Chapter 6
Physicochemical Aspects of an Emulsifier
Function
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6.1 Introduction

The characteristic property of all emulsifiers is their surface activity. Surface activity
is the ability to form a surface excess at interfaces. The formation of adsorbed
emulsifier layers at interfaces is displayed in a change of a range of easily observ-
able and technically important properties:

1. The surface tension is reduced.

2. The lifetimes of bubbles are increased. Only very pure water displays a very
short lifetime, a few seconds, of bubbles created by shaking. Normal water, even
double distilled, usually displays a bubble lifetime of about 20-30 s.

3. The emulsifiability of oils in water is enhanced. Smaller drops with a longer
lifetime are formed with less stirring.

4. The aggregation rate of dispersed particles is changed. Surface-active additives
may induce or prevent flocculation of dispersions.

5. The sediment volume of settling particles is influenced. Surface additives induc-
ing adhesion may create a loose or compact sediment.

6. Crystallization properties are changed. This may include crystallization rate and
crystal shape.

This chapter aims to discuss the principal physical origin of the various functions
of typical lipid food emulsifiers. Emulsifier function under very different conditions
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in various foods will be discussed. The chapter will try to show how to select emul-
sifiers on the basis of their fundamental properties.

6.2 Surface Activity

When an additive is added to a solution, the gain of entropy is very large at low
concentrations. If the additive displays surface activity and adsorbs at an interface,
the system loses entropy, which has to be balanced by a gain in free energy due to
the adsorption. At very low concentrations the solubility always prevails, but when
the concentration is increased, more and more of the available surfaces will be cov-
ered by the adsorbed molecules. To display surface activity, an emulsifier needs to
have certain properties:

It has to produce a non-crystalline form' in contact with water.

It should have a low solubility in water due to a large hydrophobic part.

It has to interact with water through polar interactions.

It should have a significant molecular weight to reduce the effect of the decreased
entropy when it adsorbs.

5. It has to have a reduced solubility in an oil environment due to large size and the
presence of polar groups at the interface.

Sl o

High-melting emulsifiers do not display surface activity when dispersed in water
until a critical temperature, the Krafft temperature, has been reached. At this tem-
perature the emulsifier solubility in the solution has reached a sufficient concentra-
tion to allow for a significant formation of adsorbed layers at the interfaces.

The presence of hydrophobic parts of the molecules increases the energy gain
due to adsorption. In aqueous environments most emulsifiers tend to aggregate in
micelles above a key concentration, CMC (critical micelle concentration), or to pre-
cipitate as liquid crystals. Above the aggregation concentration all properties
depending on the chemical potential, for instance the interfacial tension, are more or
less constant. The aggregation is mainly driven by the presence of the hydrophobic
parts of the molecules (Tanford 1973).

A polar part of the molecule is necessary to avoid the formation of a separate oil
phase. The type of aggregates formed during the adsorption will reflect the balance
between the polar part and the hydrophobic part of the molecule.

The free-energy gain at adsorption is mainly proportional to the molecular
weight, while the entropy loss due to the demixing is independent of molecular
weight. Hence, small molecules like lower alcohols do not form adsorbed layers at
hydrophobic surfaces in contact with water solutions, while pronounced layers are
formed with additives of higher molecular weights, for instance monoglycerides.
Proteins display a much higher surface activity than protein hydrolysates.

In an oil environment, solvophobic effects are absent and the adsorption has to
be generated by polar interactions between the second phase and the surface-active
molecule.
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Table 6.1 Effects of changes in droplet interactions on the macroscopic properties of emulsions

Interaction Stability Sedimentation outcome
Attraction Flocculation Large, low density sediment volume
Repulsion Stable Small, dense sediment volume

The interaction between droplets is influenced when an adsorbed layer of an
emulsifier covers the droplets. The change in the interaction strongly influences the
macroscopic properties of the dispersions. Table 6.1 indicates the effects of droplet
interactions on droplet aggregation state and the resulting sediment volumes.
Flocculated droplets form open, porous aggregates that do not pack as tightly as
stable particle dispersions during sedimentation, producing larger sediment
volumes.

