximum emulsion stability is obtained for O/W emulsions using surfactants with a HLB
number around 10-12, and for W/O emulsions around 3-5. This is because the surfactants
are surface-active, but do not lower the interfacial tension so much that the droplets are
easily disrupted. Under certain circumstances, it is possible to adjust the “effective” HLB
number by using a combination of two or more surfactants with different HLB numbers
(Becher, 1957; Stauffer, 1999). Surfactant blends are often used in the food industry to
improve the overall functionality of surfactant systems in commercial products.
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Table 4.7 Comparison of Functional Attributes of Different General Classes of Emulsifiers

Emulsion  Usage Level pH Salt Temperature
Chemical Name  Solubility Type (8/800) Stability Stability Stability
Surfactants
Nonionic (low Oil W/0O ~0.05 Good Good —
HLB)
Nonionic (high Water O/W ~0.05 Good Good Poor at T ~
HLB) PIT
Ionic Water Oo/W ~0.05 Good PooratI PooratT ~
>CFC PIT
Proteins
Water O/W ~0.05 Poor at PooratI  PooratT >
IEP >CFC T,
Polysaccharides
Water O/W ~1-1.5 Good Good Good

Note: It should be stressed that the behavior of a specific emulsifier may be different from these general
characteristics, and the reader is referred to the text for additional information about the behavior of the
different emulsifiers. The symbols in the table are PIT = phase inversion temperature; T, = thermal
denaturation temperature; IEP = isoelectric point; I = ionic strength; and CFC = critical flocculation
concentration.

One of the major drawbacks of the HLB concept is that it does not take into account
the fact that the functional properties of a surfactant molecule are altered significantly by
changes in temperature or solution conditions (Davis, 1994b, Binks, 1998). Thus, a surfac-
tant may be capable of stabilizing O/W emulsions at one temperature, but W/O emulsions
at another temperature, even though it has exactly the same chemical structure. The HLB
concept could be extended to include temperature effects by determining the group num-
bers as a function of temperature, although this would be a rather tedious and time-
consuming task. Another limitation is that the optimum HLB number required for a
surfactant to create a stable emulsion often depends on the oil type. Hence, the optimum
“required” HLB number has to be empirically established for different kinds of oil.

4.4.1.3.3 Molecular geometry and the phase inversion temperature (PIT). The molecu-
lar geometry of a surfactant molecule can be described by a packing parameter, p
(Israelachvili, 1992, 1994; Kabalanov and Wennerstrom, 1996):

p=1- (4.8)

where v and [ are the volume and length of the hydrophobic tail, and a, is the cross-
sectional area of the hydrophilic head group (Figure 4.17). When surfactant molecules
associate with each other, they tend to form monolayers that have a curvature that allows
the most efficient packing of the molecules. At this optimum curvature the monolayer has
its lowest free energy, and any deviation from this curvature requires the expenditure of
free energy. The optimum curvature (H;) of a monolayer depends on the packing param-
eter of the surfactant: for p = 1, monolayers with zero curvature (H, = 0) are preferred; for
p <1, the optimum curvature is convex (H, < 0); and, for p >1 the optimum curvature is
concave (H, > 0) (Figure 4.17). Simple geometrical considerations indicate that spherical
micelles are formed when p is less than 1/3, nonspherical micelles when p is between 1/3
and 1/2, and bilayers when p is between 1/2 and 1 (Israelachvili, 1992, 1994). Above a
certain concentration bilayers join-up to form vesicles because energetically unfavorable
end-effects can be eliminated. At values of p greater than 1 reverse micelles are formed,
in which the hydrophilic head groups are located in the interior (away from the oil), and
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Figure 4.17 The physicochemical properties of surfactants can be related to their molecular geometry.

the hydrophobic tail groups are located at the exterior (in contact with the oil) (Figure 4.14).
The packing parameter therefore gives a useful indication of the type of association colloid
that a surfactant molecule forms in solution.

The packing parameter is also useful because it accounts for the temperature depen-
dence of the physicochemical properties of surfactant solutions and of emulsions
(Kabalanov and Wennerstrom, 1996; Kabalanov, 1999). The temperature at which a sur-
factant solution converts from a micellar to a reverse-micellar system or an O/W emulsion
changes to a W/O emulsion is known as the PIT (Shinoda and Kunieda, 1983; Shinoda
and Friberg, 1986). Consider what happens when an emulsion that is stabilized by a
surfactant is heated (Figure 4.18). At temperatures well below the PIT (=20°C), the packing
parameter is significantly less than unity, and so a system that consists of an O /W emulsion
in equilibrium with a swollen micellar solution is favored. As the temperature is raised,
the hydrophilic head groups of the surfactant molecules become progressively dehydrated,
which causes p to increase toward unity. Thus, the emulsion droplets become more prone
to coalescence and the swollen micelles grow in size. At the phase inversion temperature,
p =1, the emulsion breaks down because the droplets have an ultralow interfacial tension
and therefore readily coalesce with each other (Aveyard et al., 1990; Kabalanov and Weers,
1996). The resulting system consists of excess oil and excess water (containing some
surfactant monomers), separated by a third phase that contains surfactant molecules
organized into bilayer structures. At temperatures sufficiently greater than the PIT (=20°C),
the packing parameter is much larger than unity, and the formation of a system that
consists of a W/O emulsion in equilibrium with swollen reverse micelles is favored. A
further increase in temperature leads to a decrease in the size of the reverse micelles and
in the amount of water solubilized within them. The method of categorizing surfactant
molecules according to their molecular geometry is now widely accepted as the most
useful means of determining the type of emulsions they tend to stabilize (Kabalanov and
Wennerstrom, 1996; Binks, 1998).

4.4.1.3.4 Other factors. The classification schemes mentioned above provide infor-
mation about the type of emulsion that a surfactant tends to stabilize (i.e., O/W or W/O),
but they do not provide much insight into the size of the droplets that are formed during
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Figure 4.18 The phase inversion temperature occurs when the optimum curvature of a surfactant
monolayer is zero.

homogenization, the amount of surfactant required to form a stable emulsion, or the
stability of the emulsion droplets once formed. In choosing a surfactant for a particular
application these factors must also be considered. The speed at which a surfactant adsorbs
to the surface of the emulsion droplets produced during homogenization determines the
minimum droplet size that can be produced: the faster the adsorption rate, the smaller
the size (Chapters 5 and 6). The amount of surfactant required to stabilize an emulsion
depends on the total surface area of the droplets, the surface area covered per unit mass
of surfactant, and the binding affinity for the interface (Chapters 5 and 6). The magnitude
and range of the repulsive interactions generated by an interfacial surfactant layer, as well
as its viscoelasticity, determine the stability of emulsion droplets to aggregation (Chapters
3 and 7).

4.41.4 Common food-grade surfactants
The properties of a number of food-grade surfactants commonly used in the food industry
are briefly discussed below and summarized in Tables 4.6 and 4.7. Water-soluble surfac-
tants with relatively high HLB numbers (10-18) are normally used to stabilize O/W
emulsions, such as beverages, dressings, deserts, and coffee whiteners. Nevertheless, they
are also used to displace proteins from the surfaces of protein-stabilized fat droplets during
the production of ice creams, whipped creams, and toppings (Krog, 1997; Faergemand
and Krog, 2003; Krog and Sparso, 2004). Water-soluble surfactants may also bind to
proteins or polysaccharides and modify their functional properties. Oil-soluble surfactants
with relatively low HLB numbers (3-6) are often used to stabilize W/O emulsions, such
as margarines and spreads. They are also used to inhibit fat crystallization in some O/W
emulsions, since this improves the stability of the food product to refrigeration conditions,
for example, dressings (Garti and Yano, 2001). Oil-soluble surfactants can also be used in
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conjunction with water-soluble surfactants to facilitate protein displacement from fat
droplets during the production of ice creams, whipped creams, and toppings (Faergemand
and Krog, 2003). Surfactants with intermediate HLB numbers (6-9) have a poor solubility
in both oil and water phases and are not particularly good emulsifiers when used in
isolation. Nevertheless, their emulsification properties can be improved by using them in
combination with other surfactants.

As mentioned earlier, most surfactants do not consist of an individual molecular
species, but consist of a complex mixture of different types of molecular species. Some of
the impurities in surfactant mixtures may adversely affect the physical or chemical stability
of emulsions, for example, peroxides in nonionic surfactants can affect lipid oxidation
(Nuchi et al., 2001). Hence, it may be necessary to ensure that a surfactant is of a reliable
high purity and quality before it is used to prepare a product.

4.4.1.4.1 Monoglycerides. The term “monoglycerides” is commonly used to describe
a series of surfactants produced by interesterification of fats or oils with glycerol (Faergemand
and Krog, 2003). This procedure produces a complex mixture of monoacylglycerides, dia-
cylglycerides, triacylglycerides, glycerol, and free fatty acids, which is often referred to as
“monodiglycerides.” The monoacylglyceride fraction can be effectively separated (>90%
purity) from the other fractions by molecular distillation to produce a more pure “distilled
monoglyceride” ingredient. Distilled monoglycerides are available with hydrocarbon chains
of differing lengths and degrees of unsaturation. Generally, monoglycerides are nonionic oil-
soluble surfactants with relatively low HLB numbers (~2-5).

4.4.1.4.2 Organic acid esters of monoglycerides. Monoglycerides can be esterified
with a variety of organic acids (e.g., acetic, citric, diacetyl tartaric, and lactic acids) to
form surfactants with different functional properties (Faergemand and Krog, 2003).
Organic acids can be esterified to either one or both of the free hydroxyl groups on the
monoglycerides. The most common examples of this type of surfactant are acetylated
monoglycerides (ACETEM), lactylated monoglycerides (LACTEM), diacetyl tartaric
acid monoglycerides (DATEM), and citric acid esters of monoglycerides (CITREM). Each
of these surfactants is available with hydrocarbon chains of differing lengths and
degrees of unsaturation. ACETEM and LACTEM are nonionic oil-soluble surfactants
with low HLB numbers, whereas DATEM and CITREM are anionic water-dispersible
surfactants with intermediate or high HLB numbers.

4.4.1.4.3 Polyol esters of fatty acids. Surfactants with different functional character-
istics can be produced by esterification of polyols with fatty acids (Faergemand and Krog,
2003). The type of polyol and fatty acids used to prepare the surfactant determine its
functional characteristics. The polyols that are most commonly esterified with fatty acids
are polyglycerol, propylene glycol, sorbitan, polyoxyethylene sorbitan, and sucrose. The
fatty acids used to prepare these types of surfactants may vary in chain length (typically
12-18 carbon atoms) and degree of unsaturation. The solubility and functional properties
of polyol esters of fatty acids depend on the relative sizes of the hydrophilic and lipophilic
parts of the molecules. Surfactants with large polyol head groups tend to be water dis-
persible and have high HLB numbers (e.g., polyglycerol and polyoxyethylene sorbitan
esters), whereas those with small polyol head groups tend to be oil soluble and have low
HLB numbers (e.g., propylene glycol esters). The ratio of hydrophilic to lipophilic groups
can be varied appreciably within some series of polyol esters of fatty acids by changing
the size of the polyol group, which leads to both oil-soluble and water-dispersible surfac-
tants being present in the same series, for example, sucrose esters. Sorbitan esters of fatty
acids are one of the most commonly used oil-soluble nonionic surfactants, which are often
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sold under the trade name “Span™.” On the other hand, polyoxyethylene sorbitan esters
are one of the most commonly used water-dispersible nonionic surfactants, which are
often sold under the trade names of “Polysorbate™” or “Tween™.” These oil-soluble and
water-soluble surfactants are often used in combination to improve the overall stability
of emulsions.

4.4.1.4.4 Stearoyl lactylate salts. Surfactants can be produced by esterification of
lactic acid with fatty acids in the presence of either sodium or calcium hydroxide
(Faergemand and Krog, 2003). Sodium stearoyl lactyate (SSL) is an anionic water-
dispersible surfactant with an intermediate HLB number, whereas calcium stearoyl
lactylate (CSL) is an anionic oil-soluble surfactant with a low HLB number (Table 4.6).
Commercial SSL ingredients often contain a significant fraction of free fatty acids, which
limits their water solubility at pH values below 4 or 5 (Krog, 1997).

4.4.1.4.5 Lecithin. Lecithins are naturally occurring surface-active molecules that
can be extracted from a variety of sources, including soybeans, rapeseed, and egg
(Faergemand and Krog, 2003). Soy lecithin is the most widely used surfactant ingredient
in the food industry since it can be economically extracted during the processing of crude
soybean oil (Stauffer, 1999). The egg lecithin found in egg yolk is believed to play an
important role in stabilizing mayonnaise and salad dressing, but it is too expensive to be
extracted as a specialized surfactant ingredient (Stauffer, 1999). Natural lecithins contain
a complex mixture of different types of phospholipids and other lipids, although they can
be fractionated to form more pure ingredients that are enriched with particular fractions.
The most common phospholipids in lecithin are phosphatidylcholin (PC), phosphotidylet-
anolamine (PE), and phosphatidylinositol (PI) (Faergemand and Krog, 2003). The hydro-
philic head groups of these molecules are either anionic (PI) or zwitterionic (PC and PE),
while the lipophilic tail groups consist of two fatty acids. Natural lecithin has intermediate
solubility characteristics and HLB numbers (~8), which means that it is not particularly
suitable for stabilizing either O/W or W/O emulsions when used in isolation, but it may
be effective when used in combination with other surfactants. In addition, lecithin can be
chemically or enzymatically hydrolyzed to break off one of the hydrocarbon tails to
produce more hydrophilic surfactants that are capable of stabilizing O/W emulsions
(Krog, 1997).

4.4.2 Amphiphilic biopolymers

4.4.2.1 Molecular characteristics

Proteins and polysaccharides are both naturally occurring polymers. Proteins are polymers
of amino acids, whereas polysaccharides are polymers of monosaccharides (McGregor
and Greenwood, 1980; Creighton, 1993; Lehninger et al., 1993; Damodaran, 1996; BeMiller
and Whistler, 1996; Bergethon, 1998). The functional properties of food biopolymers (e.g.,
solubility, surface activity, thickening, and gelation) are ultimately determined by their
molecular characteristics (e.g., molecular weight, conformation, flexibility, polarity, hydro-
phobicity, and interactions). These molecular characteristics are determined by the type,
number, and sequence of the monomers that make up the polymer chain (Bergethon, 1998;
Norde, 2003; Walstra, 2003a). Monomers vary according to their polarity (ionic, polar,
nonpolar, or amphiphilic), physical dimensions, molecular interactions, and reactive
groups (Creighton, 1993; Lehninger, et al., 1993). If a biopolymer contains only one type
of monomer it is referred to as a homopolymer (e.g., amylose or cellulose), but if it contains
different types of monomers it is referred to as a heteropolymer (e.g., gum arabic, pectin,
and all proteins).
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Figure 4.19 Biopolymers can adopt a number of different conformations in solution depending on
their molecular structure. These can be conveniently categorized as random coil, rod-like, and
globular.

Both proteins and polysaccharides have covalent linkages between the monomers
around which the polymer chain can rotate at certain well-defined angles. The fact that
biopolymers contain relatively large numbers of monomers (typically between 20 and
20,000) and that rotation around the links in the chain is possible, means that they can
potentially take up a huge number of different configurations in solution. In practice,
biopolymers tend to adopt fairly well-defined conformations in an attempt to minimize
the free energy of the system under the prevailing environmental conditions. This confor-
mation is determined by a delicate balance of physicochemical phenomena, including
hydrophobic interactions, electrostatic interactions, hydrogen bonding, van der Waals
forces, and configurational entropy (Chapter 2). It should be stressed that most foods are
actually nonequilibrium systems, and so a biopolymer may be trapped in a metastable
state, because there is a large activation energy preventing it from reaching the most
thermodynamically stable state. The configurations that biopolymer chains tend to adopt
in aqueous solutions can be conveniently divided into three categories: globular, rod-like,
or random coil (Figure 4.19). Globular biopolymers have fairly rigid compact structures,
rod-like biopolymers have fairly rigid extended structures (often helical), and random-
coil biopolymers have highly dynamic and flexible structures. Biopolymers can also be
classified according to the degree of branching of the chain (Lehninger et al., 1993). Most
proteins have linear chains, whereas polysaccharides can have either linear (e.g., amylose)
or branched (e.g., amylopectin) chains. In practice, many biopolymers do not have exclu-
sively one type of conformation, but have some regions that are random coil, some that
are rod-like, and some that are globular. It should also be noted that biopolymers in
solution may be present as individual molecules or they may be present as supramolecular
structures where they are associated with one or more molecules of the same or different
kind. Finally, it should be mentioned that biopolymers may undergo transitions from one
conformation to another, or from one aggregation state to another, if their environment is
altered, for example, pH, ionic strength, solvent composition, or temperature. The confor-
mation and aggregation state of biopolymers play a major role in determining their
functional attributes, and so it is usually important that food scientists are aware of the
molecular characteristics of the biopolymers present in each particular food emulsion.

4.4.2.2 Interfacial activity and emulsion stabilization
Usually, amphiphilic biopolymers must be fully dispersed and dissolved in an aqueous
solution before they are capable of exhibiting their desirable emulsifying properties
(Damodaran, 1996, McClements, 2002c). Solvation of biopolymer ingredients prior to
homogenization is therefore an important step in the formation of many food emulsions.
This process usually involves a number of stages, including dispersion, wetting, swell-
ing, and dissolution. The effectiveness and rate of dissolution depends on many factors,
including the nature of the ingredient (e.g., liquid, powder, or granules), biopolymer
type and conformation, pH, ionic strength, temperature and composition of the aqueous
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phase, as well as the application of shearing forces. Generally, factors that favor
biopolymer—biopolymer interactions tend to oppose good dissolution, whereas factors
that favor biopolymer-solvent interactions tend to promote good dissolution. These
factors are primarily governed by the nature of the molecular interactions that dominate
in the particular system, which depends strongly on biopolymer type and solvent
composition. Discussions of the major factors that influence the dissolution of proteins
and polysaccharides are given elsewhere (Brady, 1989; Dickinson and McClements, 1995;
BeMiller and Whistler, 1996, Damodaran, 1996, McClements, 2002¢).

After a biopolymer ingredient has been adequately dissolved in the aqueous phase it
is important to ensure that the solution and environmental conditions (e.g., pH, ionic
strength, temperature, and solvent composition) will not promote droplet aggregation
during homogenization or after the emulsion is formed. For example, it is difficult to
produce protein-stabilized emulsions at pH values close to the isoelectric point of the
proteins or at high salt concentrations, because the electrostatic repulsion between the
droplets is insufficient to prevent droplet aggregation once the emulsions are formed.

The interfacial activity of many biopolymers is due to the fact that they have both
hydrophilic and lipophilic regions distributed along their backbones. For example, most
proteins have significant numbers of exposed nonpolar amino acid side groups (Damodaran,
1996), whereas some polysaccharides have nonpolar side chains attached to their polar
backbones (Dickinson, 2003). The major driving force for adsorption of these amphiphilic
biopolymers to oil-water interfaces is therefore the hydrophobic effect. When the biopolymer
is dispersed in an aqueous phase some of the nonpolar groups are in contact with water,
which is thermodynamically unfavorable because of hydrophobic interactions (Section 4.3).
When a biopolymer adsorbs to an interface it can adopt a conformation where the nonpolar
groups are located in the oil phase (away from the water) and the hydrophilic groups are
located in the aqueous phase (in contact with the water). Adsorption also reduces the contact
area between the oil and water molecules at the oil-water interface, which lowers the
interfacial tension (Chapter 5). Both of these factors favor the adsorption of amphiphilic
biopolymers to oil-water interfaces. The conformation that a biopolymer adopts at an inter-
face, and the physicochemical properties of the membrane formed, depend on its molecular
structure and interactions (Das and Kinsella, 1990; Dickinson, 1992; Dalgleish, 1989, 1995,
1996a,b; Damodaran, 1996; Norde, 2003). Flexible random-coil biopolymers adopt an
arrangement where the predominantly nonpolar segments protrude into the oil phase, the
predominantly polar segments protrude into the aqueous phase, and the neutral regions lie
flat against the interface (Figure 4.20). The membranes formed by these types of molecules
tend to be relatively open, thick, and of low viscoelasticity. Globular biopolymers (usually
proteins) adsorb to an interface so that the predominantly nonpolar regions on the surface
of the molecule face the oil phase, while the predominantly polar regions face the aqueous
phase, and so they tend to have a particular orientation at an interface (Figure 4.20). Once
they have adsorbed to an interface, biopolymers often undergo structural rearrangements
so that they can maximize the number of contacts between nonpolar groups and oil (Norde,
2003). Random-coil biopolymers are relatively flexible molecules and can therefore rearrange
their structures fairly rapidly, whereas globular biopolymers are more rigid molecules and
therefore rearrange more slowly. The unfolding of a globular protein at an interface often
exposes amino acids that were originally located in the hydrophobic interior of the molecule,
which can lead to enhanced interactions with neighboring protein molecules through hydro-
phobic attraction or disulfide bond formation (Dickinson and Matsumura, 1991; McClements
et al., 1993d). Consequently, globular proteins tend to form relatively thin and compact
membranes that have high viscoelasticities (Dickinson, 1992). This may account for the fact
that membranes formed by globular proteins are more resistant to rupture than those formed
by more random-coil proteins.
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Figure 4.20 The structure of the interfacial membrane depends on the molecular structure and
interactions of the surface-active molecules.