The solution properties of emulsifiers are determined for the surface activity of
the emulsifiers. In addition, the ability to generate repulsive interactions is also
reflected in the solution properties of emulsifiers.

6.3 Solution Properties of Emulsifiers

When water is added to a surfactant system, the solution state of the system may in
principle pass through a series of aggregation structures and phases in a particular
sequence. Depending on the emulsifier structure, some phases may be omitted. The
sequence is: reversed, water-in-oil, micelles — reversed hexagonal phase — cubic
phase — lamellar phase — hexagonal phase — normal, oil-in-water, micellar solu-
tion — molecular solution (Fontell 1978) (Fig. 6.1). The presence of certain phases
like lamellar and hexagonal phase can be detected using polarized light microscopy
to match the birefringent textures formed by these phases (Rosevear 1968;
Laughlin 1994).

The free energy of solubilization, AGg,pilizaions Can be described as a sum of free
energy contributions in the process by the expression: emulsifier
phase + water — more solubilized phase:

AG +AG

+AG +AG

phase transformation mixing polar group/ water interaction hydrophobic

where AG,ine is negative when changing from large aggregates to small aggregates
like micelles and molecular solutions.

AGiygrophovic 18 positive and equal to the product of the area per molecule at the
interface, Apydrocarbonwarer ad the oil-water interfacial tension, GFE:hyqrocabonwater. The
hydrophobic effect is the driving force for the aggregation and gives the upper limit
of the molecular solubility for amphiphilic molecules: the CMC or critical micelle
concentration.

AG 14 grouprwater 18 NEgative. This term consists mainly of the work released when
more water allows a larger separation between repelling aggregates or molecules:
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Fig. 6.1 A typical sequence of liquid-crystalline phases and solution phases formed in an aqueous
emulsifier system. (Modified from Fontell 1978)

aggregate
AGpola\r group/ water = Z { '[F (l) dl }

all neighbors | next aggregate

where [ is the average distance between the polar groups, also called head groups,
and F(l) is the interaction force.

The area per molecule in the aggregates is found from the balance between the
interfacial tension of the oil/water interface and of the space needed for the polar
group itself in addition to any space generated by repulsive interactions between the
emulsifier head groups at the interface.

The area per molecule expands in the series “reversed micelles <“reversed hex-
agonal ““cubic <“lamellar <*hexagonal <“micelles

At a specific ratio of water and emulsifier, the system’s tendency is to obtain
aggregates as small as possible to maximize the AGi,in, and the AGgiar groupiwater- 1he
lower limit in aggregate size is given by the onset of increased hydrophobic contact
with the exposed hydrocarbon/water interface.

The interesting result of this exercise is that the interfacial area per molecule is
to a large extent a measure of the ability to generate repulsive interactions.

In the solubilization sequence, reversed aggregates — lamellar phase — hexago-
nal phase — micellar solution — molecular solution, the area per molecule of the
surfactant/water interface increases. Depending on the packing constraints given by
the hydrophobic moiety in the aggregates, the range of the repulsive interaction on
the polar side of the molecule, and the molecular weight, this process has to proceed
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more rapidly or more slowly (Israelachvili et al. 1976, 1977). Hence, the packing
constraints of the hydrocarbon chain are an important link between proper- ties and
aggregation.

The ratio of the actual area A, as it is created by the repulsive interactions, to the
theoretical area of a saturated hydrocarbon chain, A, = 23 A? enforces different
aggregate geometries (Israelachvili et al. 1976, 1977) based on the most efficient
packing of a given molecule into an aggregate and can be described using the differ-
ent ratios of volume to area for common aggregates, as shown in Table 6.2. Spherical
micelles form when the polar group area dominates molecular geometry, as conical
shapes pack well into a sphere. Similarly, increasingly cylindrical geometries pack
into flatter structures as the packing parameter approaches unity.

The successive solvation of surfactants in Table 6.2 corresponds to a successive
change into aggregates because of more long-range interactions. If there is an upper
limit for the repulsion, the solvation series is terminated at that stage. Hence, the
maximum solvated aggregate formed in a surplus of water is a measure of the ability
of the emulsifier to generate repulsive interactions.

Table 6.2 The geometries of different aggregates

Packing constraint®
Area volume (A =23 A2 for a saturated hydrocarbon tail)

Sphere (micellar solution)

2’ - g 3x Vhydmphob =34,

(4 / 3) nr-r Thydrophob
Rods (hexagonal phase)

2rrl _ 2 2x ‘/hydrophob — 2A0
axril r Thydrophob
Bilayers (lamellar phase)

28 1 DV _ 4
22 Thydrophob

Reversed rods (reversed hexagonal phase)
2zr, | 2 <Aq

ﬂl[(r+r“q)2—rfq} ) r(1+maq)

r = radius of the aggregate, usually limited by the length of molecule

[ = afictitious length of the aggregate

Viydrophor = Volume of the hydrophobic part of the molecule

Thyarophob= the maximum length of the hydrophobic moiety

A, = area of a cylindrical packing of the hydrophobic moiety (= Viyarophon/Thydrophob OF 23 A2 per
hydrocarbon chain)

A = area per molecule at an average water/amphiphilic interface

“The packing constraint is here defined as the necessary cross section of an amphiphilic molecule
in the aggregate at the oil/water interface. This definition is Ay/packing parameter according to
Israelachvili et al. (1992, 1976, 1977)
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The area of the molecule is a measure of the interaction when water is present,
and may be generalized as the hydrophilicity of the molecule. The spatial require-
ment of the hydrophobic part of the molecule is of course a measure of the hydro-
phobicity of the molecule. Consequently, there is a close link with the classical view
of emulsifiers as molecules with a balance between the hydrophobic and the hydro-
philic properties, as they are expressed in the HLB numbers, proposed by Griffin
(1949, 1979).

6.4 The Use of Phase Diagrams to Understand Emulsifier
Properties

Friberg and coworkers (Wilton and Friberg 1971; Friberg and Mandell 1970a; b;
Friberg and Rydhag 1971; Friberg and Wilton 1970; Rydhag 1979; Rydhag and
Wilton 1981; Friberg et al. 1969; Friberg 1971) have investigated phase diagrams
and emulsion stability extensively. They concluded that the optimum composi-
tion for a stable emulsion should be that at which the lamellar phase, the oil
phase, and the water phase are in equilibrium in the corresponding phase diagram
(Fig. 6.2).

The relation between the formation of lamellar phases and emulsion stability is
basically of an empirical nature. The emulsifiability is enhanced at certain composi-
tions (Friberg and Mandell 1970b; Friberg and Rydhag 1971; Friberg and Wilton
1970), and the formation of crystalline phases corresponds to an observed destabi-
lization (Wilton and Friberg 1971). The formation of multilayers around the emul-
sion droplets under certain conditions has also been shown (Friberg 1990).

It was suggested that the formation of a multilayer of a lamellar liquid-crystalline
phase coating the droplet surface reduces the van der Waal’s attraction and that this
was an important contribution to the observed effects in the emulsification experi-
ments (Friberg 1971). However, this explanation is not a useful general explanation
since the emulsifier concentration in optimized food emulsions rarely is high enough
to allow for multilayer adsorption (Walstra 1988; Dickinson 1986). Obviously, this
observation is contradictive to the need for a separate phase of liquid-crystalline
material around the droplet. However, a correlation between the presence of, or the
possibility to form, liquid-crystalline phases and emulsion stability is still experi-
mentally observed in several systems. More generally, to stabilize a dispersion, the
emulsifier should:

1. Contribute to the repulsive interactions between the droplets
2. Contribute to the interfacial viscosity
3. Be well anchored to the interface

These properties are reflected in the formation of various liquid-crystalline phases,
such as lamellar bilayers (Table 6.3). These aspects are illustrated by a few examples.
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water-in-oil micelles

# Three-phase
* emulsion,
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of droplets  ;

Lamellar phase

Water Emulsifier

Fig. 6.2 Schematic drawing of the ternary structure map for an emulsion system with an emulsi-
fier forming lamellar liquid-crystalline phase. A coating of the droplets can form at higher emulsi-
fier levels, improving stability. (Modified from Friberg 2006)