To be effective emulsifiers, biopolymers must rapidly adsorb to the surface of the
emulsion droplets created during homogenization, and then form an interfacial membrane
that prevents the droplets from aggregating with one another (Chapter 6). The interfacial
membranes formed by biopolymers can stabilize emulsion droplets against aggregation
by a variety of different mechanisms, for example, steric, electrostatic, and hydration
repulsion. The stabilizing mechanism that dominates in a particular system is largely
determined by the characteristics of the interfacial membrane formed, for example, thick-
ness, electrical charge, internal packing, exposed reactive groups. The dominant stabilizing
mechanism operating in a particular emulsion determines the sensitivity of the system to
droplet aggregation under different solution and environmental conditions, for example,
pH, ionic strength, temperature, solvent quality. In the following sections, we will describe
and compare the interfacial properties and emulsion stabilizing abilities of proteins and
polysaccharides commonly used as food emulsifiers.

4.4.2.3 Common biopolymer food emulsifiers

Many food emulsions are stabilized by surface-active biopolymers that adsorb to droplet
surfaces and form protective membranes. Some of these functional biopolymers are inte-
gral components of more complex food ingredients used in food manufacture (e.g., milk,
eggs, meat, fish, and flour), whereas others have been isolated from their normal environ-
ments and possibly modified before being sold as specialty ingredients (e.g., protein
concentrates or isolates, hydrocolloid emulsifiers). In this section, we will focus primarily
on those surface-active biopolymers that are sold as functional ingredients specifically
designed for use as emulsifiers in foods. In addition, we will focus on the ability of
biopolymers to create stable O/W emulsions, rather than on their interfacial activity, since
the former is more relevant to their application as emulsifiers in the food industry. This
point can be clearly illustrated by considering the interfacial characteristics of globular
proteins near their isoelectric point. Globular proteins are capable of rapidly adsorbing to
oil-water interfaces and forming thick viscoelastic membranes near their isoelectric points,
but they will not form stable emulsions because the electrostatic repulsion between the
droplets is insufficient to prevent droplet aggregation.

4.4.2.3.1 Proteins. The interfacial membranes formed by proteins are usually rel-
atively thin and electrically charged, hence the major mechanism preventing droplet
flocculation in protein-stabilized emulsions is electrostatic repulsion (Dickinson and
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McClements, 1995; Claesson et al., 2004). Consequently, protein-stabilized emulsions are
particularly sensitive to pH and ionic strength effects, and will tend to flocculate at pH
values close to the isoelectric point of the adsorbed proteins and when the ionic strength
exceeds a certain level. Emulsions stabilized by globular proteins are also particularly
sensitive to thermal treatments, because these proteins unfold when the temperature
exceeds a critical value exposing reactive nonpolar and sulthydryl groups. These reactive
groups increase the attractive interactions between droplets, which may lead to droplet
flocculation. It should be noted that a number of methods have been developed to attempt
to improve the emulsifying properties of protein ingredients, including limited hydrolysis
to form peptides, modification of protein structure by chemical, physical, enzymatic, or
genetic means, and blending of the proteins with other ingredients, although not all of
these processes are currently legally allowed.

Milk proteins.  Protein ingredients isolated from bovine milk are used as emulsifiers
in a wide variety of emulsion-based food products, including beverages, frozen desserts,
ice creams, sports supplements, infant formula, and salad dressings. Milk proteins can be
conveniently divided into two major categories (Swaisgood, 1996): caseins (~80 wt%) and
whey proteins (~20 wt%). Casein and whey protein fractions can be separated from each
other by causing the casein to precipitate from solution (the curd) and leaving the whey
proteins in solution (the whey). Casein precipitation can be achieved by adjusting the pH
close to the isoelectric point (~4.6) of the caseins or by adding an enzyme called rennet
that cleaves the hydrophilic fraction of casein that is normally responsible for stabilizing
casein micelles. If isoelectric precipitation is used the separated fractions are called “acid
casein” and “acid whey,” whereas if enzyme precipitation is used the separated fractions
are called “rennet casein” and “sweet whey.” The fractions separated using these two
processes have different compositions, and therefore ingredients produced from them may
have different functional properties. Curd formation is a critical step in the creation of
cheese, and there are large quantities of whey remaining from this process that can be
used to make functional whey protein ingredients. A variety of milk protein ingredients
are available for usage as emulsifiers in foods, including whole milk, whey proteins, and
caseins. These ingredients are usually sold in a powdered form, which is light cream to
white in appearance and has a bland flavor. These powders are normally available in the
form of protein concentrates (25-80% protein) or protein isolates (>90% protein). It should
be noted that there are a relatively large number of different kinds of proteins in both
casein and whey (see below), and that it is possible to fractionate these proteins into
individual purified fractions. Purified fractions are normally too expensive to be used as
emulsifying ingredients in the food industry, but they are frequently used in research
studies because they facilitate the development of a more fundamental understanding of
protein functionality in emulsions.

There are four main protein fractions in casein: oy; (~44%), o, (~11%), B (~32%), and
K (~11%) (Swaisgood, 1996; Oakenfull, et al., 1997). In general, these molecules have
relatively random and flexible structures in solution, although they do have a limited
amount of secondary and tertiary structure (Caessens, et al., 1999). The caseins also have
some regions that are highly nonpolar and others that are highly charged, which plays a
major role in determining their molecular and functional properties in foods (Dalgleish,
1997b). In their natural state, the caseins tend to exist as complex molecular clusters called
“micelles” that are typically between 50 and 250 nm in diameter and are partly held
together by mineral ions (such as calcium phosphate). In commercial ingredients, caseins
may also be present in a number of other sorts of molecular cluster depending on the way
that the proteins were isolated, for example, sodium caseinate, calcium caseinate, acid
casein, rennet casein (Dalgleish, 1997b).
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Caseinate-stabilized emulsions have been shown to be unstable to droplet flocculation
at pH values (3.5-5.3) close to the protein’s isoelectric point (Agboola and Dalgleish, 1996d)
and at relatively high ionic strengths (Agboola and Dalgleish, 1996a; Dickinson and
Davies, 1999; Schokker and Dalgleish, 2000; Srinivasan et al., 2000; Ye and Singh, 2001).
Caseinate-stabilized emulsions tend to be more stable to heating than whey protein-
stabilized emulsions, presumably because the relatively flexible casein molecules do not
undergo appreciable heat-induced conformational changes like globular proteins do (Hunt
and Dalgleish, 1995; Srinivasan et al., 2002). It should be noted that sufficiently high
concentrations of nonadsorbed caseinate can promote emulsion instability through a
depletion flocculation mechanism (Dickinson and Golding, 1997b; Srinivasan et al., 2002).
The caseinate concentration where depletion flocculation occurs depends on the size of
the nonadsorbed caseinate aggregates, which is governed by factors such as solution
composition and environmental conditions (Dickinson and Golding, 1997b; Srinivasan
et al., 2002).

Whey protein is also a complex mixture of different individual proteins, with the most
common being B-lactoglobulin (~55%), o-lactalbumin (~24%), serum albumin (~5%), and
immunoglobulins (~15%) (Swaisgood, 1996). Normally, B-lactoglobulin dominates the
functional characteristics of whey proteins because of its relatively high concentration and
unique physicochemical properties. Whey protein-stabilized emulsions tend to flocculate
at pH values (~4-5.5) close to their isoelectric point (IEP ~5) (Demetriades et al., 1997a),
at high salt concentrations (Agboola and Dalgleish, 1995; Hunt and Dalgleish, 1995;
Demetriades et al., 1997a, Kulmyrzaev et al., 2000a,b), and on heating above the thermal
denaturation temperature of the adsorbed proteins in the presence of salt (Monahan et al.,
1996; Demetriades and McClements, 1998; Kim et al., 2002b). Users of whey protein
emulsifiers in the food industry have reported that large variations in their functional
properties can occur from batch-to-batch, which has been attributed to the presence of
mineral impurities and partial denaturation of the proteins during their isolation. Prefer-
ential adsorption and competitive displacement of milk proteins with each other and with
other types of emulsifiers have been widely studied (Corthaudon et al., 1991a-d;
Dickinson, 1992, 2001; Dickinson and Iveson, 1993; Dalgleish, 1997a,b; Brun and Dalgleish,
1999).

Meat and fish proteins. Meat and fish contain a number of proteins that are surface-
active and capable of stabilizing emulsions, for example, gelatin, myosin, actomyosin,
sarcoplasmic proteins, and actin (Cofrades et al., 1996; Tornberg et al., 1997; Xiong, 1997).
Many of these proteins play an important role in stabilizing meat emulsions, that is,
products formed by blending or homogenizing fat, meat, and other ingredients. Emulsion
stabilization is partly due to their ability to adsorb to the oil-water interface and partly
due to their ability to increase the aqueous phase viscosity or to form a gel in the aqueous
phase (Tornberg et al., 1997). Gelatin is one of the few proteins that have been isolated
from meat and fish and sold commercially as a functional emulsifier ingredient. Gelatin
is a relatively high molecular weight protein derived from animal collagen, for example,
pig, cow, or fish. Gelatin is prepared by hydrolyzing collagen by boiling in the presence
of acid (Type A gelatin) or alkaline (Type B gelatin). The IEP of Type A gelatin (~7-9)
tends to be higher than that of Type B gelatin (~5). Gelatin exists as a random-coil molecule
at relatively high temperatures, but undergoes a coil-helix transition on cooling below a
critical temperature, which is about 10-25°C for pig and cow gelatin and about 0-5°C for
fish gelatin (Leunberger, 1991). Gelatin has been shown to be surface-active and capable
of acting as an emulsifier in O/W emulsions (Muller and Hermel, 1994; Lobo, 2002).
Nevertheless, when used on its own gelatin often produces relatively large droplet sizes
during homogenization (Dickinson and Lopez, 2001; Lobo, 2002), so that it has to be
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hydrophobically modified by attachment of nonpolar side groups (Toledano and
Magdassi, 1998) or used in conjunction with anionic surfactants to improve its effectiveness
as an emulsifier (Muller and Hermel, 1994; Olijve et al., 2001). Research has been carried
out to establish the ability of various other protein fractions of fish and meat muscle to
act as emulsifiers (Galluzzo and Regenstein, 1978a,b, Huber and Regenstein, 1988;
Tornberg et al., 1997; Huidobro et al., 1998). The ultimate objective of this work is to be
able to convert waste products from fish and meat production into value-added functional
ingredients for use as emulsifiers in foods. Nevertheless, there are currently few examples
of functional ingredients derived from fish or meat products (other than gelatin) designed
especially as emulsifiers.

Egg proteins. Both egg yolk and egg white contain a mixture of protein and non-
protein components that are surface-active (Mine, 1998a,b, 2002; Anton et al., 2001; Azzam
and Omari, 2002). Egg ingredients can be purchased in a variety of different forms for
usage in food emulsions, including fresh egg yolks, frozen egg yolks, dried egg yolks,
fresh whole eggs, frozen whole eggs, and dried whole eggs. Different egg ingredients are
usually prepared using different processing treatments, which often influence their effec-
tiveness at stabilizing emulsions (Paraskevopoulou et al., 1999; Anton et al., 2000a,b;
Guerrero et al., 2000; Moros et al., 2002a,b). In the food industry, egg white is more
commonly used for stabilizing foams, whereas egg yolk is more commonly used for
stabilizing emulsions (Le Denmat et al., 2000; Anton et al., 2001; Mine, 2002; Moros et al.,
2002a,b). Nevertheless, a number of studies have shown that egg white proteins can be
used to stable O/W emulsions (Mine et al., 1991; Galazka et al., 2000). Egg yolk is widely
used as an emulsifier in the production of mayonnaise, salad dressings, sauces, and cake
batters (Mine, 1998a,b, 2002; Anton et al., 2001, 2002). The effectiveness of whole egg yolk
and its individual constituents (plasma and granules) at forming O/W emulsions using
a high-speed blender has been investigated (Mine, 1998a,b, 2002). Measurements of the
mean particle diameter of the emulsions showed that plasma (mainly low density lipo-
protein [LDL] and livetin) produced the smallest particles, followed by whole egg yolk,
followed by granules (mainly high density lipoprotein [HDL] and phosvitin). Recently it
has been demonstrated that LDL is the main contributor to the emulsifying properties of
the plasma constituents (Mine, 2002; Martinet et al., 2003). The mean particle diameter of
emulsions stabilized by egg yolk decreased from pH 3 to 9, suggesting that egg yolk was
more efficient at forming emulsions at higher pH values. Studies of the ability of whole
egg yolk, plasma, and granules to stabilize O/W emulsions prepared using a high-pressure
valve homogenizer have also been carried out (Le Denmat et al., 1999, 2000). These
researchers found that the main contributors to egg yolk functionality as an emulsion
stabilizer were the plasma constituents, rather than the granules. Emulsions stabilized by
egg yolk were found to be stable to droplet flocculation at pH 3 at relatively low salt
concentrations (150 mM NaCl), but unstable to flocculation at pH 3 at high salt concen-
trations (550 mM NacCl), and at pH 7 (150 and 550 mM NacCl) (Anton et al., 2002). The
instability of these emulsions was attributed to depletion, bridging, and electrostatic
screening effects. It therefore seems that egg yolk is better at forming emulsions at high
pH (Mine, 1998a,b), but stabilizing emulsions at low pH (Anton et al., 2002). Understand-
ing the influence of pH and salt concentration on the stability of egg yolk stabilized
emulsions is often complicated because these factors influence the solubility and structural
organization of the protein molecules, as well as the interactions between the emulsion
droplets (Anton and Gandemer, 1999). Like other globular proteins, the proteins in eggs
will unfold and aggregate on heating above their thermal denaturation temperature, which
influences the stability and rheological properties of emulsions (Le Denmet et al., 1999;
Moros et al., 2002a,b). Emulsions stabilized by egg yolk have been shown to have poor
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stability to freeze-thaw cycling (Mine, 1995). Preferential adsorption and competitive
displacement of egg yolk proteins with each other and with other types of emulsifiers
have been reviewed (Mine, 2002).

Plant proteins. Surface-active proteins can be extracted from a variety of plant
sources, including legumes and cereals (Tornberg et al., 1997). A considerable amount of
research has been carried out to establish the ability of these proteins to stabilize emul-
sions, and whether they could be made into commercially viable value-added ingredients
for usage as emulsifiers in foods (Akintayo et al., 1998; Franco et al., 1998b; Wu et al.,
1998; Webb et al., 2002). One of the most widely studied proteins extracted from a plant
source is soy protein, which is commercially available as a protein concentrate or isolate
(Molina et al., 2001; Floury et al., 2002; Khatib et al., 2002; Roesch and Corredig, 2002a,b;
Hu et al., 2003; Saito et al., 2003). Soy protein ingredients are a complex mixture of many
individual protein fractions with different molecular and functional characteristics, for
example, 25, 7S, 115, and 15S fractions (Utsumi et al., 1997; Tornberg et al., 1997; Liu
et al., 1999). In addition, each of these fractions contains a mixture of different protein
subunits that also have different molecular and functional characteristics (Tornberg
et al., 1997).

Previous studies have shown that soy proteins can decrease the interfacial tension
between oil and water and therefore facilitate emulsion formation (Tornberg et al., 1997).
Researchers have shown that it is possible to form stable O/W emulsions using soy
proteins or their fractions as emulsifiers (Liu et al., 1999; Roesch and Corredig, 2002a,b).
Nevertheless, compared to the other sources of proteins mentioned earlier, there have
been far fewer systematic studies on the influence of environmental conditions (pH, ionic
strength, and temperature) on the stability of soy protein-stabilized emulsions. Emulsions
prepared using soy protein concentrates or isolates tend to be highly flocculated, possibly
because of bridging of the relatively large soy protein aggregates between droplets
(Tornberg et al., 1997). Consequently, soy proteins could be used to stabilize emulsions
where droplet creaming is not usually a problem, for example, food products with
relatively high droplet concentrations or high continuous phase viscosities. On the other
hand, soy protein ingredients may be unsuitable for stabilizing relatively dilute emulsions
where creaming would be accelerated by droplet flocculation. Nevertheless, researchers
are examining methods of improving the emulsifying properties of soy proteins by
fractionating them (Liu et al., 1999), by physically, chemically, enzymatically, or geneti-
cally modifying them (Tornberg et al., 1997; Molina et al., 2001; Floury et al., 2002) or by
using them in combination with other ingredients (Aoki et al., 1994).

4.4.2.3.2  Polysaccharides.

Gum arabic. Gum arabic is widely used as an emulsifier in the beverage industry
to stabilize cloud and flavor emulsions (Tan, 2004). It is derived from the natural exudate
of Acacia senegal, and consists of at least three high molecular weight biopolymer frac-
tions. The surface-active fraction is believed to consist of branched arabinogalactan blocks
attached to a polypeptide backbone (Phillips and Williams, 1995; Jayme et al., 1999;
Dickinson, 2003). The hydrophobic polypeptide chain is believed to anchor the molecules
to the droplet surface, while the hydrophilic arabinogalactan blocks extend into solution
(Phillips and Williams, 1995; Islam et al., 1997). The interfacial membrane formed by gum
arabic is believed to provide stability against droplet aggregation mainly through steric
repulsion, but with some contribution from electrostatic repulsion also (Jayme et al., 1999;
Chanamaiand McClements,2002). Theinfluence of a variety of processing conditions on gum
arabicfunctionalityhasbeenexamined (Buffoetal.,2001,2002; Buffoand Reineccius,2002). For
example, it has been shown that gum arabic stabilized emulsions remain stable to droplet



Emulsion ingredients 145

flocculation whenexposed to a widerange of conditions, forexample, pH (3-9), ionicstrength
(025 mM CaCl,), and thermal treatment (30-90°C) (Chanamai and McClements, 2002).
Nevertheless,gumarabichasarelativelylowaffinity foroil-waterinterfacescompared tomost
other surface-active biopolymers, which means that it has to be used at relatively high
concentrations to form stable emulsions. For example, as much as 20% gum arabic may be
requiredtoproduceastable12 wt%O/Wemulsion(TseandReineccius,1995). Forthisreason,
its application as an emulsifier is restricted to products that have relatively low droplet
concentrations,forexample beverageemulsions.Inaddition,therehavebeenfrequentproblems
associated with obtaining areliable source of consistently high quality gumarabic thathasled
manyfoodscientiststoinvestigatealternativesourcesobiopolymeremulsifiersforuseinbeverages
(Kim et al., 1996; Tan, 1998, 2004; Garti, 1999). Gum arabic has a high water-solubility and a
relativelylow-solutionviscosity compared toother gums,whichfacilitatesitsapplicationasan
emulsifier (Glicksman, 1983a—c).

Modified starches. Natural starches are hydrophilic molecules that have poor surface
activity. Nevertheless, they can be made into effective emulsifiers by chemically attaching
hydrophobic moieties along their backbones (Trubiano, 1995). These modified starches are
widely used as emulsifiers in the beverage industry. One of the most commonly used
modified starches is an octenyl succinate derivative of waxy-maize (Trubiano, 1995; Stauffer,
1999). It consists primarily of amylopectin that has been chemically modified to contain a
side group that is anionic and nonpolar. These side groups anchor the molecule to the oil
droplet surface, while the hydrophilic starch chains protrude into the aqueous phase and
protect droplets against aggregation through steric repulsion. Because the dominant sta-
bilizing mechanism is steric repulsion, emulsions stabilized by modified starch are resis-
tant to changes in pH (3-9), ionic strength (0-25 mM CaCl,), and temperature (30-90°C)
(Chanamai and McClements, 2002). Like gum arabic, modified starch has a relatively low
interfacial activity (compared to proteins or surfactants), and so a large excess must be added
to ensure that all the droplet surfaces are adequately coated. For example, it is recommended
that about 12% modified starch is required to produce a stable 12 wt% O/W emulsion (Tse
and Reineccius, 1995). Modified starches usually come in powdered or granular forms that
are easily dispersible in cold water.

Modified celluloses. In its natural state cellulose is not usually suitable for usage as
an emulsifier because it forms strong intermolecular hydrogen bonds, which make it
insoluble in water. Nevertheless, it can be isolated and modified in a number of ways to
produce food-grade ingredients that have interfacial activity and can be used as emulsifiers
(Huang et al., 2001). The most commonly used surface-active cellulose derivatives are
methyl cellulose (MC), hydroxypropyl cellulose (HPC), and methyl hydroxypropyl cellu-
lose (MHPC). These ingredients are all nonionic polymers that are soluble in cold water,
but tend to become insoluble when the solution is heated above a critical temperature
(around 50-90°C). They have good stability to pH (2-11), salt, and freeze-thaw cycling,
which may be beneficial in a number of food emulsion applications.

Other polysaccharides. A number of studies have shown that various other types of
polysaccharides are capable of reducing oil-water interfacial tensions and forming stable
emulsions, for example, galactomannans, pectin, chitosan (Garti and Reichman, 1993;
Schmitt et al., 1998; Huang et al., 2001; Dickinson, 2003; Leroux et al., 2003). Nevertheless,
there is still some debate about the molecular origin of their surface activity (e.g., nonpolar
regions on the polysaccharide molecule itself, protein contaminants, or protein moieties
bound to the polysaccharides), and about whether their ability to form stable emulsions
is primarily due to their surface activity or the ability to thicken the aqueous phase
(Dickinson, 2003).
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4.4.2.3.3 Protein—polysaccharide complexes. Proteins tend to be better at producing
small emulsion droplets when used at low concentrations than polysaccharides, whereas
polysaccharides tend to be better at producing emulsions that are stable to a wider range
of environmental conditions than proteins, for example, pH, ionic strength, temperature,
freeze-thaw cycling (McClements, 2004). It may therefore be advantageous to combine
the beneficial attributes of these two kinds of biopolymers to produce small emulsion
droplets with good environmental stability. A number of researchers have shown that
protein—polysaccharide complexes may have better emulsifying properties than either of
the biopolymers used in isolation (Dickinson, 1993, 1995, 2003; Benichou et al., 2002b).
These complexes may be held together either by physical or covalent interactions, and
may be formed either before or after homogenization (McClements, 2004). Ingredients
based on protein—polysaccharide interactions will have to be legally acceptable, econom-
ically viable, and show benefits over existing ingredients before they find widespread
usage in the food industry. It should be noted that gum arabic is a naturally occurring
protein—polysaccharide complex that is already widely used in the food industry as an
emulsifier (Phillips and Williams, 1995, 2003).