Table 6.3 The relation between the function of an emulsifier to stabilize an emulsion and its
ability to form various aggregation structures

Stabilizing property aggregates Micelles Bilayers Reversed
Water-continuous emulsions

Repulsive interactions Optimal Intermediate Weak

Interfacial viscosity Weak Optimal Weak

Anchoring Too water-soluble Optimal Acceptable
Oil-continuous emulsions

Repulsive interactions Weak Intermediate Optimal

Interfacial viscosity Weak Optimal Weak

Anchoring Acceptable Optimal Too oil-soluble

There is also utility to the formation of cubic phases (Rodriguez et al. 2000) as
their solid-like rheology prevents emulsion coalescence and sedimentation by
gelling the emulsion, but little work has been done to study their performance at
much lower phase volumes.
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6.5 Examples of the Relation Between Phase Diagrams
and Emulsion Stability

6.5.1 Monoglycerides

A technical monoglyceride at room temperature remains in a nonhydrated crystal-
line phase, or p phase, in equilibrium with a surplus of water. Above 40 °C, the
monoglyceride takes up water and a lamellar phase is formed (Wilton and Friberg
1971). The lamellar phase coexists with a surplus of water (no micelles are formed).
When the lamellar phase is cooled, a semicrystalline phase, termed “o phase,” is
formed. This phase is metastable below 30°C and converts only slowly into an aque-
ous and a f} phase.

The swelling of the lamellar and o/gel phases indicates the existence of a strong
repulsive hydration force. This force has been measured by the osmotic stress tech-
nique (Fig. 6.3). In contrast, no hydration force strong enough to separate the bilay-
ers is present in the  phase. The hydration force between emulsion droplets coated
with this emulsifier depends on the liquid-crystalline state of the adsorbed emulsi-
fier film in the same way. This explains why monoglycerides appearing in the f
form are inactive as emulsifiers, and why a monoglyceride-stabilized emulsion rap-
idly destabilizes when the monoglyceride converts from lamellar or a into  phase
(Wilton and Friberg 1971). In technical systems, it is important that the conversion
of a phase into f phase is delayed. An a phase can be stabilized by the presence of
ionic charges, as with soap (Larsson and Krog 1973), or by a wide distribution of
the fatty acid-chain lengths. The solution properties of a range of food emulsifiers
are summarized in Table 6.4.
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Fig. 6.3 The hydration repulsion between bilayers of monopalmitin in the liquid-crystalline and
gel states. (Redrawn from Pezron et al. 1991)
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Table 6.4 Formation of liquid-crystalline phases by lipid emulsifiers
Fatty Liquid-crystalline phases Upper swelling
Emulsifier acid formed at limit (at 25 °C)
Monoglycerides: Distilled | C18-16 | Lamellar phase at 50 °C 50% Krog
saturated (1990)
Cubic at 70°C
Distilled unsaturated C18:1-2 | Cubic <20 °C 35% Krog
(1990)
Reversed hexagonal at 55 °C
Monoolein C18:1 Cubic <20 °C 40% Krog
(1990)
Reversed hexagonal at 90 °C
Tetraglycerolesters:
Tetraglycerol monolaurin | C12 Lamellar < 20 °C 55% Krog
(1990)*
Fluid isotropic 40 °C
Organic acid esters:
Diacetyl tartaric acid C16-18 | Lamellar 45 °C 55% Krog
monoglyccridc ester (1990)
Sodium steraoyl lactylatc:
pHS5 CI18 Reversed hexagonal at 45 °C 40% Krog
(1990)
pH7 C18 Lamellar at 42 °C 60% Krog
(1990)
Sorbitan eslers:
Polyoxyethylene (20) C18:1 Hexagonal phase (up to 30 °C) | — Hall,
sorbitan monooleate and micellar solution Pethica
(1967)
Polyoxyethylene (20) C18 Hexagonal phase (30-50 °C) — Hall,
sorbitan monostearate and micellar solution above Pethica
30 °C (1967)
Sorbitan stearate CI18 Lamellar above 50 °C — Hall,
Pethica
(1967)

“The data are extracted from a review of several original sources

6.5.2 Lecithins

Lecithin is one of the most commonly used food emulsifiers, and its popularity is
expected given its natural origin. Technical lecithins, usually soybean lecithin, are
always natural mixtures of various phospholipids. The most frequent one is phospha-
tidylcholine, PC. The second is phosphatidylethanolamine, PE. Phosphatidylinositol,
PI, and phosphatidic acid, PA, are usually present at intermediate levels, and phos-
phatidyl serine, PS, lysophosphatides, LPC and LPE, etc., at low levels.
Nonphosphatides such as steroids, vitamin E, and free fatty acids are usually also
present in technical products. The properties of lecithins reflect some type of average
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properties of the mixture. This section will first describe the characteristic properties
of the most common phosphatides and then discuss the properties of various mixtures.

6.5.3 Phosphatidylcholine

The phase diagram of a typical unsaturated phosphatidylcholine is displayed in
Fig. 6.4. The phase diagram is characterized by a large swelling lamellar phase.
Saturated phosphatidylcholines have a phase transition temperature up to about
40 °C, whereas the corresponding temperature for unsaturated lecithins is well
below 0 °C. The phase diagram of soybean PC is described in Bergenstiahl and
Fontell (1983) and is rather similar to the phase diagram of dioleoyl PC.

6.5.4 Phosphatidylethanolamine

Phosphatidylethanolamine is less hydrophilic than PC. The saturated ethanolamines
form lamellar phases that swell less than the corresponding PC species. The phase
transition temperature is about 10—40 °C above the corresponding temperature of
the phosphatidylcholine (Fig. 6.5). The more limited ability of the molecule to cre-
ate long-range repulsive interactions, and thereby to occupy a large interfacial area,
is displayed in the tendency to form reversed hexagonal phase with unsaturated PE
species, as shown in Table 6.5.

200 N
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Fig. 6.4 The Phase diagram of water and dioleoylphosphatidylcholine (From Bergenstéhl and
Stenius 1987)
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Fig. 6.5 The main
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Table 6.5 The formation of liquid-crystalline phases by various phospholipids

Fatty Liquid-crystalline phases
Phospholipid | acids formed at Upper swelling limit (at 25 °C)
Phosphatidylcholine:
Distearoyl C18 Lamellar phase at 55 °C — Small (1986)*
Dipalmitoyl | C16 Lamellar phase at 41 °C 36% Insko & Matsui (1978)
Dimyrisloyl | Cl14 Lamellar phase at 23 °C 40% Janiak et al. (1978)
Dioleoyl C18:1 Lamellar below 0 °C 42% Bergenstihl & Forteil
(1987)
Egg PC C16-18:1 | Lamellar at 2 °C 44% Small (1986)
Soybean PC | C18:1-2 | Lamellar below 0 °C 35% Bergenstihl & Forteil
(1987)
Phosphatidyletanoleamine:
Dipalmitoyl | C16 Lamellar phase at 68 °C 20% Caffrey (1985)
Reversed hexagonal at 84 °C
Dioleoyl Cl18:1 Lamellar below 0 °C 20% Gawrish et al. (1992)
Reversed hexagonal at 5 °C
Soybean PE | C18 1-2" Reversed hexagonal 30% Bergenstihl (1991)
above 0 °C
Phosphatidylinositol:
Soybean PI | C18:1-2° | Lamellar below 0 °C Unlimited | Bergenstéhl (1991)
Soderberg (1990)
Phosphatidic acid:
Dioleoyl C18:1 Lamellar below 0 °C Unlimited | Lindblom et al. (1991)
Lyso PG:
Palmitoyl Cle Micellar solution below 0 °C | Unlimited | Eriksson et al. (1987)

“The data are extracted from a review of several original sources

"Mainly
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6.5.5 Phosphatidylinositol

The phase diagram of soybean PI and water has been determined by Bergenstahl
(1991) and by Soderberg (1990). The diagram is characterized by a large lamellar
phase with an unlimited swelling. The liquid-crystalline phase is formed below
room temperature.