4.4.3 Selection of an appropriate emulsifier

In this section, we will discuss some schemes for classifying and comparing the effective-
ness of different types of food emulsifiers, as well as some of the factors that should be
considered when selecting an emulsifier for a particular application. As has been mentioned
earlier an effective emulsifier should have the following general characteristics: (i) it should
be capable of rapidly adsorbing to the surface of freshly formed droplets during homoge-
nization; (ii) it should be capable of reducing the interfacial tension by a significant amount,
and (iii) it should be capable of forming an interfacial membrane that is either resistant to
rupture and/or provides a sufficiently strong repulsive interaction between the droplets.
A number of food-grade constituents exhibit these general characteristics and can be used
as emulsifiers, but they vary considerably in their ability to form and stabilize emulsions,
as well as in their sensitivity to environmental conditions for example, pH, ionic strength,
temperature, solvent composition (Table 4.7). It would therefore be useful to have a stan-
dardized means of assessing the relative efficiency of different types of emulsifiers for
specific applications. Unfortunately, there has been little attempt to systematically compare
the advantages and disadvantages of different emulsifiers under standardized conditions,
so that it is currently difficult for food manufacturers to rationally select the most suitable
ingredient for particular products. One of the purposes of this section is to highlight some
criteria that could form the basis for such a comparison.

Food manufacturers usually measure and compare the functional properties of emul-
sifiers in terms of parameters that depend on the processing procedure and formulation
of their actual food product, for example:

1. The minimum droplet size (d;,) that can be produced by a certain amount of
emulsifier for a specified emulsion system using specified homogenization condi-
tions.

2. The minimum amount of the emulsifier (c,,) required to produce a desired droplet
size for a specified emulsion system using specified homogenization conditions.

3. Thelong-term stability (e.g., to creaming, flocculation, or coalescence) of a specified
emulsion system produced by an emulsifier using specified homogenization con-
ditions.

The characteristics of the specified emulsion system (e.g., oil type, oil concentration,
aqueous phase composition) used to establish the efficiency of an emulsifier depends on
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the food being produced, and will vary considerably from product-to-product. In addition,
the specified homogenization conditions will also vary according to the type of homoge-
nizer used (e.g., high-speed blender, high-pressure valve homogenizer, microfluidizer, or
colloid mill) and the precise operating conditions (e.g., energy input, flow rate, tempera-
ture). The above approach is particularly suited for food manufacturers trying to determine
the best emulsifier for usage in their specific product, but it is not particularly suited for
development of a general classification scheme because of the wide variation in the
composition and processing of different foods. This approach could be used to develop a
more general classification scheme by stipulating standardized emulsion systems and
homogenization conditions. The analytical methods developed to measure emulsifier capac-
ity and emulsion stability index (Chapter 11) are attempts at developing emulsifier classifi-
cation schemes based on this principle.

Colloid and interfacial scientists often characterize emulsifier properties in terms of
quantitative physical parameters that can be measured using fundamental analytical
instruments under well-defined environmental conditions:

1. Surface load, Ty,: The surface load at saturation is the mass of emulsifier adsorbed
per unit surface area of interface when the interface is saturated with emulsifier,
and is usually expressed as mg m= (Chapters 5 and 11). The surface load provides
a measure of the minimum amount of emulsifier required to produce an emulsion
with a given surface area (or droplet size): the higher I, the greater the amount of
emulsifier required to completely cover the same surface area.

2. Maximum surface pressure, T, The maximum surface pressure is the interfacial
tension of an oil-water interface in the absence of emulsifier minus the interfacial
tension of the same interface when it is saturated with emulsifier (Chapter 5). It
provides a measure of the ability of an emulsifier to decrease the oil-water inter-
facial tension, and thereby facilitate droplet disruption: the higher r_,, the lower
the Laplace pressure, and the smaller the droplets that can be produced in a
homogenizer at a fixed energy input, provided there is sufficient emulsifier present
and that it adsorbs rapidly to the droplet surfaces (Chapter 6).

3. Binding affinity, c,,: The binding affinity is a measure of how strongly an emulsifier
adsorbs to an oil-water interface (Chapter 5). It can be expressed as the emulsifier
concentration at which the surface pressure is half the maximum surface pressure.
The stronger the binding affinity (the lower c,,,), the lower the concentration of
emulsifier required to reach interfacial saturation.

4. Adsorption kinetics, 7,4 Adsorption kinetics can be defined in terms of the average
time required for an interface to become saturated with emulsifier (Chapter 5). It
is important that this time be measured under conditions that adequately represent
the highly dynamic conditions that occur in most homogenizers. In practice, it is
difficult to establish an accurate measure of the adsorption kinetics of different
emulsifiers under realistically dynamic conditions.

5. Droplet aggregation stability: The aggregation stability is a measure of the tendency
for droplets to become aggregated (flocculated or coalesced) under a specified set
of environmental conditions, for example, pH, ionic strength, temperature, shear-
ing rate (Chapter 7). It can be expressed in a number of different ways, for example,
the percentage of droplets that are flocculated or coalesced, the percentage of
droplets larger than a specified size, or the percentage increase in the mean size
of the particles in an emulsion due to droplet aggregation.

One of the major challenges of food scientists is to relate these more fundamental
parameters to the more practical parameters mentioned above that are of interest to food
manufacturers.
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An attempt has been made to compare the relative efficiencies of different types of
emulsifiers at stabilizing food emulsions (Table 4.7). This comparison shows that nonionic
surfactants can be used at low levels, and provide good stability to droplet aggregation
over a range of environmental conditions. Proteins can also be used at relatively low levels,
but their ability to stabilize emulsions against droplet aggregation is strongly influenced
by pH, ionic strength, and temperature. Emulsions stabilized by polysaccharides have
much better stability to environmental conditions than proteins due to the fact that the
predominant stabilizing mechanism is steric rather than electrostatic, but they usually
have to be used at much higher levels.

The discussion above has highlighted the wide variety of emulsifiers available for use
in food products. A food manufacturer must decide which of these emulsifiers is the most
suitable for usage in each particular product. In addition to the physicochemical charac-
teristics considered above, a food manufacturer must also consider a number of economic,
legal, and marketing factors when selecting a suitable emulsifier. The most important of
these are discussed at the end of this chapter (Section 4.7).

4.5 Texture modifiers

A number of ingredients commonly used in food emulsions are added because of their
ability to modify the texture of the continuous phase (usually the aqueous phase of
O/W emulsions). These ingredients can be conveniently divided into “thickening
agents” and “gelling agents” depending on the molecular origin of their functional
characteristics. For the purposes of this book I will consider thickening agents to be
those ingredients whose functional characteristics are due to their highly extended
molecular conformation in solution, whereas gelling agents are those ingredients whose
functional characteristics are due to their ability to associate with each other through
intermolecular cross-links (see below). Nevertheless, in practice there is often no clear
distinction between these two different categories of texture modifiers, since thickening
agents can form gels when used at sufficiently high concentrations and gelling agents
can increase the viscosity of aqueous solutions (without forming gels) when used at
sufficiently low concentrations. In addition, a particular type of biopolymer may act as
a thickening agent under some conditions, but a gelling agent under other conditions,
for example, at a different temperature, pH, or ionic strength. The major roles of texture
modifiers in food emulsions are to provide the product with desirable textural and
mouthfeel characteristics, and to improve emulsion stability by reducing the rate at
which particulate matter moves, such as oil droplets, herbs, spices, cheese pieces, and
air bubbles.

4.5.1 Thickening agents

The primary function of thickening agents in food emulsions is to increase the viscosity
of the aqueous phase of O/W emulsions (Mitchell and Ledward, 1986; Imeson, 1997;
Williams and Phillips, 2003). This viscosity enhancement modifies the texture and mouth-
feel of food products (thickening), as well as reducing the rate at which particles sediment
or cream (stabilization). Thickening agent ingredients are usually sold as powders or
granules consisting of an individual type of biopolymer or a mixture of different types of
biopolymers. The biopolymers found in thickening agents usually exist as highly hydrated
and extended molecules or molecular aggregates in aqueous solutions. Their ability to
increase the viscosity of a solution depends principally on their molecular weight, degree
of branching, conformation, and flexibility (Launay et al., 1986; Rha and Pradipasena, 1986;



Emulsion ingredients 149

Cesero, 1994; Williams and Phillips, 2003). In this section, we consider the relationship
between the molecular characteristics of biopolymers and their ability to act as thickening
agents. Specific types of thickening agents commonly used in the food industry are
outlined in Section 4.5.3.

4.5.1.1 Effective volume of biopolymers in aqueous solutions

The effectiveness of a biopolymer at enhancing the viscosity of an aqueous solution is
largely determined by its molecular structure (BeMiller and Whistler, 1996; Williams and
Phillips, 2003). The effective volume of a biopolymer thickening agent in solution is
considerably greater than the volume occupied by the atoms that make up the biopolymer
chain because it sweeps out a large volume of solvent as it rapidly rotates due to Brownian
motion (Figure 4.21). It is convenient to characterize this phenomenon in terms of a volume
ratio, R,

4rr’pN
Ve (2T PRA 4.8)
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where V. is the “effective” volume of the biopolymer molecule in solution, V, is the actual
volume occupied by the biopolymer chain, r, is the radius of gyration of the molecule,
p is the density of the biopolymer chain, N, is Avogadro’s number, and M is the molecular
weight of the biopolymer.

4.5.1.2 Relationship between biopolymer molecular structure
and effective volume in solution
The effective volume of a biopolymer depends on its three-dimensional structure in
solution (Figure 4.19). For molecules that form compact globular structures (such as many
globular proteins) the actual volume of the molecule is close to its effective volume and
therefore R, = 1. The average end-to-end length (L) of random-coil molecules is given by
L =1+/n, whereas for rigid rod-like molecules it is given by L = In, where [ is the length

Hydrodynamically
Rotating entrained water
Polysaccharide

e ®8 6D
e 629 .
@@ MR

Dilute Solution Semidilute Solution Concentrated Solution

Figure 4.21 Extended biopolymers sweep out a large volume of water as they rotate in solution and
so they have a large effective volume fraction.
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of the monomer unit and # is the number of monomers per molecule (Grosberg and
Khokhlov, 1997). If we assume that the radius of gyration of the polysaccharide molecule
is half the end-to-end length then we can obtain expressions for the effective volume of
different types of molecules:

Globular biopolymers:
R, ~1 (4.9)
Random-coil biopolymers:
3/213
R, :7”1617]\4/’]\% (4.10)
Rigid rod-like biopolymers:
313
R, = ’”1617]\’;\’/4 4.11)

where M, is the molecular weight of a monomer segment, and n = M/M,. In practice,
real biopolymers often have some regions that are compact, some that are rod-like, and
some that are flexible and therefore they fall somewhere between these extremes
(BeMiller and Whistler, 1996). Nevertheless, these equations give us some indication of
the expected volume ratios of real biopolymers. For example, the molecular weight of
polysaccharide segments is typically about 168 Da, and the length of a segment is
typically about 0.47 nm (Voet and Voet, 1995). The molecular weights of polysaccharides
used as thickening agents typically vary between 5 and 2000 kDa (BeMiller and Whistler,
1996; deMan, 1999). We would therefore expect volume ratios ranging from around unity
to thousands of millions depending on the structure and molecular weight of the
polysaccharide.

The above discussion indicates that biopolymers that have highly extended structures
in solution have larger volume ratios than those that have compact structures. Thus, R,
tends to be higher for linear than for branched biopolymers with the same molecular
weight, and tends to increase as the electrostatic repulsion between different segments on
charged biopolymer molecules increase because this causes the molecule to become more
extended (Walstra, 2003a).

4.5.1.3 Viscosity enhancement by biopolymers in solution
The apparent viscosity (1) of a colloidal dispersion containing spherical rigid particles
suspended in an ideal liquid can be described over a wide range of particle concentrations
using the following semiempirical equation (Liu and Masliyah, 1996):

n_ (1 _ Z‘fjw (4.12)

where 1, is the viscosity of the continuous phase, [n] is the intrinsic viscosity =
lim Q)_)O(#), ¢ is the volume fraction of the particles, and P is a packing parameter. The
packing parameter is related to the volume fraction at which the particles become close
packed, which depends on the applied shear stress and the polydispersity of the particles
(Hunter, 1986). For rigid monodisperse spherical particles the following parameters have
been determined experimentally: P = 0.57 at low shear stresses, P = 0.68 at high shear
stresses, and [n] = 2.67.
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To a first approximation the viscosity of a suspension of hydrated biopolymer mole-
cules rotating in solution can be treated in a similar manner (McClements, 2000):

_[n]P —[n]P
n_ (1 _ ‘Pffj - [1 _vaj (4.13)
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where ¢, is the effective volume fraction of the biopolymer molecules in solution (= ¢ R,),
¢ is the actual volume fraction occupied by the biopolymer chains (= c/p), ¢ is the
polysaccharide concentration (in kg m= of emulsion), and p is the density of the biopoly-
mer chains (in kg m), which is approximately 1600 kg m=* (Rahman, 1995). Theoretical
predictions of viscosity versus biopolymer concentration for molecules with different
volume ratios are shown in Figure 4.22. For convenience, it was assumed that the shear
stresses applied to the emulsions were in the low shear regime so that P = 0.57. The
viscosity increases dramatically when the biopolymer concentration exceeds a critical
concentration, whose value decreases as the volume ratio increases.

In practice, Equation 4.13 only gives a very rough approximation of the viscosity of
aqueous biopolymer solutions because the flexible biopolymer molecules cannot be treated
as rigid spherical particles. The biopolymer molecules may become aligned with the shear
field, interact with each other, or become entangled, thus changing their effective volume
with shear stress. Nevertheless, the above equation does provide some useful insights into
the relationship between the viscosity of polysaccharide solutions and the molecular
structure of polysaccharide molecules.

The dependence of the rheology of an aqueous solution on biopolymer concentration
can be divided into a number of different regions depending on the interaction between
the molecules (Dickinson, 1992; Lapasin and Pricl, 1995; Williams and Phillips, 2003). In
the “dilute region” the biopolymer concentration is so low that the molecules (or molecular
aggregates) do not interact with each other and can be treated as separate entities. As the
concentration of biopolymer increases above some critical value, ¢* (=P/R,), the viscosity of
the solution increases rapidly because the spheres swept out by the biopolymers begin to
interact with each other (Figure 4.22). This type of solution is known as a semidilute solution,
because even though the molecules are interacting with one another, each individual
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Figure 4.22 Prediction of change in relative viscosity of aqueous biopolymer solutions with biopoly-
mer concentration for different effective volume ratios, R, (shown in box). The viscosity increases
dramatically when the biopolymer molecules start to overlap with one another, which occurs at
lower biopolymer concentrations for higher R,.
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biopolymer is still largely surrounded by solvent molecules. At still higher polymer con-
centrations, the molecules pack so close together that they become entangled with each
other and the system has more gel-like characteristics. Biopolymers that are used to thicken
the aqueous phase of emulsions are often used in the semidilute concentration range
(Dickinson, 1992). A more detailed discussion of the influence of particle concentration on
the rheology of colloidal dispersions is given in Chapter 8.

4.5.1.4 Shear thinning in biopolymer solutions

Solutions containing extended biopolymers often exhibit strong shear-thinning behavior
(pseudoplasticity), that is, their apparent viscosity decreases with increasing shear stress
(Lapasin and Pricl, 1995; Williams and Phillips, 2003). The molecular origin of pseudo-
plasticity has been attributed to be the fact that applied shear stresses can cause disentan-
glement of biopolymers, alignment of biopolymers with the shear field, or disruption of
weak physical interactions holding biopolymers together. Each of these molecular events
has a characteristic relaxation time associated with it. At relatively low shear rates, there
is insufficient time for these molecular phenomena to occur during the duration of the
applied shear stress, and so the viscosity of the biopolymer solution is relatively high. As
the shear rate is increased, these molecular relaxation phenomena occur on a similar
timescale as the duration of the applied shear stresses, and so the viscosity begins to
decrease. At sufficiently high shear rates, these molecular relaxation phenomena are com-
pleted within the experimental timescale so that the solution reaches a constant low
viscosity. The viscosity of many biopolymer solutions therefore changes from a relatively
constant high value at low shear rates, decreases at intermediate shear rates, and reaches
arelatively constant low value at high shear rates (Figure 4.23). Some biopolymer solutions
may even have a yield stress. If such a biopolymer solution experiences an applied stress
that is below its yield stress it acts like an elastic solid, but when it experiences a stress
that exceeds the yield stress it acts like a liquid (Chapter 8).

The characteristic rheological behavior of biopolymer solutions plays an important
role in determining their functional properties in food emulsions. For example, a salad
dressing must be able to flow when it is poured from a container, but must maintain its
shape under its own weight after it has been poured onto a salad. The amount and type
of biopolymer used must therefore be carefully selected so that it provides a low viscosity
when the salad dressing is poured (high applied stress), but a high viscosity when the
salad dressing is allowed to sit under its own weight (low applied stress). The viscosity
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Figure 4.23 Typical dependence of apparent shear viscosity on applied shear stress for a biopolymer
thickening agent.
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of biopolymer solutions is also related to the mouthfeel of a food product. Liquids that
do not exhibit extensive shear-thinning behavior at the shear stresses experienced within
the mouth are perceived as being “slimy.” On the other hand, a certain amount of viscosity
is needed to contribute to the “creaminess” of a product. The shear-thinning behavior of
biopolymer solutions is also important for determining the stability of food emulsions to
creaming. As an oil droplet moves through an aqueous phase it only exerts a very small
shear stress on the surrounding liquid. As a result of the shear-thinning behavior of the
solution, it experiences a very high viscosity which greatly slows down the rate at which
it creams™.

Many biopolymer solutions also exhibit a shear-thinning behavior known as thixot-
ropy that is, their apparent viscosity decreases with time when they are sheared at a
constant rate. The molecular origin of thixotropy can also be attributed to the fact that
applied shear stresses can cause disentanglement of biopolymers, alignment of biopoly-
mers with the shear field, or disruption of weak physical interactions holding biopolymers
together. Once the shearing stress is removed, the biopolymer molecules may be able to
undergo molecular rearrangements that enable the biopolymers to become entangled,
nonaligned, or associated with their neighbors again, and so the system regains its original
structure and rheological properties. This type of system is said to be reversible, and the
speed at which the structure is regained may be important for the practical application of
a biopolymer in a food. If the molecular rearrangements are unable to take place once the
stress is removed, or if they are only able to partially take place, then the system is said
to be irreversible or partially reversible, respectively.

A food manufacturer must therefore select an appropriate biopolymer or combination
of biopolymers to produce a final product that has a desirable mouthfeel, stability, and
texture. Both proteins and polysaccharides can be used as thickening agents, but polysac-
charides are usually preferred because they tend to have higher molecular weights and
be more extended so that they can be used at much lower concentrations.

4.5.2  Gelling Agents

Biopolymers are used as functional ingredients in many food emulsions because of their
ability to cause the aqueous phase to gel, for example, yogurts, cheeses, deserts, egg, and
meat products (Morris, 1986; Ledward, 1986; Clark and Lee-Tuffnell, 1986; Zeigler and
Foegedding, 1990; Oakenfull et al., 1997; Williams and Phillips, 2003). Gel formation
imparts desirable textural and sensory attributes, as well as preventing the droplets from
creaming. A biopolymer gel consists of a three-dimensional network of aggregated or
entangled biopolymers that entraps a large volume of water, giving the whole structure
some “solid-like” characteristics.

The properties of biopolymer gels depend on the type, structure, and interactions of
the molecules they contain (Dea, 1982; Zeigler and Foegedding, 1990; Oakenfull et al.,
1997; Walstra, 2003a). Gels may be transparent or opaque, hard or soft, brittle or rubbery,
homogeneous or heterogeneous, exhibit syneresis, or have good water-holding capacity.
Gelation may be induced by a variety of different methods, including altering the tem-
perature, pH, ionic strength or solvent quality, or by adding enzymes, denaturants or
cross-linking agents. Biopolymers may be cross-linked to one another either by covalent
and/or noncovalent bonds. The type of cross-links formed depends on the nature of the
molecules involved, as well as the prevailing environmental conditions. Some common
types of molecular interactions responsible for holding the molecules together in biopoly-
mer gels are illustrated in Figure 4.24

* It should be noted that biopolymers can actually promote creaming at certain concentrations because they
cause depletion flocculation (Section 3.6).
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Figure 4.24 Schematic representation of some common junction zones found in biopolymer gels.

It is sometimes convenient to distinguish between two different types of gels: partic-
ulate and filamentous (Figure 4.25). Particulate gels consist of a three-dimensional network
of relatively large compact particles, which themselves are usually formed from numerous
aggregated biopolymer molecules (Doi, 1993; Oakenfull et al., 1997; Foegeding et al., 2002).
This type of gel tends to be formed when the individual biopolymer molecules are able
to interact with their neighbors at any point on their surface. Particulate gels are optically
opaque because the particles are large enough to strongly scatter light, and are prone to
syneresis because the relatively large pore sizes between the particles mean that the water
is not held tightly within the gel network by capillary forces. Common examples of
particulate gels are those formed by heating aqueous solutions of globular proteins (e.g.,
whey, egg, or soy proteins) at pH values close to their isoelectric point or at high salt
concentrations. Under these conditions, individual protein molecules aggregate with each
other to form relatively large particles, and then these particles aggregate with each other
to form the final gel network. Filamentous gels consist of thin filaments of individual or
aggregated biopolymer molecules (Doi, 1993; Oakenfull et al., 1997; Ikeda et al., 2001;
Morris et al., 2001). Filamentous gels tend to be optically transparent because the filaments
are so thin that they do not scatter light significantly. They also tend to have good water-
holding capacity because the small pore size of the gel network means that the water
molecules are held tightly by capillary forces. Examples of filamentous gels are those
formed by many hydrocolloids (e.g., gelatin, pectin, gellan, agar, alginates) and those
formed by heating globular proteins at low ionic strengths and pH values sufficiently far

RN

Particulate gel Filament gel

Figure 4.25 Many food gels can be conveniently categorized as being either particulate or filamen-
tous, depending on the structural organization of the molecules.
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from the protein’s isoelectric point. In hydrocolloid gels the filaments are individual
molecules, but in globular protein gels the filaments are linear chains containing many
protein molecules linked together (Doi, 1993; Morris et al., 2001; Najbar et al., 2003).

In some foods a gel is formed on heating (heat-setting gels), while in others it is
formed on cooling (cold-setting gels) (Zeigler and Foegedding, 1990; Oakenfull et al., 1997;
Williams and Phillips, 2003). Gels may also be either thermoreversible or thermoirreversible,
depending on whether gelation is reversible or not. Gelatin is an example of a cold-setting
thermoreversible gel: when a solution of gelatin molecules is cooled below a certain
temperature a gel is formed, but when it is reheated the gel melts (Ledward, 1986). Egg
white is an example of a heat-setting thermoirreversible gel: when egg white is heated
above a certain temperature a characteristic white gel is formed, but when it is cooled
back to room temperature it remains as a white gel, rather than reverting back into the
relatively clear liquid from which it was formed (Zeigler and Foegedding, 1990; Doi,
1993; Oakenfull et al., 1997). Whether a gel is reversible or irreversible depends on the
type of bonds holding the biopolymer molecules together, as well as any changes in the
molecular structure and organization of the molecules during gelation. Biopolymer gels
that are stabilized by noncovalent interactions, and which do not involve permanent
changes in the structure of the individual molecules during the gelation processes, tend
to be reversible. On the other hand, gels that are held together by covalent bonds, or
which involve permanent changes in the structure of the individual molecules prior to
gelation, tend to form irreversible gels.

The type of interactions holding the molecules together in gels varies from biopolymer
to biopolymer (Figure 4.24), and plays a large role in determining the response of a gel
to changes in its environment (Dea, 1982; Ledward, 1986, Morris, 1986; Zeigler and
Foegedding, 1990; Nussinovitch, 1997; Oakenfull et al., 1997; Walstra, 2003a). Some pro-
teins and polysaccharides form helical junction zones through extensive hydrogen bond
formation (Table 4.8). This type of junction zone tends to form when a biopolymer solution
is cooled and disrupted when it is heated, and is thus responsible for the formation of
cold-setting reversible gels. Below the gelation temperature, hydrogen bonding favors
junction zone formation between helices on different biopolymers, but above this tem-
perature the configurational entropy favors a random-coil type structure and the junction
zones are disrupted. Biopolymers with extensive nonpolar groups tend to associate via
hydrophobic interactions, for example, caseins or denatured whey proteins. Electrostatic
interactions play an important role in determining the gelation behavior of many biopoly-
mers, and so gelation is particularly sensitive to the pH and ionic strength of solutions
containing these biopolymers. For example, at pH values sufficiently far away from their
isoelectric point, proteins may be prevented from gelling because of the strong electrostatic
repulsion between the molecules; however, if the pH is adjusted near to the isoelectric
point, or if salt is added, the proteins tend to aggregate and form a gel. The addition of
multivalent ions, such as Ca?, can promote gelation of charged biopolymer molecules by
forming salt bridges between anionic groups on molecules or by forming salt bridges
between negatively charged helical regions. Proteins with thiol groups are capable of
forming covalent linkages through thiol-disulfide interchanges, which help to strengthen
and enhance the stability of gels. The tendency for a biopolymer to form a gel under
certain conditions, and the physical properties of the gel formed, depend on a delicate
balance of various kinds of biopolymer-biopolymer, biopolymer—solvent, and solvent—
solvent interactions.

The properties of food emulsions that have a gelled aqueous phase are dependent on
the nature of the interactions between the emulsifier adsorbed to the surface of the droplets
and the biopolymer molecules in the gel network (McClements et al., 1993c; Dickinson
et al.,, 1996; Walstra, 2003a). If there is a strong attractive interaction between the droplet
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Table 4.8 Summary of Molecular and Functional Properties of Thickening and Gelling Agents
Commonly Used in Food Emulsions

Aggregation
Name Structure Solubility Function Mechanism Notes
Carrageenan
K LA Linear Hot water Thickening  Helix association Not acid
Anionic Cold water  Gelling Cold-set stable
200-400 kDa Thermoreversible
Agar
Linear Hot water ~ Thickening Helix association
Nonionic* Gelling Cold-set
80-140 kDa Thermoreversible’
Alginate
Linear Hot water Thickening  Ca* Partly acid
Anionic Low Ca? Gelling Cold-set stable
32-200 kDa Thermoreversible Multivalent
ions should
be added
slowly
Pectin
LM Acid stable,
Linear Hot water Ca2* degrade on
Anionic Cold water  Thickening Cold-set heating at
5-150 kDa (Low Ca?)  Gelling Thermoreversible pH >5
HM Linear Hot water Thickening  Acid + sugar Acid stable,
Anionic Cold water  Gelling Cold-set degrade on
5-150 kDa (Low Ca?) Thermoirreversible heating at
pH >5
Seed gums
Guar gum Linear Cold water Poor acid
Nonionic Hot water ~ Thickening stab.
LBG Linear Hot water ~ Thickening Helix association Poor acid
Nonionic Gelling Freeze-set stab.
Thermoirreversible
Xanthan
Linear Cold water  Thickening Helix association Acid, alkali,
Anionic Hot water  Gelling Cold-set heat, and
~2500 kDa Thermoreversible freeze-thaw

stable

(continued)
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Table 4.8 Summary of Molecular and Functional Properties of Thickening and Gelling Agents
Commonly Used in Food Emulsions (Continued)

Aggregation
Name Structure Solubility Function Mechanism Notes
Gellan gum
Linear Hot water ~ Thickening Helix association +  Poor acid
Anionic Cold water  Gelling salt stability
(Low Cold setting Transparent
divalent) Thermoreversible* gels
‘Gels formed
in presence
of multi-
valent ions
may be
irreversible
Starch
Native Granules Hot water ~ Thickening Granule swelling Opaque
Nonionic Gelling Heat-set
Irreversible
Modified Linear/ Cold water  Thickening Helix association A variety of
branched Hold water  Gelling Cold-set modified
Nonionic Reversible starches are
available for
different
applications
Cellulose
derivatives
MC Linear Cold water  Thickening Dehydration Acid and base
MHPC Nonionic Gelling Heat-set Heating
Reversible Freeze-thaw
Ty ~50-90°C
HPC Linear Cold water  Thickening  Precipitates Acid and base
Nonionic Tppe ~40-45°C Heating
Freeze-thaw
CMC Linear Thickening  Salt bridges
Anionic Gelling
MCC Microcrystals  Insoluble Thickening  Particle gel Acid and base
Gelling Heating
Freeze-thaw
Gelatin
Linear Cold water  Thickening Helix formation Transparent
Amphoteric Gelling Cold-set gels
Amphiphilic Thermoreversible

(continued)
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Table 4.8 Summary of Molecular and Functional Properties of Thickening and Gelling Agents
Commonly Used in Food Emulsions (Continued)

Aggregation
Name Structure Solubility Function Mechanism Notes
Casein
Linear Cold water  Thickening Rennet Opaque gels
Amphoteric Warm Gelling IEP precipitation
Amphiphilic water Ca?
Alcohol
Globular
proteins
Linear Cold water  Thickening Hydrophobic Transparent
Amphoteric Warm Gelling Heat-set or opaque
Amphiphilic water Thermoirreversible  gels depen-
ding on pH
and salt

Note: Biopolymers whose functional properties are influenced by Ca?* ions may also be influenced by the
presence of other types of multivalent cations. It should be noted that many of the biopolymers men-
tioned below come in different forms that may have appreciably different functional properties than
those mentioned here.

membrane and the gel network, then the network is reinforced and a strong gel is formed.
On the other hand, if the emulsifier membrane does not interact favorably with the gel
network then the droplets may disrupt the network and weaken the gel strength. The
magnitude of this effect depends on the size of the emulsion droplets (McClements et al.,
1993c). The larger the droplets compared to the pore size of the gel network, the greater
the disruptive effect. Specific interactions between the proteins and surfactants may also
influence the properties of the gels formed (Dickinson et al., 1996). For example, surfactants
may bind to biopolymers and alter their thermal transition temperatures or their interac-
tions with other molecules (Ananthapadmanabhan, 1993; Jones and Chapman, 1995;
Kelley and McClements, 2003).

4.5.3 Commonly used texture modifiers

A variety of substances have the molecular characteristics required to make them suitable
as thickening or gelling agents for use in food emulsions (Table 4.8). The most commonly
used texture modifiers are biopolymers (polysaccharides and proteins) that are added to
the aqueous phase of O/W emulsions*. A brief overview of some of the biopolymers most
commonly used as thickening agents in food emulsions is given in this section.

4.5.3.1 Polysaccharides

4.5.3.1.1 Carrageenans. Carrageenans are natural hydrocolloids extracted from
certain species of red seaweed (Piculell, 1995; Nussinovitch, 1997; Williams and Phillips,
2003). They are linear sulfated polysaccharides consisting of alternating f(1-3)- and o(1-
4)-linked galactose residues (Nussinovitch, 1997). There are three major types of carrag-
eenan, which primarily differ in the number and position of sulfate ester groups on the
galactose residues: kappa (x), iota (1), and lambda (A). These differences in primary struc-
ture have a large influence on the functional characteristics of the different carrageenans,
for example, solubility, thickening, gelation, environmental sensitivity, and ingredient

* In W/O emulsions, such as margarine and butter, fat crystals play the role of texture modifiers by forming a
three-dimensional network of aggregated crystals.
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compatibility. A-Carrageenan is commonly used as a thickening agent, whereas k- and
t-carrageenans are usually used as cold-setting reversible gelling agents. Carrageenan
ingredients come in a variety of different forms with different functional attributes, for
example, molecular weights, salts, blends. Typically, they are sold as salts (Na, K, Ca) and
have number average molecular weights between 200 and 400 kDa (Nussinovitch, 1997).

Carrageenans usually have a random-coil conformation at relatively high tempera-
tures, but undergo a helical-to-coil transition when they are cooled below a transition
temperature (~40-70°C). The transition temperature depends on carrageenan structure,
salt type and concentration, and the presence of sugars. In the presence of sufficiently
high quantities of salt, helical regions of gelling carrageenans (x and 1) can associate with
each other to form hydrogen bonded junction zones that promote gel formation. Knowl-
edge of the transition temperature is important when using carrageenans in foods since
it determines the temperature above which they must be heated to adequately disperse
and solubilize them in water, and the temperature they must be cooled below to form
gels. Carrageenan is widely used in food emulsions such as milk shakes, ice creams, and
deserts (Williams and Phillips, 2003).

Carrageenan is often used in blends with other polysaccharides (e.g., locust bean gum
[LBG], konjac, or starch) to improve functional characteristics such as water-holding capacity,
thickening, and gelation. Negatively charged carrageenan molecules may also interact with
positively charged groups on proteins under certain circumstances, for example, pH, ionic
strength, temperature. These interactions have been used to improve the stabilizing, thick-
ening, gelling, and water-holding properties of various food products (Nussinovitch, 1997).

4.5.3.1.2 Agars. Agars are a group of natural hydrocolloids extracted from certain
species of red seaweed (Stanley, 1995; Nussinovitch, 1997). They are linear polysaccharides
consisting primarily of alternating 5(1-3)- and o(1-4)-linked galactose units. Different agars
vary in the number and type of substituents (e.g., sulfate, pyruvate, urinate, or methoxyl)
on the hydroxyl groups of the sugar residues and in the fraction of the o(1-4)-linked
galactose units that are present in the 3-6 anhydride form. Agar can be roughly divided
into two fractions: agarose, a nonionic polysaccharide that gels; and, agaropectin, a slightly
negatively charged polysaccharide that does not gel. The negatively charged fraction
contains anionic substituents (usually sulfates) along its backbone. Commercial agars vary
in the relative proportions of the nonionic and ionic fractions present. Typically, the mean
weight average MW of agars is between 80 and 140 kDa, but they are usually highly
polydisperse (Stanley, 1995). Agars usually require heating in aqueous solutions in order
to adequately dissolve them. When the system is cooled it forms a viscous solution, which
gels over time without the need for specific additives (e.g., multivalent ions or sugars).
Agars are unusual in that their gelation temperatures on cooling (30—40°C) are usually
considerably below their melting temperatures on heating (85-95°C). The gelation mech-
anism has been attributed to the transition of an appreciable part of the agar molecules
from a random coil to a helical structure on cooling, and subsequent aggregation of the
helical structures to form junction zones that are separated by fairly irregular flexible chain
regions. Agars form thermoreversible cold-set gels.

4.5.3.1.3 Alginates. Alginates are natural hydrocolloids usually extracted from cer-
tain species of brown seaweed (Nussinovitch, 1997; Williams and Phillips, 2003). Alginates
are linear copolymers of b-manuronic acid (M) and r-guluronic acids (G), which can be
distributed as blocks of M, blocks of G, or blocks of alternating M and G residues. The
M-blocks tend to have a flexible conformation, the G-blocks tend to have a relatively
inflexible conformation, and the MG-blocks tend to have an intermediate flexibility
between these two extremes. Alginates vary in their molecular weights (typically between
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32 and 200 kDa) and in the proportions and distributions of the M and G groups along
the chain, which lead to appreciable differences in their functional characteristics. The
alginic acid extracted from brown seaweed is usually reacted with bases to produce
sodium, potassium, calcium, or ammonium alginate salts. Alternatively, it can be reacted
with propylene oxide to produce propylene glycol alginate (PGA), in which partial ester-
ification of the carboxylic acid groups on the uronic acid residues occurs. The monovalent
salts of alginate tend to have good water solubility, whereas alginic acid and multivalent
salts of alginate tend to have fairly poor water solubility and form paste-like materials.
Often special care is needed to adequately disperse and dissolve alginates when preparing
them for use in food products (Nussinovitch, 1997). In the absence of multivalent ions,
alginate tends to form viscous solutions since there is little intermolecular cross-linking,
but in the presence of multivalent cations alginates tend to form cold-set thermoirrevers-
ible gels because the positively charged ions form electrostatic bridges between negatively
charged polysaccharides (Williams and Phillips, 2003). The junction zones are believed to
be between relatively stiff G-block regions on different alginate molecules. The gelation
characteristics of a particular alginate are therefore strongly dependent on the number
and length of the G-blocks.

Alginates have been used as thickening agents, gelling agents, and stabilizers in a
variety of food emulsions (Moe et al., 1995; Nussinovitch, 1997). For example, they have
been used as thickening agents in ice cream, soups, sauces, dressings, mayonnaise, and
beverages and as gelling agents in desserts and whipped cream. Their functional attributes
are primarily due to their texture modifying characteristics, but there may also be addi-
tional contributions arising from their interactions with other components, for example,
other polysaccharides, proteins, fat droplets. PGA is widely used as a stabilizer and
thickening agent in food emulsions, such as dressings and fruit beverages.

4.5.3.1.4 Pectins. Pectins are natural hydrocolloids found in the cell walls and
intercellular regions of high plants (Voragen et al., 1995; Nussinovitch, 1997; Williams and
Phillips, 2003). Most commercial pectins used in the food industry are extracted from
citrus or apple pomace and sold as powders. The term “pectin” actually refers to a broad
range of different molecular species. In general, pectin molecules tend to be comprised of
“smooth” linear regions consisting of (1-4)-linked D-galacturonic acids separated by
“hairy” branched regions consisting of various sugars. The galacturonic acid groups may
be partly esterified by methyl groups and partly neutralized by bases. The fraction of
esterified galacturonic groups is one of the main factors influencing the functional char-
acteristics of commercial pectins. Pectins are usually classified as either high methoxyl
(HM) or low methoxyl (LM) pectins depending on whether their degree of methylation
(DM) is greater or less than 50%, respectively. HM pectins form gels under acidic condi-
tions at high sugar contents, which is attributed to the reduction of electrostatic repulsion
between the chains at low pH and the increased molecular attraction at high sugar
contents. Gels formed by HM pectins are thermoirreversible cold-setting gels. The junction
zones are believed to be hydrogen bonds and hydrophobic attraction between helical
regions formed in the linear smooth regions of the molecules. LM pectins form gels in the
presence of calcium, which is attributed to the ability of the positively charged calcium
ions to form electrostatic bridges between the linear smooth regions of the negatively
charged pectin molecules. Gels formed by LM pectins are thermoreversible cold-setting
gels. The precise gelation characteristics of a particular pectin depend on its molecular
structure (e.g., DE, amidation, molecular weight, branching) and the prevailing environ-
mental conditions (e.g., pH, ionic strength, sugar content).
Pectins are water soluble, but usually have to be dispersed in warm water prior to
use to ensure proper dissolution. Pectins are relatively stable to heating at low pH (3-5),
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but may degrade at higher or lower pH values, with the effects being more pronounced
the higher the DM (Voragen et al., 1995). Typically, the average molecular weight of pectins
is between 50 and 150 kDa (Nussinovitch, 1997). The viscosity of pectin solutions depends
on the concentration and type of pectin used, as well as solution conditions such as pH,
ionic strength, and temperature. Typically, the pK value of the acid groups on pectin is
around 3.5, so that it starts to lose its negative charge as the pH is lowered around and
below this value. Pectins are used as stabilizers, thickening agents, and gelling agents in
a variety of different food emulsions, for example, drinkable yogurts, dressings, mayon-
naise, beverages, and ice cream.

4.5.3.1.5 Seed gums (Galactomannans). A number of polysaccharide texture modi-
fiers are extracted from the seeds of various bushes, trees, and plants, for example, LBG,
guar gum, and tara gum (Reid and Edwards, 1995; Nussinovitch, 1997; Williams and
Phillips, 2003). These polysaccharides are primarily linear nonionic polysaccharides
known as galactomannans (~10% kDa), which consist of (1-4)-linked p-mannose residues
with single o-D-galactose residues linked to the main chain. One of the main differences
between galactomannans from different sources is the degree of galactose substitution,
with galactose-to-mannose ratios of 1:4.5 for LBG, 1:3 for tara gum, and 1:2 for guar gum.
The galactose side chains tend to inhibit molecular associations and hence these variations
in galactose content lead to differences in the functional properties of the different galac-
tomannans, for example, solubility, thickening, and gelation. For example, guar gum can
be dissolved in cold water, whereas LBG and tara gum require hot water for dissolution.
At ambient temperatures, galactomannans tend to exist as individual molecules in
aqueous solutions because close intermolecular associations are inhibited by the presence
of the galactose substituents. For this reason, seed gums are primarily used as thickening
agents, rather than as gelling agents. Nevertheless, LGB has been shown to form irrevers-
ible gels on freezing, which has been attributed to self-association of nonsubstituted
regions along the mannose backbone. Galactomannan solutions tend to be highly viscous,
pseudoplastic, and thixotropic, and their rheological characteristics are not strongly influ-
enced by pH or ionic strength because they are nonionic biopolymers. Galactomannans
are sensitive to thermal degradation in acidic solutions (pH <4.5), which limits their
application in some foods. Guar gum and LBG are widely used as thickening agents in
food emulsions, such as dressings, mayonnaise, sauces, and deserts. It should be noted
that their functional properties are often improved by using them in combination with
other kinds of polysaccharide, for example, xanthan or carrageenan.

4.5.3.1.6 Tree gum exudates. A variety of polysaccharides can be extracted from the
exudates of certain trees, for example, gum arabic, gum tragacanth, and gum karaya
(Nussinovitch, 1997; Williams and Philips, 2003). Gum arabic is the most widely used tree
gum exudate in the food industry, but it is mainly used as an emulsifier in beverage
emulsions (Section 4.4.2.3). Gum tragacanth is an exudate collected from the shrubs of the
Astragalus species (Nussinovitch, 1997). It is a complex heterogeneous polysaccharide with
a high molecular weight that has protein moieties attached. It contains a variety of different
types of sugars and is acidic. It is used in foods to provide high viscosity and peudoplastic
properties. It has also been reported to be surface-active and capable of stabilizing emul-
sions. Gum tragacanth has good stability in acidic conditions, which makes it suitable for
application in salad dressings and other low pH products.

4.5.3.1.7 Xanthan gum. Xanthan gum is the trivial name given to extracellular
polysaccharides secreted by bacteria of the genus Xanthomonas (Morris, 1995a). Generally,
the xanthan gum ingredients used in the food industry are relatively high molecular
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weight polysaccharides that are produced commercially from Xanthomonas capestris. The
primary structure of xanthan gum consists of a 3-(1-4)-D-glucose backbone that is substi-
tuted with trisaccharide side chains at the C-3 positions of alternate glucose residues. The
trisaccharide chains usually consist of mannose—glucuronic acid—-mannose, with a rela-
tively high proportion of the terminal mannose units containing either pyruvate or acetate
residues (Nussinovitch, 1997). Consequently, the side chains of the xanthan molecules
tend to have an appreciable negative charge. In aqueous solutions at relatively low tem-
peratures, xanthan gum is believed to exist as stiff extended molecules with a largely
helical structure, but at higher temperatures it exists as more random-coil molecules
(Morris, 1995a). The helix-coil transition temperature is highly sensitive to ionic strength,
and may range from 40 to >90°C (Nussinovitch, 1997). Under appropriate solution con-
ditions, helical regions on different xanthan molecules may associate with each other,
which may lead to the formation of a weak gel. Xanthan gum ingredients are readily
soluble in both hot and cold water and are stable over a wide range of solution and
environmental conditions, for example, pH, ionic strength, heating, freeze-thaw cycling,
and mixing. Xanthan gum ingredients come in a range of molecular weights, typically
around 10° kDa.