6.5.6 Phosphatidic Acid

The phase diagram of the sodium salt of dioleoylphosphatidic acid has been deter-
mined by Lindblom et al. (1991). The phase diagram is characterized by a lamellar
phase that transforms to a reversed hexagonal phase at about 30% of water. This
transformation occurs although there is an ionic charge on the molecules and despite
their small head group. A possible explanation, supported by evidence from NMR
measurements, is that this is due to ion condensation.

6.5.7 Lysophosphatides

The phase diagrams of a series of different lysophosphatides have been investigated
by Arvidsson et al. (1985). Lysophosphatidylcholine has the same hydrophilic polar
group as the ordinary PC but only one of the two fatty acids. This reduces the vol-
ume demand of the aggregate, and the packing parameter allows for the formation
of micelles and hexagonal phases.

6.5.8 The Properties of Mixtures of Phosphatides

Technical phosphatides are always mixtures. Their properties reflect some type of
average that the mixture develops. One way to investigate this is to determine the
type of liquid-crystalline phase that develops when different phosphatides are
allowed to interact together with water. Figure 6.6 shows the phase diagram of dio-
leoyl PC and dioleoyl PE in 40% water (Eriksson et al. 1985). The figure shows that
a lamellar phase is formed when the system contains mainly PC, but that around
60% PE non-lamellar, hexagonal and cubic phases start to form. This change is
enhanced at high temperatures.

The more highly unsaturated soybean PE and soybean PC display a similar
aggregation pattern, but the temperature at which the system changes from lamel-
lar to non-lamellar phases is lower (Fig. 6.7), and the phase diagram is dominated
by the hydrophobic properties of the PE up to fairly high concentrations of PC.
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Fig. 6.6 The phase diagram of dioleoyl PC and dioleoyl PE with 40% water. (Redrawn from
Eriksson et al. 1985)
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Fig. 6.7 The phase diagram of soybean PC, soybean PE, and water; of soybean PC, soybean PI,
and water; and of soybean PI, soybean PE, and water. (Redrawn from Bergenstahl 1991) The cubic
phase was not included in the original drawing, but it is a possible interpretation of the x-ray peaks
included in the paper. It is also supported by the data from the study by Eriksson et al. (1985)
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A mixture of PI and PC displays the extreme swelling properties of ionically
charged emulsifiers at an early stage. This was indeed also expected since a similar
pattern was observed when a small amount of ionically charged detergents was
added to the lamellar phase formed by monoglycerides (Larsson and Krog 1973).
When PI and PE are mixed, the properties of the mixture are dominated by the
hydrophilic PI up to quite a high PE:PI ratio.

A preliminary conclusion from this work is that the properties of phosphatide
mixtures are determined by the ratio of anionic (particularly PI) phosphatides to PE
rather than by the PC:PE ratio.

Technical soybean lecithin contains a mixture of different phospholipids (Rydhag
1979). In most cases, the weakly hydrophilic phosphatidylethanolamine dominates,
and this type of lecithin is suitable for inverse emulsions such as in margarine. More
hydrophilic soybean lecithins suitable for oil-in-water emulsions are obtained by
partial hydrolysis to form lysolecithins. It is also possible to increase the effective
hydrophilicity of the PE by making the polar head group larger through acetylation.

6.6 Some Ways to Classify Emulsifiers

A common problem in industrial development work is the choice of suitable surfac-
tants to obtain the desired results. In the literature a number of different methods of
making a fast preliminary selection of suitable emulsifiers have been proposed. The
most common methods and concepts are discussed here and are compared with the
function of the emulsifier in the emulsion.

6.6.1 The Solubility Concept

One of the first ideas, proposed by Bancroft (1913), was that the solubility of the
emulsifier determines the type of emulsion that is formed. An oil-soluble emulsifier
will create an oil-continuous emulsion, and a water-soluble emulsifier will turn the
emulsion into a water-continuous one. This is true for low molecular weight emulsifi-
ers with a high solubility, usually in micellar aggregates, but it is also valid for
polymers. However, most likely, the concept can also, to some extent, be expanded
to include emulsifiers with just a dispersibility in either one of the phases (for
instance lecithin). Experience in this direction is exemplified in Table 6.6. However,
the Bancroft rule provides us with the only very general directions. To proceed fur-
ther we need to rank emulsifiers more quantitatively.
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Table 6.6 Emulsiflability compared with solubility according to the Bancroft rule (Ostberg
etal., 1995)

Emulsifier Solubility/dispersibility | Type of emulsion
Sorbitan esters (Span) Oil-soluble Oil-continuous
Ethoxylated sorbitan esters (Tween) Water-soluble Water-continuous
Hydrophobic lecithin (normal technical lecithin) | Oil-dispersible Oil-continuous
Hydrophilic lecithin (high LPC or low PE) Water-dispersible Water-continuous
Proteins Water-soluble Water-continuous
Fat crystals Oil-dispersible Oil-continuous

6.6.2 The Phase Inversion Concept

Ethoxylated surfactants have a tendency toward declining hydrophilicity with
increasing temperature. This leads to a change from water solubility at low tempera-
tures to oil solubility at higher temperatures. According to the Bancroft rule, this
will result in a given system switching from being water-continuous to being oil-
continuous. The hydrophilicity can be viewed as a property that is gradually lost
with increasing temperature. The distance from the break even point, the phase-
inversion temperature, or PIT, is then a measure of the strength of the hydrophilicity.
Shinoda claims that the best stability of such an oil-in-water emulsion is obtained at
30 °C below the PIT and for a water-in-oil emulsion at about 20 °C above the
PIT. However, the lowest interfacial tension, and the smallest droplet volume is
obtained directly after homogenization by shaking at the PIT. Consequently,
Shinoda suggests that the emulsifier should be chosen so that the emulsification can
be performed at a PIT about 20-30 °C above the final storage temperature (Shinoda
and Saito 1968). The emulsion can then be cooled and the increased interfacial ten-
sion stabilizes the small sizes obtained earlier.

Shinoda and coworkers (Shinoda and Saito 1968; Shinoda and Kunieda 1983;
Kunieda and Ishikawa 1985, reviewed in Shinoda and Friberg 1986) have worked
according to this concept and characterized a number of different ethoxylated emul-
sifiers in combination with various solvents. They then found that the PIT depends
not only on the number of ethoxylate groups but also on the oil phase, indicating the
importance of the solubility properties for the stability.

Emulsification experiments performed with a range of different oil-to-water
ratios show that the emulsion type is determined mainly by the emulsifier properties
and is for many systems, with pure solvents, very insensitive to the phase ratio
(Shinoda and Friberg 1986).

It is obvious that this says a lot about the properties of ethoxylated surfactants but
its applicability to food emulsions is very limited for two main reasons:

1. The concept is based on strongly temperature-dependent properties of the emulsifi-
ers. This excludes ionic emulsifiers (less important for the food industry), and it also
excludes the most commonly used polyhydroxy and nonionic zwitterionic emulsi-
fiers as they display a very weak temperature dependence of their hydrophilicity.
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2. The solvent properties are important in the PIT concept. However, food emulsions
are made almost solely from triglyceride oils and water that will behave differ-
ently due to the large molecular weight of the oil molecules.

6.6.3 The HLB (Hydrophilic/Lipophilic Balance) Concept

Emulsifiers are molecules with a duality in their properties. The balance between
the hydrophobic and hydrophilic properties of the molecules should then determine
the performance and the type of emulsion formed. If the emulsifier is changed from
hydrophobic to hydrophilic, the emulsion formed changes from oil-continuous to
water-continuous. The balance of the emulsifier is recorded as a number, the HLB
value. When this concept was introduced by Griffin (1949), the HLB value of
unknown emulsifiers was determined by comparing the emulsification properties in
a predetermined system of a mixture of hydrophobic and hydrophilic emulsifiers
with a predefined HLB number.

The important development of the HLB system came when the group contribu-
tion system was constructed by Davies (1957), and it became possible to estimate
an HLB value of an unknown emulsifier from the molecular formula (Table 6.7).