Xanthan gum forms highly viscous solutions at relatively low concentrations because
it is a fairly stiff molecule that is highly extended in aqueous solutions. In addition,
xanthan gum solutions exhibit pronounced reversible shear-thinning behavior, for exam-
ple, the viscosity of a 0.5% solution has been shown to decrease by over three orders of
magnitude from low to high applied shear rates (Morris, 1995a). At high salt concentra-
tions, the rheology of xanthan gum solutions is relatively insensitive to temperature. The
unique rheological characteristics of xanthan gum solutions are widely used in the for-
mulation of food emulsions such as dressings, sauces, beverages, deserts, and cake batters
(Williams and Phillips, 2003).

Xanthan can interact synergistically with a variety of other polysaccharides, leading
to improved viscosity or gelation characteristics. In particular, xanthan gum is often used
in food emulsions in conjunction with galactomannans, such as guar gum and LBG
(Nussinovitch, 1997). The xanthan gum-galactomannan combination can be used to pro-
vide a rheological profile (viscosity vs. shear stress) that gives better emulsion stability,
texture, and mouthfeel than xanthan gum alone. Xanthan gum also has a synergistic
interaction with galactomannans, leading to the formation of thermoreversible gels.

4.5.3.1.8 Gellan gum. Gellan gum is an extracellular polysaccharide produced
commercially as a fermentation product of the bacterium Pseudomonas elodea. It is a linear
anionic heteropolysaccharide with a molecular weight of approximately 500 kDa
(Nussinovitch, 1997). The linear chain consists of a repeating unit of four saccharides:
glucose, glucuronic acid, glucose, and rhamnose. In nature there are approximately 1.5
substituents per repeating unit, comprising mainly of glycerate or acetate. These substit-
uents hinder intermolecular association and therefore influence the gelling characteristics
of gellan gums. Two forms of gellan gum are commonly produced commercially that
have different functional properties: a low-acylated form that produces strong nonelastic
brittle gels and a high-acylated form that produces soft elastic nonbrittle gels.

Gellan gums can be dissolved at ambient temperatures provided significant amounts
of divalent ions are not present, otherwise they have to be heated. They give solutions
that are highly viscous and pseudoplastic. The solution viscosity decreases steeply with
increasing temperature due to a reversible helix-coil transition that occurs on heating
(around 25-50°C). Gellan gums have good heat stability at neutral pH, but are susceptible
to thermal degradation under acidic conditions. They form gels when cooled from high
temperatures due to the formation of helical regions that can associate with each other
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and form junction zones. Since they are electrically charged their thickening and gelling
properties are highly sensitive to salt type and concentration. Divalent ions usually pro-
mote gelation by forming salt bridges between negatively charged helical regions. Gels
formed in the presence of monovalent ions are usually thermoreversible, whereas those
formed in the presence of multivalent ions may be thermoirreversible. A variety of gel
characteristics can be achieved by altering the degree of esterification of the gellan gum
and the mineral composition. Gellan gums can be used in food emulsions as thickening
or gelling agents.

4.5.3.1.9 Starch and its derivatives. Starch is one of the most abundant naturally
occurring polysaccharides, being found in the roots, stems, seeds, and fruits of all green
leaf plants (BeMiller and Whistler, 1996). Its primary function in nature is to store energy.
Starch is extracted from a wide variety of different sources with the most common being
corn, potato, wheat, tapioca, and rice. There are two main fractions in starch: amylose
and amylopectin (Zobel and Stephen, 1995). Amylose is essentially a linear chain (MW
~10°) of a-p-(1-4)-linked glucose units, although there may be a limited number (< 0.5%)
of o-pD-(1-6)-linked branches (BeMiller and Whistler, 1996). Amylopectin is a very large
(MW = 107 — 5 x 10%) highly branched molecule also consisting primarily of o-p-(1-4)-
linked glucose units, but with a much higher fraction of (~5%) of a-Dp-(1-6)-linked
branches (BeMiller and Whistler, 1996). Natural sources of starch vary appreciably in the
ratio of amylose to amylopectin, which partially accounts for differences in their func-
tional characteristics.

In nature, amylose and amylopectin are organized into complex biological structures
within starch granules that consist of crystalline regions separated by amorphous regions
(Zobel and Stephen, 1995). When aqueous solutions of starch granules are heated above
a critical temperature they incorporate water and the crystalline regions are disrupted.
The resultant swelling of the starch granule leads to an appreciable increase in solution
viscosity (gelatinization). On further heating, a fraction of the starch leaches out of the
granules and there is a subsequent decrease in viscosity. When the solution is cooled,
linear regions of starch molecules associate with each other (retrogradation) and there may
be an increase in viscosity or even gelation. The rheological characteristics of a particular
native starch depend on the structural organization of the molecules within the starch
granule, the ratio of amylose to amylopectin, the precise molecular characteristics of each
of these fractions, the solution composition (e.g., pH, ionic strength, sugar content), and
environmental factors (e.g., shearing, temperature, pressure). The gels formed by native
starch often have limited application in the food industry, because they do not have the
desired solubility, textural or stability characteristics. For this reason starches are often
physically, chemically, or enzymatically modified to improve their functional properties,
for example, pregelatinization, limited hydrolysis, addition of side groups (polar, ionic,
or hydrophobic) or cross-linking (Wurzburg, 1995). Starch ingredients are currently avail-
able that are soluble in cold or hot water, that thicken or gel with or without heating, that
exhibit a wide range of gelation characteristics (e.g., opacity, gel strength, water-holding
capacity), and that have different stabilities to environmental conditions (e.g., heating,
freezing, pH, ionic strength, shearing). These starches are used in a wide variety of different
food emulsions as thickening agents, gelling agents, and stabilizers. For example, they are
used in dressings, sauces, desserts, and beverages to provide desirable textural character-
istics and to prevent gravitational separation of suspended matter.

4.5.3.1.10 Cellulose and its derivatives. Cellulose is the most abundant natural
polysaccharide, being the major structural component of land plants (Coffey et al.,
1995; Williams and Phillips, 2003). Cellulose is a linear polymer with a relatively high
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molecular weight consisting of D-glucose units joined together by pf(1-4) linkages. In
its natural state, cellulose is not usually suitable for usage as a texture modifier in
processed foods because it forms strong intermolecular hydrogen bonds that make it
insoluble in water. Nevertheless, it can be isolated and chemically modified in a number
of ways to produce products that are useful as food ingredients. The most common
cellulose derivatives used in foods are MC, carboxymethyl cellulose (CMC), HPC, and
MHPC. These ingredients consist of cellulose molecules that have been chemically
modified by adding substituents (M, CM, HP, or MHP) to the cellulose backbone. These
substituents provide a steric hindrance that helps prevent strong intermolecular asso-
ciations between cellulose backbones.

MC, MHPC, and HPC are all soluble in cold water, but tend to become insoluble when
the solution is heated above a critical temperature (around 50-90°C). MC and MHPC both
form reversible gels or highly viscous solutions on heating, whereas HPC just precipitates
out of solution. The driving force for the aggregation of these cellulose derivatives at high
temperatures has been attributed to the increase in hydrophobic attraction between the
molecules, favoring cellulose—cellulose interactions (Williams and Phillips, 2003). MC, MHPC,
and HPC are all nonionic polymers and therefore have good stability to pH and salt, as well
as good compatibility with other ingredients. These products have been used as texture
modifiers in a variety of food products, including dressings, sauces, creams, and deserts.

CMC, also known as cellulose gum, is an anionic linear polymer, which is manufactured
by chemically attaching carboxymethyl groups to the backbone of native cellulose. It is
normally sold in the form of either sodium or calcium salts, and is available in different
molecular weights and degrees of substitution (DS). At a sufficiently high DS (> ~ 0.4), CMC
is readily soluble in water and forms viscous solutions. Because CMC is ionic, the viscosity
of these solutions is sensitive to pH and ionic strength, as well as to the presence of other
types of electrically charged molecules. CMC can form gels in the presence of multivalent
ions due to electrostatic screening and bridging effects. CMC is an odorless and tasteless
ingredient that is commonly used in foods and beverages to prevent gravitational separation
of suspended particles and to create desirable textural attributes and mouthfeel, for example,
deserts, dressings, sauces, bakery emulsions, and beverages (Nussinovitch, 1997).

Another commonly used cellulose-based product in the food industry is microcrys-
talline cellulose (MCC). This product is manufactured by treating native cellulose with
hydrochloric acid to dissolve the amorphous regions leaving crystalline regions as colloi-
dal sized particles (Coffey et al., 1995). MCC is water insoluble and so exists as small
colloidal particles that are predominately dispersed in the aqueous phase. In aqueous
solutions, MCC can form three-dimensional matrices of aggregated particles that form
viscous solutions or gels depending on the concentration used. These solutions are pseudo-
plastic and thixotropic because the particle network breaks down on application of shear
forces, but the viscosity or gel strength is regained once the shearing stress is removed.
MCC functions over a wide range of temperatures, providing freeze-thaw and heat sta-
bility to many food products. This product is dispersible in water at relatively high pH
(>3.8), but may need addition of protective hydrocolloids to disperse it at lower pH values.
MCC may also be advantageous in the formulation of low-fat products because it provides
a creamy mouthfeel and opacity due to light scattering. MCC is used in a variety of food
emulsions to improve emulsion stability and provide desirable textural attributes, includ-
ing soups, sauces, meat products, dressings, and beverages.

4.5.3.2 Proteins

4.5.3.2.1 Gelatin. Gelatin is a relatively high molecular weight protein derived
from animal collagen, for example, pig, cow, or fish (Leunberger, 1991; Williams and
Phillips, 2003). Gelatin is prepared by hydrolyzing collagen by boiling in the presence of
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acid (Type A gelatin) or alkaline (Type B gelatin). The IEP of Type A gelatin (~ 7-9) tends
to be higher than that of type B gelatin (~5). Type A gelatin is therefore quite unusual
because it is positively charged over the entire pH range typically found in foods. Gelatin
exists as a random-coil molecule at relatively high temperatures, but undergoes a coil-
helix transition on cooling, which is at about 10-30°C for mammalian gelatin and at about
0-5°C for fish gelatin (Leunberger, 1991). Gelatin forms a thermoreversible cold-set gel on
cooling below the coil-helix transition temperature due to formation of helical junction
zones between segments of two or three gelatin molecules (Oakenfull et al., 1997). Gelatins
are used in a number of emulsion-based food products as thickening agents and gelling
agents, including deserts, beverages, soups, sauces, and dairy emulsions.

4.5.3.2.2 Caseins. As mentioned earlier, casein is a complex mixture of different
proteins usually derived from bovine milk by acid or enzyme precipitation (Section 4.4.2.3).
The ability of casein to act as a texture modifier is mainly determined by the ability of the
casein molecules to associate with each other under suitable conditions. Caseins have sig-
nificant fractions of nonpolar regions along their polypeptide chains, which favor self-
association through hydrophobic interactions. They also have a relatively high amount of
negatively charged phosphoseryl residues, which favor self-association through electrostatic
bridge formation by multivalent cations, such as Ca?* (Oakenfull et al., 1997). More generally,
the self-association of casein is strongly influenced by electrostatic interactions between the
molecules and is therefore sensitive to pH and ionic strength. Casein molecules can be made
to aggregate in a variety of ways to form viscous solutions or gels, for example, addition of
ethanol, addition of rennet, addition of salts or pH adjustment to the isoelectric point
(Dalgleish, 1997a,b; Oakenfull et al., 1997). Casein ingredients are available in a variety of
different powdered forms for usage in food products, for example, whole casein or sodium,
potassium, or calcium caseinate (Dalgleish, 1997a,b). Caseins are used in a wide variety of
food emulsions as thickening and gelling agents, with the most important being yogurt.

4.5.3.2.3 Globular proteins. A number of texture modifiers used in food emulsions
are based on the use of globular proteins extracted from a variety of sources, for example,
whey, eggs, and soy (Doi, 1993; Damodaran, 1996; Oakenfull et al., 1997). These proteins
tend to be fairly water soluble at ambient temperatures, providing the pH is sufficiently
far from their isoelectric point. Nevertheless, they can thicken solutions or form gel when
they are heated above a temperature where the globular proteins unfold (typically
60-80°C). Protein unfolding exposes reactive amino acid side groups that are normally
buried in the globular proteins hydrophobic interior, such as nonpolar or sulfhydryl
groups. Exposure of these groups promotes intermolecular interactions through hydro-
phobic attraction and disulfide bond formation. Gelation is particularly sensitive to the
magnitude and range of the electrostatic interactions between protein molecules, so that
gel characteristics are strongly dependent on pH and ionic strength. A range of different
gel types can be produced by varying pH, ionic strength, and heating conditions, for
example, brittle versus rubbery, strong versus weak, transparent versus opaque, good
versus bad water-holding capacity. The heat-set gels formed by globular proteins tend to
be irreversible, that is, when the gels are cooled they do not melt.

4.5.3.3 Biopolymer blends

Biopolymers are often used in combination with other biopolymers, rather than in isolation,
to form systems with novel structures and rheological properties (Grinberg and Tolstoguzov,
1996, 1997; Tolstoguzov, 1997; Schmitt et al., 1998; Benichou et al., 2002b; Lundin et al., 2003).
When two different biopolymers are mixed together they may either form a one-phase or
a two-phase system depending on the nature of the biopolymers involved, the solution
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Figure 4.26 Schematic representation of organization of biopolymer molecules in a mixed biopoly-
mer system. The biopolymer solution may form one or two phases, containing aggregated or
nonaggregated biopolymer molecules.

composition, and the prevailing environmental conditions (Figure 4.26). In a one-phase
system, the two biopolymers can exist either as individual molecules or as soluble molecular
complexes that are evenly distributed throughout the system, so that the solution compo-
sition is the same at every location. In a two-phase system, the solution separates into two
distinct phases that have different biopolymer compositions. Phase separation can occur
through two different physicochemical mechanisms: complex coacervation and thermody-
namic incompatibility. In complex coacervation, the two biopolymers aggregate with each
other due to relatively strong attractive interactions between them, for example, when they
have opposite electrical charges. The resulting two-phase system consists of an insoluble
phase that is rich in both biopolymers, and an aqueous phase that is depleted in both
biopolymers (Figure 4.26). Thermodynamic incompatibility occurs when the free energy of
mixing of the biopolymers is positive, which is common when biopolymers have different
molecular conformations, dimensions, rigidities, or solvent affinities. This type of phase
separation often occurs when one or both of the biopolymers are uncharged, or when both
biopolymers have similar electrical charges. At sufficiently low biopolymer concentrations,
the two biopolymers are intimately mixed and form a one-phase solution, but once the
biopolymer concentration exceeds a certain level phase separation occurs and a two-phase
solution is formed with one of the phases being rich in one type of biopolymer and depleted
in the other type, and vice versa (Figure 4.26). The behavior of biopolymer blends under
different solution and environmental conditions can be conveniently characterized in terms
of phase diagrams (Tolstoguzov, 1997). These phase diagrams can often be used to optimize
the biopolymer composition required to produce a solution with a particular microstructure
and physicochemical properties.

Once a particular microstructure has been formed by phase separation of a mixed
biopolymer solution it is often possible to trap the system in a kinetically stable state, and
thus create novel food microstructures and rheological properties (Norton and Frith, 2001;
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Lundin et al., 2003). For example, kinetic trapping can be achieved by changing solution
or environmental conditions so that one or both of the phases thicken or gel, for example,
by changing temperature, pH, ionic composition, or solvent quality. If this process is
carried out in the presence of shear forces it is possible to produce a wide variety of
different microstructures, for example, spheres, tear-drops, fibers (Tolstoguzov, 1997).
Different types of gel microstructures can be created using biopolymer blends by
varying the nature of the biopolymers involved, the solution composition, and the pre-
vailing environmental conditions, for example, interpenetrating networks comprised of
different biopolymers, a single network that incorporates both types of biopolymers, or a
“filled gel” consisting of regions rich in one biopolymer dispersed in regions rich in the
other biopolymer. Each of these microstructures will have unique rheological and physi-
cochemical properties, for example, gel strength, gelation rate, gelation temperature,
water-holding capacity, and opacity. Many food scientists are currently attempting to
understand the fundamental processes involved in the formation of structured biopolymer
blends and in using these systems to create foods with novel or improved physicochemical
and sensory properties (Bruin, 1999). In particular, mixed biopolymer systems appear to
be an effective means of creating low-fat products with similar properties to high-fat
products, for example, deserts, yogurts, dressings, and spreads (Norton and Frith, 2001).

4.5.4 Selection of an appropriate texture modifier

There are a large number of different types of food ingredients that can be used by food
manufacturers to modify the texture of their products. The choice of a particular type of
ingredient or combination of ingredients depends on a number of physicochemical, legal,
economic, and marketing factors (see Section 4.7). In this section, we will focus on the
rheological and other physicochemical aspects influencing the selection of texture modi-
fiers for use in food emulsions. Initially, a food manufacturer should stipulate the physi-
cochemical and sensory properties that are desired for the particular product of interest.
Some of the factors that might be considered are listed below:

1. Should the product be capable of passing through a homogenizer, flowing through
a pipe, being stirred, or being packaged into a container during the manufacturing
process?

2. Should the product be capable of pouring easily from a container during its usage
by a consumer?

3. Are there special textural requirements that are desirable in the final product, for
example, cling, spreadability, stirability?

4. Should the final product be a low-viscosity liquid, a highly viscous liquid, a paste,
a gel, or a solid?

5. What kind of mouthfeel is desirable in the final product, for example, “watery,”
“creamy,” “smooth,” “thick?”

6. Is the texture modifier going to be used primarily to modify the texture of the
product or to prevent gravitational separation of droplets or other particulate

matter?

7. Should the texture modifier produce a transparent, translucent, or optically opaque
solution?

8. Is it necessary for the texture modifier to have good freeze-thaw, thermal, or acid
stability?

9. Should the desirable textural properties of the system only manifest themselves
after the food has been processed in a certain way, for example, chilling, cooking?
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After considering these factors, the manufacturer should establish certain measurable
parameters that can be used to define the rheological (and other physicochemical) char-
acteristics of the product, such as a viscosity versus shear stress profile, a yield stress, a
modulus, a breaking stress or strain, a texture versus temperature profile (Chapter 8). The
manufacture should then specify the optimum rheological characteristics desired for an
acceptable product, which often involve correlating the results of rheological tests made
on the product with sensory measurements made on the same product. Once the optimum
rheological characteristics of the product have been specified, a food manufacturer can
then experiment with different types and concentrations of texture modifiers within the
food to determine the ingredient(s) that provides the desired functional characteristics.

4.6  Other food additives

Food emulsions also contain a variety of other ingredients that contribute to their stability,
taste, texture, and appearance, such as acidulants, preservatives, flavorings, colorings,
vitamins, minerals, and antioxidants (Heath, 1978; Lindsay, 1996a,b; Mathews, 1999; Tan,
2004). In this section, a brief overview of the most important of these food additives will
be presented.

4.6.1 pH control

The pH of the aqueous phase plays an extremely important role in determining the
physicochemical, microbiologic, and organoleptic properties of food emulsions (Lindsay,
1996b). The pH of the majority of food emulsions lies within the range 2.5 (e.g., beverage
emulsions) to 7.5 (e.g., infant formulations). The pH of the aqueous phase can be adjusted
by adding organic or inorganic acids or bases. The pH can be lowered by adding organic
or inorganic acids, such as acetic, lactic, citric, malic, fuamric, succinic, or phosphoric
acids. It can also be lowered by adding bacteria (streptococci lactobacilli) or enzymes
(&-gluconolactone) to a food to promote biochemical reactions that lead to acid produc-
tion. The pH can be increased by adding various types of organic and inorganic salts,
such as phosphate, citrate, carbonate, bicarbonate, oxide, and hydroxide salts.

The pH of an aqueous solution can be stabilized at a particular value by using an
appropriate buffering system. There may be some functional ingredients present within
a food emulsion that were originally added for a different purpose, but which also have
a significant buffering capacity, for example, proteins (Damodaran, 1996). Alternatively,
specific ingredients can be added to emulsions as buffering agents, for example, weak
organic or inorganic acids in combination with salts (Lindsay, 1996b). The type of buffering
system used depends on the pH of the food. For example, the effective buffering ranges
of some commonly used buffering systems are: pH 2.1-4.7 for citric acid—sodium citrate;
pH 3.6-5.6 for acetic acid—sodium acetate; pH 2.0-3.0, 5.5-7.5 and 10-12 for the three ortho-
and pyrophosphate anions (Lindsay, 1996b).

4.6.2 Minerals

Many minerals are essential for the maintenance of human health, as well as making an
important contribution to the physicochemical and sensory properties of foods (Miller,
1996). The minerals in foods may exist in a variety of different forms, including free ions,
complexes, and compounds, depending on their type and the environmental conditions,
for example, pH, ionic strength, temperature, solution composition. The solubility of the
minerals in the aqueous and oil phases can vary considerably depending on the form they
exist in, which has important consequences for their functional properties in foods. For
example, a chelated form of a mineral may act very differently than the nonchelated form.
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It is therefore usually important for food manufacturers to control the form that the
minerals are present in within a food.

There are currently deficiencies in the consumption of certain minerals that are essen-
tial for the maintenance of good health, for example, calcium, iron, selenium, and zinc.
Consequently, many food manufacturers are fortifying their foods with these minerals.
On the other hand, overconsumption of other minerals (e.g., Na*) has been linked to
adverse health effects, such as hypertension. For this reason, food manufacturers are
developing effective strategies to reduce the levels or completely remove these types of
minerals from foods. It should be noted that changing the mineral composition of food
emulsions to improve their nutritional aspects may cause undesirable changes in their
physicochemical and sensory properties.

High concentrations of minerals can have an adverse affect on the aggregation stability
of O/W emulsions containing electrostatically stabilized droplets due to electrostatic
screening and ion binding effects (Chapters 3 and 7). These effects can occur at relatively
low mineral concentrations (<5 mM) when multivalent counterions are present, for exam-
ple, Ca?* in an emulsion containing negatively charged droplets. Certain mineral ions may
also promote undesirable chemical reactions that lead to product deterioration, for exam-
ple, iron and copper ions can promote lipid oxidation (McClements and Decker, 2000). In
these systems, it is usually necessary to add chelating agents to sequester the mineral ions
and prevent them from causing chemical instability. Certain types of minerals also influ-
ence the functional properties of other food ingredients. For example, the ability of many
biopolymers to thicken or gel a solution is strongly dependent on the type and concen-
tration of mineral ions present. Careful selection and control of the mineral ions present
in food emulsions is therefore important when formulating a successful product.

4.6.3 Sequestrants (chelating agents)

Chelating agents are often added to foods to sequester multivalent mineral ions (Lindsay,
1996b). Sequestering of mineral ions can have a number of beneficial functions in food
emulsions, including improving the solubility of mineral ions, inhibiting lipid oxidation,
retarding color or flavor loss, and preventing aggregation of charged droplets. Many of
the most effective chelating agents currently used in food emulsions are synthetic, for
example, ethylene diamine tetra acetate [EDTA], phosphoric acid, and polyphosphates
(Reishce et al., 1998). Nevertheless, there is some concern about the use of synthetic
chelating agents because they are believed to bind minerals so strongly that they may not
be bioavailable and because consumers do not regard them as “label friendly.” Natural
chelating agents, such as citric acid, can be used to sequester minerals, but they tend to
be less effective and have limited use in many foods because of their flavor, solubility,
and/or requirement for acid environments. Research is therefore being carried out to
identify alternative natural chelating agents that can be used in a wider range of food
applications. A variety of proteins, protein hydrolysates, and polysaccharides have been
shown to be effective at chelating transition metals (McClements and Decker, 2000). It is
important to ensure that the chelating system chosen is effective under the solution
conditions in the product (e.g., pH, ionic composition, temperature), and that it does not
adversely affect the functional properties of other food ingredients.

4.6.4 Antioxidants

The oxidation of lipids is one of the most important chemical reactions that occur in food
emulsions that causes deterioration in product quality. Lipid oxidation can lead to the
production of an off-flavor, loss of beneficial polyunsaturated lipids, and formation of
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potentially toxic reaction products (McClements and Decker, 2000). “Lipid oxidation” is
a general term that is used to describe a complex sequence of chemical changes that result
from the interaction of lipids with oxygen active species (Nawar, 1996; Frankel, 1998; Akoh
and Min, 2002). The precise mechanism of lipid oxidation in a particular food depends
on the nature of the reactive species present and their physicochemical environment
(Coupland and McClements, 1996a, McClements and Decker, 2000). Lipid oxidation can
be conveniently divided into three distinct stages: initiation, propagation, and termination
(Nawar, 1996; Frankel, 1998; Akoh and Min, 2002). One of the most effective means of
retarding lipid oxidation in fatty foods is to incorporate antioxidants. Antioxidants work
by a variety of different methods, including control of oxidation substrates (e.g., oxygen
and lipids), control of prooxidants (e.g., reactive oxygen species and prooxidant metals),
and inactivation of free radicals (Frankel, 1998). Antioxidants can be broadly divided into
two categories depending on the mechanism by which they operate: primary antioxidants
and secondary antioxidants.

Primary antioxidants retard lipid oxidation because they are capable of accepting free
radicals, thereby retarding the initiation step or interrupting the propagation step
(McClements and Decker, 2000). The effectiveness of these antioxidants depends on their
chemical structure, solution conditions (pH, ionic strength, temperature), and physico-
chemical environment (oil, water, or interfacial region). Antioxidants that are effective at
retarding lipid oxidation in bulk oils may not be as effective in emulsions due to differences
in their location relative to lipid substrates or prooxidants (Frankel, 1998). Synthetic food
additives, such as BHA, BHT, TBHQ, are common chain-breaking antioxidants used in
food systems (Reische et al., 1998). These synthetic antioxidants are often highly effective
at controlling lipid oxidation; however, consumer demand for all natural foods has
prompted the food industry to look for more “label friendly” alternatives. For this reason
a number of studies have been carried out to assess the effectiveness of natural chain-
breaking antioxidants in bulk oils and emulsions, including tocopherols, fruit extracts,
and plant extracts (Frankel, 1996, McClements and Decker, 2000).

Secondary antioxidants can retard lipid oxidation through a variety of mechanisms,
including chelation of transition metals, replenishing of hydrogen to primary antioxidants,
oxygen scavenging, and deactivation of reactive species (Reische et al., 1998). It should be
noted that none of these mechanisms involve conversion of free radical species to more
stable products. From the standpoint of O/W emulsions the most important type of sec-
ondary antioxidants are those that chelate transition metal ions (McClements and Decker,
2000). The presence of transition metals, such as iron or copper, in the aqueous phase of
O/W emulsions has been shown to be a major factor in the promotion of lipid oxidation.
The effectiveness of transition metals at promoting lipid oxidation increases dramatically
when they are located near droplet surfaces because they are then in closer proximity to
the lipid substrate. Consequently, any aqueous phase component that chelates transition
metals and removes them from the vicinity of the droplet surface would be expected to
retard lipid oxidation. A variety of synthetic and natural chelating agents are available as
additives to prevent lipid oxidation in foods, for example, EDTA, phosphoric acid, poly-
phosphates, citric acid, other organic acids, proteins, and polysaccharides (Reishce et al.,
1998). The choice of a particular chelating agent depends on the specific food type.

There are a number of means of retarding oxidation of emulsified fat, which are not
available for retarding oxidation of bulk fat. For example, lipid oxidation can be retarded
in O/W emulsions by coating the oil droplets with a relatively thick interfacial membrane
that is positively charged so that it prevents transition metal ions coming into close contact
with the lipids inside the droplets (McClements and Decker, 2000). In practice, the most
effective means of controlling lipid oxidation in emulsions is often to use a combination
of different antioxidant strategies (Lindsay, 1996b; McClements and Decker, 2000).
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4.6.5 Antimicrobial agents

Chemical preservatives that have antimicrobial properties are added to many types of
food emulsions to prevent spoilage during storage and to ensure their safety for human
consumption (Lindsay, 1996b, Jay, 2000). The type of antimicrobial agent used in a partic-
ular food emulsion depends on the pH and thermal processing of the product, as well as
its compatibility with the other ingredients present. Some common chemical antimicrobial
agents and their effective pH ranges are acetic acid (pH 3.0-5.0), benzoic acid (pH 2.5-4.0),
sorbic acid (pH 3.0-6.5), propionic acid (pH 2.5-5.0), sulfites (pH 2.5-5.0), and nitrites (pH
4.0-5.5). Due to growing consumer demands for “natural” food products, food manufac-
turers are increasingly trying to replace chemical preservatives with more “label friendly”
antimicrobials extracted from natural sources, for example, herbs, spices, and plants. It
should be stressed that in addition to the usage of antimicrobial additives, microbial
growth in food emulsions is also inhibited using various other methods, for example, pH
control, moisture control, thermal processing, nonthermal processing, chilling, and freez-
ing (Jay, 2000).

4.6.6 Flavors

The flavor of a food emulsion is one of the most important factors determining its overall
quality (Chapter 9). A food manufacturer must therefore design each food product so that
it has the desired characteristic flavor profile expected by consumers for that kind of
product. A desirable flavor profile can be achieved by incorporating known concentrations
of particular types of flavor molecules into a food (e.g., NaCl, sucrose, b-limonene, citric
acid) or by using multicomponent ingredients that contain flavor molecules (e.g., lemon
juice, herbs, spices, flavor oils, milk fat). Alternatively, the flavor profile might be generated
or modified by ingredients that undergo chemical or biochemical reactions during food
production, storage, or preparation, for example, lipid oxidation, browning reactions, or
enzymatic reactions (Lindsay, 1996a, Jacobson, 1999).

A food manufacturer must decide the type and amount of flavoring components that
must be incorporated into a food emulsion during the manufacturing process in order to
produce a desirable flavor profile in the final food product. This is by no means a simple
task, since the perceived flavor of a food emulsion is governed not only by the type and
concentration of flavors present, but also by their partitioning and release rate, which
depends on the composition and microstructure of the emulsion (Chapter 9). The most
important factors that should be considered when selecting flavors for use in food emul-
sions are their partitioning between the oil, aqueous, interfacial, and headspace regions,
and their rate of mass transport to the taste and odor receptors during consumption
(Chapter 9). Due to the difficulty in predicting the flavor of a food emulsion from first
principles, the creation of a final product with a desirable flavor profile often requires
extensive formulation and reformulation of products after testing of their flavor profiles
using analytical instruments and sensory tests.

Currently, there are trends within the food industry toward the usage of more natural
flavors, and to reduce the concentration of certain sugars and salts. For example, natural
sugar-based sweeteners, such as sucrose, high-fructose corn syrup, fruit juices, and honey,
have traditionally been used to produce desirable flavor profiles in emulsions (Mathews,
1999); however, in many products these are being replaced with reduced calorie sweeteners
based on polyhydric alcohols (mannitol, xylitol, and sorbitol) or nonnutritive sweeteners
(e.g., aspartame, acesulfame K, saccharin, and sucralose) (Lindsay, 1996b). The food man-
ufacturer should be aware that changing the level of sweeteners or salts in an emulsion
may alter its overall physicochemical characteristics, so that the system has to be refor-
mulated to produce a desirable product.
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4.6.7 Colorants

Appearance plays a major role in determining whether or not consumers will purchase a
particular product, as well as their perception of the quality of the product once it is
consumed (MacDougall, 2002a). The desired appearance for a particular product depends
mainly on the product type and its description on the label. The overall appearance of an
emulsion is determined by the amount of light it absorbs and scatters across the visible
region of the electromagnetic spectrum (Chapter 10). For food emulsions, the most impor-
tant elements of appearance are usually the color and the opacity. The opacity is mainly
determined by particulate matter that scatters light, such as emulsion droplets, air bubbles,
biopolymer aggregates, fat crystals, and ice crystals. The color is mainly determined by
chromophoric materials that selectively absorb light in the wavelength range from 380 to
780 nm. Substances that can absorb electromagnetic energy in this region are usually
referred to as dyes or pigments (Moss, 2002). A dye has been defined as a colored substance
that is soluble in the medium in which it is dispersed, whereas a pigment is insoluble
(Moss, 2002). The more general term “colorant” can be used to encompass both dyes and
pigments. Substances that contribute to the color of an emulsion-based product may be
naturally present in the other major ingredients used to formulate the product (e.g., oils,
egg yolk) or they may be added as specific colorants. A wide variety of different natural
and synthetic colorants are available to provide characteristic appearances to food emul-
sions, including fruit, vegetable, or plant extracts and FD&C colorants (Heath, 1978;
Mathews, 1999; Francis, 1999). FD&C colorants are those synthetic food color additives
approved by the United States Food and Drug Administration (FDA) for usage in foods,
drugs, and cosmetics, for example, FD&C Red No. 40, FD&C Yellow No. 5, and FD&C
Blue No. 1. Colorants may be either oil soluble or water soluble, which will determine
the phase that they must be dispersed in during the production of emulsions. Many
colorants undergo chemical degradation reactions that lead to a change or fading in color
over time. Consequently, a manufacturer may have to develop effective strategies to
prevent these undesirable changes, for example, by controlling light levels, oxygen content,
pH, and storage temperatures or by adding preservatives. The overall appearance of an
emulsion may also be controlled by adding particulate material that scatters light and
therefore makes the product look cloudy or opaque, for example, titanium dioxide or
particulated biopolymer aggregates. The type and concentration of colorants used in a
product depends on the desired final appearance, as well as the composition and micro-
structure of the matrix. For example, a higher concentration of a colorant may be required
to produce a certain color intensity in a high-fat O/W emulsion than in a low-fat version
of the same product due to the greater amount of light scattering by the droplets
(McClements, 2002a,b).

4.6.8 Weighting agents

Weighting agents are often used in beverage emulsions to increase their creaming stability
(Tan, 2004). The purpose of weighting agents is to reduce the density contrast between
the oil droplets and the surrounding aqueous phase, thereby reducing the driving force
for creaming (Tan, 2004). A variety of natural and synthetic weighting agents are available
for usage in beverage emulsions. The most common are brominated vegetable oil (BVO),
sucrose acetate isobutyrate (SAIB), dammar gum, and ester gum (Heath and Reineccius,
1986; Tan, 2004). Brominated vegetable oil is produced by addition of bromine molecules
to unsaturated bonds on the fatty acid chains of the triacylglycerols in food oils, for
example, corn oil, soybean oil, cotton seed oil, or olive oil. Ester gum is made by esterifi-
cation of wood rosin with glycerol. Damar gum is a natural exudate obtained from the
shrubs of the Caesalpinaceae and Dipterocarpaceae families. SAIB is made by the esterification
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of sucrose with acetic and isobutyric anhydrides. Weighting agents are usually incorpo-
rated into the oil phase prior to homogenization. The density of the weighting agent
determines how much of it is required to match the oil and aqueous phase densities:
BVO = 1240 - 1330 kg m3; SAIB = 1150 kg m3; ester gum = 1080 kg m=; and damar gum =
1060 kg m=. Nevertheless, the type and amount of weighting agents that can be used in
beverage emulsions is restricted by government and international regulations in many
countries. For example, in the U.S. only 15 ppm BVO and 100 ppm ester gum can be
present in the finished product (Tan, 2004). These relatively low levels mean that it is only
possible to use weighting agents to improve the stability of O/W emulsions with very
low droplet concentrations, typically <0.1 wt%, which practically limit their use to bever-
age emulsions.

4.6.9 Fat replacers

Overconsumption of fatty foods is a major cause of obesity, which has been linked to
major human health problems such as heart disease, diabetes, and cancer (American Heart
Association). There has therefore been a considerable trend in the food industry toward
the development of reduced fat, low-fat, or fat-free versions of traditional products (Jones
et al., 1996; Ford et al., 2004). Fats play a variety of different roles in determining the
overall appearance, texture, flavor, and stability of food emulsions (Chapters 7-10). Con-
sequently, it is usually necessary to use a combination of fat replacement ingredients with
different functional roles to replace the quality attributes lost when fat droplets are
removed. Biopolymers, such as gums, starch, and proteins are often incorporated into
reduced fat, light, low-fat, or fat-free products to provide some of these functional
attributes (Clegg, 1996). In particular, insoluble biopolymer complexes that have similar
particle sizes to oil droplets have been found to mimic many of the desirable quality
attributes of the fat droplets in dressings, for example, Simplesse™, which is a micropar-
ticulated whey protein ingredient (Singer, 1996). One of the hardest quality attributes to
imitate when the fat is removed is the flavor profile, because the fat phase acts as a solvent
for many characteristic flavors and controls their release rate during consumption (Ford
et al., 2004). When the fat content is reduced the partitioning and release rate of flavor
compounds is changed, which changes the overall flavor profile. In addition, the flavor
profile may be changed due to interactions of the flavor molecules with proteins, polysac-
charides, or surfactant micelles (Guichard, 2002). For these reasons, it is often necessary
to supplement biopolymer fat replacers with other types of ingredients to obtain the
desired flavor profile, such as surfactants or flavorings (Brandt, 1999).

An alternative method of reducing the fat content of emulsions is to replace a fraction or
all of the conventional oil with nondigestible fat-like molecules (such as Olestra™, a sucrose
fatty acid ester) or specially designed triacylglycerols with reduced caloric levels (such as
Salatrim™ and Caprenin™). An ideal fat replacer should provide all of the quality attributes
provided by conventional fat, while being safe to consume and significantly reducing the
overall fat and calorie content. One of the advantages of this method is that the overall droplet
concentration remains the same so that the physicochemical and sensory attributes of the
product are fairly similar to those of a conventional product. To the author’s knowledge these
ingredients are not widely used in food emulsions because they are either not legally
approved, do not have suitable physicochemical properties, or are not economically viable.

4.7 Factors influencing ingredient selection

As this chapter has shown there are a large number of different functional ingredients
that can be used in food emulsions. Each of these ingredients has its own unique func-
tional properties that contribute to the overall physicochemical and sensory properties
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of the final product in a distinctive way. We have considered some of the physiochemical
factors that food manufacturers should consider when selecting particular types of func-
tional ingredients in previous sections. In this section, an overview of some of the other
important factors that must be considered in choosing an ingredient for a particular
application is given.

1.

There are differences in the sensitivity of ingredients to solution composition and
environmental conditions, for example, pH, ionic strength, temperature. The in-
gredients chosen must be capable of exhibiting their desired functional properties
under the conditions that the product experiences during its production, storage,
transport, and usage.

Certain ingredients can interact with other types of ingredients in ways that dra-
matically alter their functional attributes. These interactions may either be benefi-
cial or detrimental to the overall properties of the system. It is therefore important
to select a combination of ingredients that are compatible with one another.
There are often differences in supplier reliability, consistency from batch-to-batch,
ease of handling, ease of usage, and shelf-life for each functional ingredient.
There are differences in the total amount and cost of ingredients required to provide
the desired functional attributes to food emulsions.

There are legal limits, which vary from country to country, that specify the types
and amounts of ingredients that can be used in particular foods.

There may be labeling and marketing requirements on the type of ingredients used.
For example, consumers are becoming more interested in purchasing “all natural”
products and therefore many food companies are examining the possibility of
replacing synthetic ingredients with natural ones. In addition, it may be important
to use an ingredient that is suitable for consumption by particular ethnic, religious,
or social groups, for example, kosher, vegetarian, or vegan.

The food manufacturer must consider all of the above factors when selecting a com-
bination of ingredients that are suitable for application in a particular product. Usually,
it will not be possible to identify a series of ingredients that satisfies all of the desired
characteristics, and it will be necessary to come to some compromise between functionality,
cost, and labeling requirements.



chapter five

Interfacial properties and their
characterization

5.1 Introduction

The interfacial region that separates the oil from the aqueous phase constitutes only a
small fraction of the total volume of an emulsion (Table 1.1). Nevertheless, it has a major
influence on the bulk physicochemical and sensory properties of food emulsions, including
their formation, stability, rheology, and flavor (Chapters 6-9). Food scientists would like
to know how interfacial characteristics (such as composition, structure, thickness, and
rheology) impact emulsion properties, and how these interfacial characteristics depend
on the type, concentration, and properties of the surface-active components in the system,
so that they can rationally create emulsion-based foods with improved quality (Dickinson,
1992; Wilde, 2000).

An interface is a narrow region that separates two phases, which could be a gas and
a liquid, a gas and a solid, two liquids, a liquid and a solid, or two solids (Walstra, 2003a).
The two phases may consist of different kinds of molecules (e.g., oil and water) or different
physical states of the same kind of molecule (e.g., liquid oil and solid fat). By convention,
the region separating two condensed phases (solids or liquids) is referred to as an interface,
while the region separating a condensed phase and a gas is called a surface (Everett, 1988).
Nevertheless, the terms interface and surface are frequently used interchangeably, and in
this chapter the term interface will often be used to cover both terms. A number of different
types of surfaces and interfaces commonly occur in food emulsions, including oil-water
(e.g., oil droplets in water), air-water (e.g., gas bubbles in water), ice-liquid water (e.g.,
ice crystals in water), and fat-oil (e.g., fat crystals in oil). In this chapter, we will mainly
focus on the oil-water interface because it is present in all food emulsions. Nevertheless,
we will consider various other types of surfaces and interfaces where appropriate, and it
should be recognized that much of the discussion about oil-water interfaces is also appli-
cable to other systems.

Initially, it is useful to provide a brief overview of the interfacial characteristics that
are most important in determining the overall properties of food emulsions:

o Interfacial composition. The type and concentration of surface-active substances
present at an interface strongly influence its free energy, structure, dimensions,
electrical characteristics, and rheology, and therefore plays a major role in deter-
mining emulsion properties.

o Interfacial structure. The thickness and internal structure of the interfacial layer
plays an important role in determining the magnitude and range of the colloidal
forces acting between emulsion droplets (Chapter 3). For example, the range of
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the steric repulsion between droplets increases as the thickness of the interfacial
layer increases. (Section 3.5)

o Interfacial electrical properties. The electrical characteristics of the interface (e.g., surface
charge density and surface potential) play an important role in determining the
magnitude and range of the electrostatic interactions between emulsion droplets
(Section 3.4), as well as influencing the adsorption of ions to emulsion droplet surfaces.

o Interfacial energy. The free energy stored in the interface, which is described by the
surface or interfacial tension, determines the ease at which the interfacial area can
be changed. This interfacial energy is important in emulsion formation, since it
influences the amount of mechanical energy that must be input during homoge-
nization to deform and break up droplets (Section 6.4.1). It is also important in
determining the stability of some surfactant-stabilized emulsions to coalescence
(Sections 4.4.1 and 7.6). Finally, measurements of the interfacial energy can be used
to provide valuable information about interfacial composition, emulsifier adsorp-
tion kinetics, and interfacial rheology.

o Interfacial rheology. The rheological characteristics of an interface (e.g., dilational or
shear rheology) are believed to influence the stability and physicochemical prop-
erties of some food emulsions, for example, droplet aggregation and creaming (Bos
and van Vliet, 2001) and emulsion formation (Walstra and Smulder, 1998). In
addition, measurements of the rheological characteristics of interfaces can be used
to provide valuable information about the interactions of surface-active molecules
within the interfacial layer.

In the remainder of this chapter, we consider the molecular characteristics of the
interfacial region, thermodynamic relationships for describing its properties, the role that
it plays in determining the bulk physicochemical properties of emulsions, and experimen-
tal techniques available for characterizing its properties.

5.2 General characteristics of interfaces
5.2.1 Interfaces separating two pure liquids

The interface that separates the oil and water phases is often assumed to be a planar surface
of infinitesimal thickness (Figure 5.1a). This assumption is convenient for many purposes,
but it ignores the highly dynamic nature of the interfacial region, as well as the structure
and organization of the various types of molecules involved (Figure 5.1b). On the molecular
level, the oil and water molecules intermingle with each other over distances of the order
of a few molecular diameters (Everett, 1988; Evans and Wennerstrom, 1994; Jonsson et al.,
1998). The composition of the system therefore varies smoothly across the interfacial region
(Figure 5.1b), rather than changing abruptly (Figure 5.1a). The thickness and dynamics of
the interfacial region depend on the relative magnitude of the interactions between the
molecules involved (oil-oil, water-water, and oil-water): the more unfavorable the
oil-water interactions, the thinner and more inflexible is the interface (Israelachvili, 1992;
Evans and Wennerstrom, 1994).

Consider the various types of molecular interactions that operate in a two-phase
system consisting of oil and water (Figure 5.2). The water molecules are capable of forming
relatively strong hydrogen bonds with their neighbors in the bulk water phase, whereas
the oil molecules are only capable of forming relatively weak van der Waals bonds with
each other in the bulk oil phase. At the oil-water interface, oil molecules can only form
relatively weak van der Waals bonds with water molecules, because they do not have
polar groups that would enable them to form hydrogen bonds. Consequently, increasing
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Figure 5.1 Interfaces are often assumed to be planar surfaces of infinitesimally small thickness (a),
but in reality they are highly dynamic and have a thickness that depends on the dimensions and
interactions of the molecules (b).
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Figure 5.2 The molecular origin of interfacial tension at a liquid-liquid interface is the imbalance
of the attractive forces acting on the molecules at the interface. The length of the arrows is related
to the strength of the attraction between molecules. Hence, water—water interactions are considerably
stronger than oil-oil or oil-water interactions.
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the number of interactions between oil and water molecules by increasing the interfacial
area is unfavorable, because it involves replacing relatively strong water-water bonds
with relatively weak water—oil bonds. In reality, one must take into account the structural
organization (entropy) of the molecules at the interface, as well as their interaction energies
(enthalpy), particularly because of the dominant role of the hydrophobic effect (Norde,
2003). In summary, the interaction of oil and water molecules at the interface is strongly
thermodynamically unfavorable because of the hydrophobic effect (Section 4.3.3). It is
therefore necessary to supply free energy to the system in order to increase the contact
area between oil and water molecules. The amount of free energy that must be supplied
is proportional to the increase in contact area between the oil and water molecules
(Hiemenz and Rajagopalan, 1997):

AG = yAA (.1)

where AG is the free energy required to increase the contact area between the two immis-
cible liquids by A A (at constant temperature and pressure) and %, is a constant of propor-
tionality called the interfacial tension. If one of the phases is a gas, the interfacial tension
is replaced by the surface tension, y,. Ultimately, the interfacial tension is determined by
the magnitude of the imbalance of molecular interactions across an interface: the greater
the imbalance of interactions, the greater the interfacial tension (Israelachvili, 1992; Evans
and Wennerstrom, 1994). Conceptually, the interfacial tension can be thought of as a
contractile force that manifests itself as a tendency for the system to minimize the contact
area between the two phases. The interfacial tension can be expressed in units of energy
per unit interfacial area (J m2) or force per unit length of interface (N m). Selected values
for the surface and interfacial tensions of some materials relevant to food scientists are
presented in Table 5.1. For some simple systems, equations have been developed to
relate the interfacial and surface tensions of materials to the number and magnitude of
the various types of molecular interactions involved (Israelachvili, 1992; Norde, 2003).
Many of the most important macroscopic properties of food emulsions are governed
by the imbalance of molecular forces at an interface, including the tendency for droplets
to be spherical, the surface activity of emulsifiers, the nucleation and growth of ice and
fat crystals, meniscus formation, and the rise of liquids in a capillary tube (Section 5.9).

Table 5.1 Approximate Values at Ambient Temperature for Surface and
Interfacial Tensions (m] m~2) of Selected Materials Relevant to Food Scientists.

Substance Ys (Against Air) v, (Against Water) v, (Against Oil)
Water 72 — 27.5
SDS solution® 37 — —
Tween 20 solution” — — 26
Protein solution® 50 — —
Gum Arabic solution® — — 43
40% sucrose solution 74 — —
20% NaCl solution 82 — —
n-Octane 22 — —
n-Dodecane 25 — —
n-Hexadecane 27 53.8 —
Triacylglycerol oil 35 30 —
Triacylglycerol crystal — 31 4
Ethanol 22 0 —

* Interfacial or surface tension at saturation coverage.
Source: Adapted from Jonsson et al. (1998) and Walstra (2003a).
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Figure 5.3 Surface-active molecules accumulate in the interfacial region because this minimizes the
free energy of the system.

5.2.2 Interfaces in the presence of solutes

So far, we have only considered the molecular characteristics of an interface that separates
two pure liquids. In practice, food emulsions contain various types of surface-active
solutes that accumulate at interfaces and alter their properties, for example, surfactants,
phospholipids, proteins, polysaccharides, and alcohols (Dickinson and Stainsby, 1982;
Dickinson, 1992; Krog, 1997; Stauffer, 1999). In this section, we focus on the molecular
origins of solute adsorption to interfaces.

Consider a system that consists of an amphiphilic solute, an oil phase, and a water
phase (Figure 5.3). The solute tends to accumulate at the interface separating the oil and
water phases when the free energy of the adsorbed state is lower than that of the nonad-
sorbed state (Hiemenz and Rajagopalan, 1997). The difference in free energy between the
adsorbed and nonadsorbed states, AG,y,, is determined by changes in the interaction
energies of the various molecules involved in the process, as well as by various entropy
effects (Shaw, 1980; Hiemenz and Rajagopalan, 1997; Norde, 2003). The change in the
interaction energies that occurs as a result of adsorption of a solute comes from two
sources, one associated with the interface and the other with the solute itself. The hydro-
phobic effect makes a major contribution to both of these sources.* First, when a solute
adsorbs to an oil-water interface the number of unfavorable contacts between water
molecules and oil are reduced. The direct contact between oil and water molecules is
replaced by contacts between the nonpolar segments of the solute and oil, and between
the polar segments of the solute and water (Israelachvili, 1992). Thermodynamically, these
interactions are more favorable than the direct interactions between oil and water mole-
cules. Second, surface-active solutes usually have both polar and nonpolar segments, and
when they are dispersed in bulk water some of the nonpolar segments come into contact
with water, which is thermodynamically unfavorable because of the hydrophobic effect.
By adsorbing to an interface they are able to maximize the number of thermodynamically
favorable interactions between the polar segments and water, while minimizing the num-
ber of unfavorable interactions between the nonpolar segments and water (Figure 5.3b).

* It is assumed that the “interaction energy” includes both enthalpic and entropic contributions, so that hydro-
phobic interactions can be conveniently treated.
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In addition to the hydrophobic effect, various other types of interaction energies may also
contribute to the propensity of an amphiphilic solute to adsorb to an interface, including
van der Waals, hydration, electrostatic, and steric interactions (Norde, 2003). The relative
magnitude of these interactions, and whether they favor or oppose adsorption, depends
on the type of solute involved, but these contributions are usually appreciably smaller
than the hydrophobic effect.

There are also a number of entropic contributions that influence the tendency of solute
molecules to adsorb to an interface (Norde, 2003):

1. Configuration entropy. When a molecule adsorbs to an interface it is confined to a region
that is considerably smaller than the region it could potentially occupy in the bulk
liquid. This reduction in the number of possible configurations that the molecule can
adopt within the system leads to a decrease in entropy, which opposes adsorption.

2. Orientation entropy. When a molecule adsorbs to an interface its ability to adopt
different three-dimensional orientations may be limited compared to when it is
dispersed in the bulk liquid. This reduction in the number of possible orientations
that the molecule can have leads to a decrease in entropy, which opposes adsorption.

3. Conformation entropy. When a polymeric molecule adsorbs to an interface the number
of different conformations that it can adopt may either increase or decrease depending
on the nature of the molecule. For example, the number of conformations adopted
by flexible random-coil type biopolymers usually decreases after adsorption, whereas
the number of conformations adopted by compact globular biopolymers usually
increases (Norde, 2003). This contribution may therefore either decrease or increase
the entropy, and so either oppose or favor adsorption, depending on whether the
number of molecular conformations decreases or increases after adsorption.

4. Interaction entropy. The interaction entropy is primarily associated with changes in
the organization of solvent molecules resulting from adsorption. The major con-
tribution to the interaction entropy is the hydrophobic effect, which has already
been included in the molecular interaction contribution discussed above. The
number of highly ordered water molecules surrounding nonpolar groups decreases
when an amphiphilic molecule adsorbs to an interface, which increases the entropy
of the solvent molecules and favors adsorption. Nevertheless, there may also be
other entropy contributions associated with changes in the organization of solvent
molecules due to adsorption, for example, redistribution of counterions around
charged groups (Norde, 2003).

The adsorption of a molecule to an interface will therefore only occur when the
various favorable interaction energy and entropy contributions outweigh the unfavor-
able ones. If the adsorption free energy is highly negative (i.e., AG ,/RT <<0), then a
molecule has a strong affinity for the surface and has a high surface activity. If the
adsorption free energy is relatively small compared to the thermal energy (i.e.,
AG,4/RT = 0), then a molecule tends to be located mainly in the bulk liquid and has
a low surface activity. If the adsorption free energy is highly positive (i.e., AG,, /RT >>0),
then there is a deficit of solute in the interfacial region, which is referred to as negative
adsorption (Shaw, 1980).

The change in free energy of a system that occurs when a surface-active solute is present
manifests itself as a change in the interfacial (or surface) tension, that is, in the amount of
free energy required to increase the interfacial (or surface) area between the water and oil
(or air) phases by a unit amount. The interfacial tension is reduced in the presence of a
surface-active solute because the thermodynamically unfavorable contacts between the oil
and water phases are reduced: the higher the solute concentration at the interface, the
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Figure 5.4 The interfacial properties of an emulsifier can be conveniently characterized by plotting
the interfacial tension or surface pressure as a function of emulsifier concentration in the bulk
solution. As the bulk emulsifier concentration increases, the interfacial emulsifier concentration
increases, which leads to a decrease in ¥y and an increase in 7 until the interface is saturated with
emulsifier.

greater the reduction in interfacial tension. The reduction of the interfacial tension by the
presence of a surface-active solute is referred to as the surface pressure:

=Yo7 (5.2)

where 7,,, is the interfacial tension of a pure oil-water interface and 7 is the interfacial
tension in the presence of the surface-active solute (Hiemenz and Rajagopalan, 1997).
Typical plots of the dependence of the interfacial tension and surface pressure on the
concentration of a surface-active solute in the bulk solution are shown in Figure 5.4. As
the solute concentration is increased the interfacial tension continues to fall from its value
in the absence of solute (y,,,), until it reaches a relatively constant level at high solute
concentrations where the interface has become saturated with solute. In contrast, the
surface pressure increases from zero in the absence of solute to a constant value (7..) at
high solute concentrations where the interface has become saturated with solute. The value
of 7. is a measure of how effectively the adsorbed solute molecules are able to minimize
the thermodynamically unfavorable interactions between the oil and water phases at
saturation. The higher the value of x, for a particular interface, the better the solute is at
minimizing thermodynamically unfavorable interactions at that interface.

The variation of surface tension with solute concentration for different types of mol-
ecules is shown in Figure 5.5. For a solute that has a high surface activity (i.e.,
AG,,./RT << 0), like sodium dodecyl sulfate (SDS), the surface tension decreases rapidly
with increasing solute concentration then reaches a constant value when the surface is
saturated. For a solute with a moderate surface activity, like methanol, the surface tension
decreases more slowly with increasing solute concentration. For a solute with little or no
surface activity (i.e., AG,4,/RT = 0), like sucrose, there is little change in surface tension
with increasing solute concentration. For a solute with a negative surface activity (i.e.,
AG,4/RT > 0), like NaCl, there is actually an increase in surface tension with increasing
solute concentration. Thermodynamic equations for relating the interfacial concentration
of a solute to its bulk concentration and surface activity are discussed in a later section.
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Figure 5.5 Solutes have different surface tension vs. concentration profiles because of differences in
their affinity for the surface.

5.3 Adsorption of solutes to interfaces

In the previous section, the molecular origin of the ability of solutes to adsorb to interfaces
was highlighted. In this section, we introduce mathematical quantities and thermody-
namic relationships that can be used to describe the adsorption of solutes to interfaces.
As a whole, emulsions are thermodynamically unstable systems because of the unfavor-
able contact between oil and water molecules (Section 7.2.1). Nevertheless, their interfacial
properties can often be described by thermodynamics because the adsorption-desorption
of surface-active solutes occurs at a rate that is much faster than the timescale of the kinetic
destabilization of the overall emulsion (Hunter, 1986).

5.3.1 Definition of surface excess concentration

To define the concentration of solute that accumulates at an interface from a thermody-
namic perspective it is convenient to assume that the interface is a smooth infinitesimally
thin plane that separates two homogeneous liquids (Figure 5.1a). Initially, one has to decide
precisely where this imaginary plane should be located in the system, as this location
influences the value of the interfacial solute concentration (Hiemenz and Rajagopalan,
1997). In the following sections, the standard convention for assigning the location of the
imaginary plane (the so-called Gibbs dividing surface) is introduced, and then the definition
of the interfacial solute concentration (the so-called surface excess concentration) is given.

5.3.1.1 Gas-liquid interface in the absence of solutes
For simplicity, consider a system that consists of liquid water in equilibrium with its vapor
in the absence of any solutes (Figure 5.6). The volume fraction of water molecules in the
liquid water is approximately unity, and decreases to approximately zero as one moves
up through the interfacial region and into the vapor phase.

The imaginary plane interface could be located anywhere in the interfacial region
indicated in Figure 5.6 (Hunter, 1986; Hiemenz and Rajagopalan, 1997). In practice, it is
convenient to assume that the interface is located at a position where the excess concen-
tration of the substance on one side of the interface is equal to the deficit concentration
of the substance on the other side of the interface: ¢ In this example, the excess

excess — Cdeficit*
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Figure 5.6 From a thermodynamic standpoint, it is convenient to locate the interface (Gibbs dividing
surface) separating a liquid and its vapor, where ¢, es = Caeficit-

concentration corresponds to the amount of water above the interface that exceeds the
quantity that would have been present if the concentration of water was the same as that
in the bulk vapor phase right up to the interface. Similarly, the deficit concentration corre-
sponds to the amount of water that is below the interface that is less than that which
would have been present if the concentration of the water was the same as that in the
bulk liquid phase right up to the interface. This location of the interface is known as the
Gibbs dividing surface, after the scientist who first proposed this convention.

5.3.1.2 Gas-liquid interface in the presence of solutes
The concept of the Gibbs dividing surface is particularly useful for defining the amount of
a surface-active solute that accumulates at an interface (Hunter, 1986). Consider a system
that consists of a surfactant solution in contact with its vapor (Figure 5.7). The surface-active
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Figure 5.7 When an emulsifier is present, the Gibbs dividing surface is conveniently located at the
position, where €y = Caerie fOr the liquid in which the emulsifier is most soluble, and the surface
excess concentration is equal to the shaded region.
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solute is distributed between the bulk aqueous phase, the vapor, and the interfacial region.
The excess solute concentration at the surface (1;) corresponds to the total amount of solute
present in the system minus that which would be present if the solute were not surface
active, and equals the shaded area shown in Figure 5.7. The accumulation of solute molecules
at an interface is characterized by a surface excess concentration, I', which is equal to the excess
solute concentration divided by the surface area: I" = n;/ A. Food emulsifiers typically have
I' values of a few mg m~2 (Dickinson, 1992; Dalgleish, 1996a). It is important to note that the
solute molecules are not actually concentrated at the Gibbs dividing surface (which is
infinitely thin), because of their finite size and the possibility of multilayer formation. Nev-
ertheless, this approach is extremely convenient for thermodynamic descriptions of the
properties of surfaces and interfaces (Hunter, 1986). The surface excess concentration is often
identified with an experimentally measurable parameter called the surface load, which is the
amount of emulsifier adsorbed to the surface of emulsion droplets per unit area of interface
(Section 4.4.3).

5.3.1.3 Liquid-liquid interfaces

For an interface between pure oil and pure water the Gibbs dividing surface could either
be positioned at the point where the excess and deficit concentrations of the oil or of the
water were equal on either sides of the interface, which will in general be different (Tadros
and Vincent, 1983). For convenience, it is usually assumed that the phase in which the
surface-active solute is most soluble is the one used to decide the position of the Gibbs
dividing surface. The surface excess concentration of a solute is then equal to that which
is present in the system minus that which would be present if there were no accumulation
at the interface (Hunter, 1986).

5.3.2 Relationship between adsorbed and bulk solute concentrations

Consider a system that consists of a solute solution in contact with a surface (Figure 5.3).
There will be an equilibrium between the solute molecules adsorbed to the surface and
those present in the bulk solution. As the solute concentration in the bulk liquid is
increased, so does its concentration at the surface. The presence of solute molecules at the
surface reduces the thermodynamically unfavorable contacts between air and water mol-
ecules, thereby reducing the surface tension (Norde, 2003). At a certain solute concentra-
tion, the surface tension reaches a constant value because the surface becomes saturated
with solute molecules. It is useful to be able to mathematically describe the relationship
between the adsorbed and free solute concentration, and to quantify how this relationship
depends on the surface activity of the solute molecules. In this section, two different
thermodynamic approaches that have been developed to describe this relationship are
presented: the Langmuir adsorption isotherm and the Gibbs adsorption isotherm (Hunter, 1986;
Hiemenz and Rajagopalan, 1997; Norde, 2003). These approaches are based on a thermo-
dynamic analysis of the adsorption process, assuming that the adsorption-desorption of
solutes at the surface is reversible, and that solute—solute interactions do not occur in the
bulk solution or at the surface.

The Langmuir adsorption isotherm is useful for relating the amount of solute present at
a surface to the concentration and surface activity of the solute in the bulk solution:

o= L _ (5.3)
r, 1l+c/,

where 0 is the fraction of adsorption sites that are occupied, T, is the surface excess
concentration when the surface is completely saturated with solute, and ¢, is the solute
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concentration in the bulk solution where 68 =1/2. The equilibrium constant for adsorption
(K=1/c,,,) provides a good measure for the surface activity or binding affinity of an emul-
sifier: the greater 1/c, ,, the higher the binding affinity. The surface activity of a molecule
is related to the free energy of adsorption by the following equation:

K= L = exp(— AGms) (54)
€1/ RT

where AG,, corresponds to the free energy change associated with exchanging a solvent
molecule with a solute molecule at the surface. Thus, the more negative is the free energy
change associated with solute adsorption (AG,q4,/ RT), the higher is the affinity of the solute
for the surface. As mentioned earlier, the adsorption free energy has both enthalpy and
entropy contributions. The enthalpy contributions are due to changes in the strength of
the fundamental interaction energies associated with adsorption, for example, van der
Waals, electrostatic, and steric (Chapter 2). The entropy contributions are due to differences
in the number of ways the molecules can be arranged in the system in the nonadsorbed
and adsorbed states, for example, configuration, orientation, conformation, and interaction
entropies (Section 5.2). Attempts have been made in the literature to calculate the relative
contributions of the various enthalpic and entropic contributions to AG,4, for different
kinds of emulsifiers (Norde, 2003). The magnitude of the enthalpy and entropy contribu-
tions to the overall free energy of adsorption can often be determined by measuring the
temperature dependence of the surface-activity of the molecules (Norde, 2003).
Predictions made using the Langmuir adsorption equation for emulsifiers with low
and high binding affinities are shown in Figure 5.8. The emulsifier concentration at the
surface (I') increases approximately linearly with increasing emulsifier concentration in
the bulk solution (c) at low emulsifier concentrations. At high emulsifier concentrations
I'/T,. tends toward unity, indicating saturation of the interface. In practice, there are often
appreciable deviations between predictions made by the Langmuir equation and experi-
mental measurements because the assumptions used in the derivation of the theory are
not met for many real systems (Walstra, 2003a). Some important sources of deviation are:
(i) surfactants may form micelles in solution so that their activity coefficient is very
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Figure 5.8 Theoretical calculations of the dependence of the normalized surface excess concentration
(I'T.) on emulsifier concentration in a bulk solution for two emulsifiers with different surface
activities. The surface activity of a solute can be determined from a plot of surface excess concen-
tration (I') vs. surfactant concentration in the bulk solution (c). The surface activity is defined as the
concentration where I' = 1/2T"_, where I' | is the surface excess concentration when the interface is
saturated with solute.
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different from their concentration, (ii) emulsifiers may interact appreciably with each other
at the surface so the binding sites cannot be treated as being independent, (iii) biopolymers
unfold and interact at the interface so that the adsorption process cannot be considered
to be reversible, (iv) solvent and emulsifier molecules have different sizes (Lucassen-
Reynders, 1994; Norde, 2003; Walstra, 2003a). For this reason, a number of researchers
have developed more sophisticated theories that take into account some of these effects
(Wustneck et al., 1996; Fainerman et al., 1998, 2003; Prosser and Franses, 2001; Miller
et al., 1998, 2000; Gurkov et al., 2003).

The Gibbs adsorption isotherm is useful for relating the amount of solute present at a
surface (I') to the surface tension (or surface pressure) and solute concentration in the bulk
solution (which are both experimentally accessible):

_ 1 dy 1 drm
= pRT(dln(c))_pRT(dln(c)) ©:5)

where c is the concentration of solute in the aqueous phase, R is the gas constant, T is the
absolute temperature, and p is a parameter that depends on solute type and solution con-
ditions. For nonionic solutes, p = 1. For monovalent ionic solutes, p = 2 at low ionic strengths,
p =1 at high ionic strengths, and p = ¢/(c + ¢;) at intermediate ionic strengths, where c; is
the concentration of monovalent electrolyte present in the aqueous solution (Norde, 2003).
The parameter p takes into account the fact that there may be counterions closely associated
with ionic solutes and that these ions can also accumulate at the interface (Hunter, 1986).
The Gibbs adsorption isotherm can be used to determine the surface excess concentration
of a solute from experimental measurements of the surface tension as a function of solute
concentration, since I" is related to the slope of a plot of ¥ (or 7) versus In(c) (Figure 5.4). The
Gibbs adsorption isotherm can also be presented in the following form:

7= pRTJ- T(o)dInc (5.6)

This expression enables one to calculate the surface pressure (or tension) from knowledge
of the relationship between the surface and bulk solute concentration. Equations for I'(c)
have been derived for various systems (Norde, 2003), for example, the Langmuir adsorp-
tion isotherm described above (Equation 5.3). Insertion of the Langmuir adsorption iso-
therm into the above equation and expressing the surface excess concentration in units of
mass per unit area rather than moles per unit area gives

m= (PZTJFM In (1 + CCJ (.7)

1/2

This equation is only strictly applicable at low solute concentrations since it does not take
into account solute—solute interactions in the bulk solution or at the interface. Nevertheless,
it provides some valuable insights into the factors that influence the surface pressure. The
surface pressure should increase as the emulsifier concentration increases (c), the surface
activity increases (1/c,,,), or the surface excess concentration (T',) at saturation increases.

Knowledge of I',, is important for formulating food emulsions because it determines
the minimum amount of emulsifier that can be used to create an emulsion with a given
size distribution (Section 6.6.1). The smaller the value of I",,, the greater the area of oil-water
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interface that can be covered per gram of emulsifier, and therefore the smaller the size of
droplets that can be effectively stabilized by the same amount of emulsifier. Plots of surface
tension versus emulsifier concentration are also useful because they indicate the maximum
surface pressure 7, that can be achieved when the surface is saturated by an emulsifier,
which has important consequences for the formation and stability of food emulsions
(Chapters 6 and 7).

5.3.3 Stipulating interfacial properties of surface-active solutes

Overall, the interfacial characteristics of a surface-active solute can be described by plotting
the surface excess concentration and surface pressure (or tension) versus surfactant con-
centration (Figure 5.4). The interfacial characteristics of a solute can then be conveniently
described in terms of three thermodynamic parameters that can be determined from these
curves:

* Surface activity. The surface activity (1/c,,,) of a solute is determined by the free
energy change associated with adsorption of the solute from the bulk solution to
the interface. It provides a quantitative measure of the affinity of a solute molecule
for the interface: the higher 1/c; ,, the greater the surface activity.

e Saturation surface pressure. The surface pressure of the interface when it is saturated
with solute molecules (I1,)) is determined by how efficient the solute molecules are
at minimizing the thermodynamically unfavorable contacts at the interface. It
therefore depends on the packing of the solute molecules at the interface, as well
as their interactions with the other molecules present there, for example, oil and
water.

e Saturation surface excess concentration. The surface excess concentration at the inter-
face when it is saturated with solute (I",,) is determined by the mass of the indi-
vidual solute molecules as well as how efficiently they can pack at the interface.

The above parameters are derived assuming that the adsorption—desorption process
is reversible and that there are no solute—solute interactions in the bulk solution or at the
interface. In practice, a thermodynamic interpretation of these parameters may therefore
be invalid for many real systems because these assumptions are not met. Nevertheless,
these parameters still provide a useful means of characterizing and comparing the inter-
facial properties of surface-active solutes in terms of experimentally measurable quantities.

The interfacial properties of a typical small molecule surfactant and a protein are
compared in Figure 5.9. The protein has a much higher surface activity than the surfactant
(lower ¢, ,), but the surfactant can lower the interfacial tension appreciably more at satu-
ration than the protein. This means that proteins adsorb to interfaces at much lower bulk
emulsifier concentrations than do surfactants, but that surfactants are effective at displac-
ing proteins from interfaces at sufficiently high concentrations.

5.3.4 Adsorption kinetics

The rate at which an emulsifier adsorbs to an interface is one of the most important factors
determining its efficacy as a food ingredient (Magdassi and Kamyshny, 1996; Walstra,
1996; Walstra and Smulders, 1998). The adsorption rate depends on the molecular char-
acteristics of the emulsifier (e.g., size, flexibility, conformation, and interactions), the nature
of the bulk liquid (e.g., viscosity, polarity), and the prevailing environmental conditions
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Figure 5.9 Comparison of the affinity of amphiphilic biopolymers and small molecule surfactants
for an oil-water interface. Biopolymers tend to have a higher surface activity and therefore saturate
the interface at lower concentrations, but surfactants are usually more effective at minimizing
unfavorable interactions at the interface and therefore have higher 7.

(e.g., temperature and flow profile). It is often convenient to divide the adsorption process
into two stages: (i) movement of the emulsifier molecules from the bulk liquid to the
vicinity of the interface and (ii) attachment of the emulsifier molecules to the interface
(Figure 5.10). In practice, emulsifier molecules are often in a dynamic equilibrium between
the adsorbed and nonadsorbed states, and so we must also consider the rate at which
emulsifier molecules leave the interface when calculating the net adsorption rate (Hunter,
1993; Magdassi and Kamyshny, 1996; Norde, 2003).

5.3.4.1 Movement of molecules to the vicinity of an interface
In this section, we assume that an emulsifier molecule is adsorbed to an interface as soon
as it encounters it, that is, there are no energy barriers that retard adsorption. In an
isothermal quiescent liquid, emulsifier molecules move from a bulk liquid to an interface

®
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Figure 5.10 The adsorption of a surface-active solute at an interface can be divided into a number
of steps: (1) movement to the vicinity of the interface, (2) attachment to the interface. After attachment
the emulsifier molecule may undergo conformational changes or interact with its neighbors, which
would change its desorption rate.
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by molecular diffusion with an initial adsorption rate given by (Tadros and Vincent, 1983;
Magdassi and Kamyshny, 1996)

d D
2 = 5.8
dt C\s mt ©5)

where D is the translational diffusion coefficient of the emulsifier, I" is the surface excess
concentration, ¢ is the time, and c is the concentration of emulsifier initially present in the
bulk liquid (Norde, 2003). The variation of the surface excess concentration with time is
obtained by integrating this equation with respect to time:

r(t)=2c Pt (5.9)
T

Thus, a plot of the surface excess concentration versus +'t should be a straight line that
passes through the origin. This equation indicates that the accumulation of an emulsifier
at an interface occurs more rapidly as the concentration of emulsifier in the bulk liquid
increases or as the diffusion coefficient of the emulsifer increases. The diffusion coefficient
increases as the size of molecules decrease, and one would therefore expect smaller
molecules to adsorb more rapidly than larger ones. Experiments with proteins have shown
that Equation 5.9 gives a good description of the early stages of adsorption to clean
interfaces (Damodaran, 1990; Walstra, 1996). After the initial stages, the adsorption rate
decreases because the interface becomes saturated with emulsifier molecules and therefore
there are less sites available for the emulsifier to adsorb to (Figure 5.11). Mathematical
models have been developed to describe the change in interfacial concentration with time
at the later stages of adsorption (Norde, 2003). Models have been developed that take into
account solute—solute interactions at the interface, the orientation of the solute molecules,
and postadsorption conformational changes of solutes. In practice, the initial rate is often
faster than that given by Equation 5.9 because of convection currents caused by temper-
ature gradients within a liquid. Consequently, considerable care must be taken to ensure
that the temperature within a sample is uniform when measuring diffusion-controlled
adsorption processes.
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Figure 5.11 Typical example of adsorption kinetics for a diffusion-controlled system. The surface
excess concentration increases with time as emulsifier molecules accumulate at the interface.
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The above equations do not apply during the homogenization of emulsions, because
homogenization is a highly dynamic process and mass transport is governed mainly by
convection rather than diffusion (Dickinson, 1992; Walstra, 1996). Under isotropic turbu-
lant conditions the initial increase of the surface excess concentration with time is given
by (Dukhin et al., 1995)

3
r(t)= Crdc(l + :] t (5.10)

d

where C is a constant that depends on the experimental conditions, and r; and r, are the
radii of the droplet and emulsifier, respectively. This equation predicts that the adsorption
rate increases as the concentration of emulsifier increases, the size of the emulsion droplets
increases, or the size of the emulsifier molecules increases relative to the size of the droplets.
This equation implies that when an emulsion is homogenized, the emulsifier molecules
initially adsorb preferentially to the larger droplets, and that larger emulsifier molecules
tend to adsorb more rapidly than smaller ones (which is the opposite to diffusion-controlled
adsorption). This explains why large casein micelles adsorb faster than individual casein
molecules during the homogenization of milk (Mulder and Walstra, 1974).

5.3.4.2 Attachment of emulsifier molecules to interface

So far, we have assumed that as soon as an emulsifier molecule reaches an interface it is
immediately adsorbed. In practice, there may be one or more energy barriers that must be
overcome before a molecule adsorbs, and so only a fraction of the encounters between an
emulsifier molecule and an interface lead to adsorption (Damodaran, 1990, 1996; Magdassi
and Kamyshny, 1996; Norde, 2003). In these systems, adsorption kinetics may be governed
by the height of the energy barrier, rather than by the rate at which the molecules reach the
interface (Magdassi and Kamyshny, 1996).

There are a number of reasons that an energy barrier to adsorption may exist (Malmsten,
2003; Norde, 2003):

1. As an emulsifier molecule approaches an interface there may be various types of
repulsive interactions between it and the emulsifier molecules already adsorbed
to the interface, for example, electrostatic, steric, hydration, or thermal fluctuation
(Chapter 3).

2. Some surface-active molecules will only be adsorbed if they are in a specific
orientation when they encounter the interface. For example, it has been suggested
that globular proteins that have hydrophobic patches on their surface must face
toward an oil droplet during an encounter (Damodaran, 1990, 1996; Norde, 2003).

3. The ability of surfactant molecules to form micelles plays a major role in deter-
mining their adsorption kinetics (Dukhin et al., 1995; Stang et al., 1994; Karbstein
and Schubert, 1995). Surfactant monomers are surface-active because they have a
polar head group and a nonpolar tail, but micelles are not surface-active because
their exterior is surrounded by hydrophilic head groups. The adsorption kinetics
therefore depends on the concentration of monomers and micelles present, as well
as the dynamics of micelle formation-disruption (Karbstein and Schubert, 1995;
Kabalanov and Weers, 1996).

The adsorption of emulsifier molecules at a surface or interface can be measured using
a variety of experimental methods (Couper, 1993; Kallay, et al., 1993; Dukhin et al., 1995;
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Norde, 2003). The most commonly used is to measure the variation in surface or interfacial
tension with time using a tensiometer (Section 5.7). A number of workers have also used
radio-labeled emulsifier molecules to measure adsorbtion kinetics (Damodaran, 1990). A
radioactivity detector is placed immediately above a water—air surface. The radio-labeled
emulsifier is injected into the water and the increase in the radioactivity at the surface is
recorded over time by the detector. The radioactivity is highly attenuated by the water,
and so only those molecules that are close to the air-water surface are detected. A variety
of other experimental methods that can detect changes in interfacial properties due to the
adsorption of emulsifier molecules have also been used to monitor adsorption kinetics,
including spectroscopy, scattering, and reflection of various forms of radiation and inter-
facial rheology (Sections 5.6-5.8).

5.4 Electrical characteristics of interfaces
5.4.1 Origin of interfacial charge

The droplets in most food emulsions have an appreciable electrical charge, and therefore
electrostatic interactions may play an important role in determining their overall stability
and physicochemical properties. Oil droplets in emulsifier free oil-in-water emulsions
have been shown to have an electrical charge that depends on both pH and ionic strength
(Marinova et al., 1996; Stachurski and Michalek, 1996; Pashley, 2003; Hsu and Nacu, 2003).
For example, the {-potential of sunflower oil droplets dispersed in aqueous solutions
goes from positive at low pH (<5) to increasingly negative at higher pH (Hsu and Nacu,
2003). Similar trends have been observed for hydrocarbon droplets dispersed in water
(Stachurski and Michalek, 1996; Pashley, 2003). The origin of this effect has been attributed
to preferential adsorption of either H;O* (low pH) or OH™ (high pH) species from the water
onto the droplet surfaces (Marinova et al., 1996; Hsu and Nacu, 2003). In addition, there
may be surface-active ionic impurities present in many oils, such as free fatty acids. The
droplets in food emulsions are normally stabilized by emulsifiers and so their electrical
characteristics are largely determined by the characteristics of the interfacial layer of
adsorbed emulsifier molecules. The emulsifiers used in foods may be anionic, cationic, or
nonionic depending on their molecular characteristics and the prevailing environmental
conditions (e.g., pH, ionic strength, temperature). Contrary to initial expectations, emulsion
droplets stabilized by nonionic surfactants may have an appreciable electrical charge. For
example, sunflower oil droplets stabilized by Tweens have been shown to have positive
charges at low pH (<4) and negative charges at higher pH (Hsu and Nacu, 2003). Hence,
they follow similar trends to bare oil droplets, but they tend to have more negative charges
at the same pH, which causes their isoelectric points (IEPs) to shift to lower pH values. This
phenomenon has been attributed to the preferential adsorption of OH™ ions to the hydro-
philic head groups of the surfactants. The electrical properties of oil droplets stabilized by
nonionic surfactants therefore seem to be dominated by the electrical characteristics of the
bare droplets, but are modified somewhat by the presence of the interfacial layer of adsorbed
surfactant molecules. Many types of commonly used food emulsifiers are either ionic or
capable of being ionized, for example, proteins, polysaccharides, and surfactants
(Section 4.4). All food proteins have acidic ((COOH + COO- + H*) and basic (NH, + H* +
NH;*) groups whose degree of ionization depends on the pH and ionic strength of the
surrounding aqueous phase (Charlambous and Doxastakis, 1989; Damadaron, 1996;
Magdassi, 1996). Some surface-active polysaccharides, such as modified starch and gum arabic,
also have acidic groups that may be ionized (BeMiller and Whistler, 1996; Staufter, 1999). Ionic
surfactants may be either positively or negatively charged depending on the nature of their
hydrophilic head group (Linfield, 1976; Myers, 1988; Richmond, 1990; Jonsson et al., 1998).
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The magnitude and sign of the electrical charge on an emulsion droplet therefore depend
on the type of emulsifier used to stabilize it, the concentration of the emulsifier at the
interface, and the prevailing environmental conditions (e.g., pH, temperature, and ionic
strength). All the droplets in an emulsion are usually stabilized by the same type of emulsifier
and therefore have the same electrical charge. The electrostatic interaction between similarly
charged droplets is repulsive, and so electrostatic interactions play a major role in preventing
droplets from coming close enough together to aggregate (Section 3.4).

The sign and magnitude of the electrical charge on emulsion droplets play an impor-
tant role in determining the stability and physicochemical properties of food emulsions.
For example, the electrical characteristics of the interface influence the magnitude and
range of the colloidal interactions between emulsion droplets, as well as the tendency for
various types of electrically charged molecules to accumulate at the droplet surfaces, for
example, antioxidants, prooxidants, and flavors.

The electrical properties of an interface are usually characterized by the surface charge
density (o) and the electrical surface potential (y;). The surface charge density is the
amount of electrical charge per unit interfacial area, whereas the surface potential is the
amount of free energy required to increase the surface charge density from zero to o. The
surface charge density is governed by the type and concentration of ionizable surface-
active molecules adsorbed to the interface, as well as by the characteristics of the solution
surrounding the interface (e.g., ion concentration, ion type, dielectric constant) and the
prevailing environmental conditions (e.g., temperature).

The various kinds of ionic species present in food emulsions that influence the electrical
properties of interfaces can be conveniently divided into three categories (Hunter, 1986, 1989):

Potential determining ions (PDI). This type of ion is responsible for the association—
dissociation of charged groups, for example, -COOH — COO~+H". In food emulsions
the most important PDIs are H"and OH, because they govern the degree of ionization
of acidic and basic groups on many proteins, polysaccharides, and phospholipids.
The influence of PDIs on surface charge is therefore determined principally by the
pH of the aqueous phase relative to the pK, values of the ionisable surface groups.

Indifferent electrolyte ions. This type of ion accumulates around charged groups because
of attractive electrostatic interactions, for example, Na* ions may accumulate
around a negatively charged —COO- group. These ions reduce the strength of the
electrical field around a charged group principally due to electrostatic screening,
rather than by altering the surface charge density. Nevertheless, at sufficiently high
ionic strengths some “indifferent” electrolyte ions may alter the degree of ionization
of charged groups, either by altering their dissociation constants (i.e., their pK,
values) or by competing with H* or OH- ions (e.g., -COO~ + Na* — —-COO-Na*).
The influence of indifferent electrolyte ions on surface charge is therefore deter-
mined principally by their effect on the ionic strength of the surrounding solution,
and is usually characterized by the Debye screening length (see Section 5.4.2).

Adsorbed ions. The electrical characteristics of the interface can also be altered by
adsorption of ions to the interface, which changes the surface charge density. In
food emulsions, the most important types of adsorbed ions are ionic emulsifiers
(e.g., many surfactants, proteins, and polysaccharides) and polyvalent ions (e.g.,
multivalent mineral ions and polyelectrolytes) (Chapter 4). The primary driving
force for the adsorption of ionic emulsifiers to an interface is often the hydrophobic
effect, whereas the major driving force for the adsorption of polyvalent ions is
usually electrostatic attraction. The contribution of adsorbed ions to surface charge
is governed mainly by their type and concentration in the overall system, and their
relative affinities for the interface.
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Food scientists are particularly interested in understanding the role that each of these
different types of ion play in determining the overall properties and stability of food
emulsions.

5.4.2 lIon distribution near a charged interface

The development of mathematical models to describe the electrical properties of interfaces
relies on an appreciation of the way that ions are organized close to charged surfaces
(Norde, 2003). Consider a charged surface that is in contact with an electrolyte solution
(Figure 5.12). Ions of opposite charge to the surface (counterions) are attracted toward it,
whereas ions of similar charge (coions) are repelled from it. Nevertheless, the tendency for
ions to be organized in the vicinity of a charged surface is opposed by the disorganizing
influence of the thermal energy (Evans and Wennerstrom, 1994). Consequently, the con-
centration of counterions is greatest at the charged surface, and decreases as one moves
away from the surface until it reaches the bulk counterion concentration, whereas the
concentration of coions is smallest at the charged surface, and increases as one moves
away from the surface until it reaches the bulk coion concentration (Figure 5.12). The
concentration of counterions near a charged surface is always greater than the concentra-
tion of coions, and so a charged surface can be considered to be surrounded by a cloud
of counterions. Nevertheless, the overall system must be electrically neutral, and so the
charge on the surface must be completely balanced by the excess charge of the counterions
in the electrolyte solution. The distribution of ions close to a charged surface is referred
to as the electrical double layer, because it is convenient to assume that the system consists
of two oppositely charged layers (Kitakara and Watanabe, 1984; Hunter, 1986, 1989;
Heimenz and Rajagopalan, 1997). The first layer is the charged surface itself and the second
layer is the neutralizing layer of counterions in the liquid in contact with the surface
(Evans and Wennerstrom, 1994). The effective thickness of the second layer is determined
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Figure 5.12 The organization of ions near a charged surface is governed by two opposing tendencies:
(i) electrostatic interactions, favor accumulation of counterions near an oppositely charged surface
and (ii) thermal energy, which favors a random distribution of ions.
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primarily by the ionic composition of the liquid, decreasing with increasing counterion
valancy and concentration (see later).

It is possible to develop mathematical equations to predict the distribution of ions in
the immediate vicinity of a charged surface from knowledge of the electrical characteristics
of the surfaces and the properties of the solution in contact with it (Evans and Wenner-
strom, 1994). The electrical properties of the surface are usually characterized in terms of
the surface charge density (o) and electrical surface potential (), whereas the properties
of the solution are usually characterized in terms of ion concentration, ion type, and
dielectric constant (Evans and Wennerstrom, 1994). A mathematical relationship, known
as the Poisson—Boltzmann equation, has been derived to relate the electrical potential in the
vicinity of a charged surface to the concentration and type of ions present in the adjacent
electrolyte solution (Evans and Wennerstrom, 1994):

d*y(x) e (—Z-el//(X))
il & S . R uh i 4 5.11
de SOSR Z ZznOI eXp kT ( )

where 1, is the concentration of ionic species of type i in the bulk electrolyte solution
(in molecules per cubic meter), z; is their valancy, e is the elementary charge (1.602 X
107 Q), g, is the dielectric constant of a vacuum, & is the relative dielectric constant
of the solution, and w(x) is the electrical potential at a distance x from the charged
surface. This equation is of central importance to emulsion science because it is the
basis for the calculation of electrostatic interactions between emulsion droplets
(Section 3.4). Nevertheless, its widespread application has been limited because it does
not have an explicit analytical solution (Hunter, 1986). When accurate calculations are
required it is necessary to solve the Poisson—Boltzmann numerically using a digital
computer (Carnie et al., 1994). For certain systems, it is possible to derive much simpler
analytical equations that can be used to calculate the electrical potential near a surface
by making certain simplifying assumptions, for example, that the electrolyte ions are
symmetrical (valancy 1:1, 2:2, and so on) or that the surface charge is not too high
(Evans and Wennerstrom, 1994; Sader et al., 1995).

If it is assumed that the electrostati