The advantage of the HLB concept is that it makes it possible to characterize
numerous emulsifiers and emulsifier blends. It is usually assumed that it is possible
to calculate an average HLB value from the w/w composition. Large tables of data
for commercial emulsifiers are also available.

The limitation of the HLB value is that it provides a rather one-dimensional
description of the properties, omitting molecular weight and temperature depen-
dence. It is also difficult to calculate useful HLB values for several important
food emulsifiers, for instance phospholipids. The HLB values also do not include
the important crystallization properties of monoglycerides and modified
monoglycerides.

Table 6.7 Calculation of Group Group contribution

HLB numbers according to Carboxylic acid soap | 21.2

Davies (1957) .
Sorbitan ester 6.8
Glyceryl ester 5.25
Ester 24
Carboxylic acid 2.1
Alcohol 1.9
Ether 1.3
EO group 0.33
CH; CH,, CH -0.475

The table is modified according to Davies
(1957). HLB = 7 + X group contributions
(From Bergenstahl and Claesson, 1990)
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Aggregate Shape Character in solution HLB AlA,
< Clear solution >13 >2
% \
Micelles
@ White dispersion 7-10 1-2
1370p Milky appearance
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é Lumps of emulsifier <7 <1
$\/
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Fig. 6.8 A comparison between molecular aggregation, solution characteristics, A/A,, and the
packing parameter. (Modified from Bergenstéhl and Claesson 1990)

6.6.4 A Comparison Between the HLB and the Geometry
of the Molecule

There is an obvious analogy between the idea of a hydrophilic lipophilic balance
and that of the balance in the molecules appearing in the packing parameters of dif-
ferent association structures (Fig. 6.8). Griffin (1979) has also suggested a relation-
ship between various solution properties and the HLB number. Transforming these
descriptions into various aggregation structures, a clear relation between the molec-
ular packing and the HLB value is obtained.

This result shows that the ability to form liquid-crystalline phases corresponds to
the traditional HLB characterization of the emulsifiers.

6.6.5 The Role of the Emulsifier in Homogenization

The discussion so far has been dealing mainly with the situation when droplets are
protected by a layer of emulsifier. However, the emulsifiers also have a crucial role
during the emulsification that usually is included in all empirical tests that are the
bases for the rules.

When an emulsion is created from a large and homogeneous oil phase, the emul-
sifier should support two different processes: the formation of new droplets and
protection against recoalescence. The emulsifier acts according to both static and
dynamic, diffusion-limited, interactions (Walstra 1983) (Table 6.8).
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Table 6.8 The role of the emulsifiers during the formation of emulsions

Static Dynamic
Destabilize the interfaces | Interfacial tension Diffusion to and across the interfaces
Stabilize the droplets Repulsive surface forces | Diffusion to the interfaces

The principal role of the interfacial tension is obvious. The presence of emulsi-
fiers lowers the interfacial tension from about 30 mN/m for a triglyceride/water
system to between 1 and 10 mN/m. Nonionic emulsifiers close to the PIT create
densely packed interfaces with very low interfacial tensions. However, the effects of
the interfacial tension itself are not very large. Walstra (1983) has shown that the
droplet size is only weakly dependent on the interfacial tension.

During the homogenization, new interfaces are formed. The emulsifiers have to
diffuse to the interfaces to lower the interfacial tension during the events when the
droplets are formed. This process must be rapid to be successful, as rapid as the time
scale for the formation of the droplets. For geometrical reasons, the diffusion from
the surrounding phase of the droplet is much more rapid than the diffusion from the
internal liquid. This is one important contribution to the validity of the solution rules
(Bancroft, PIT, HLB, and phase diagrams).

During the homogenization, the water-soluble substances in the oil phase diffuse
over to the water phase. These types of diffusion across the interfaces create distur-
bances that contribute to the emulsification. In many systems, this effect gives an
increased efficiency if the emulsifier is added to the oil phase before the emulsifica-
tion. For dispersible emulsifiers (phospholipids) there are also other reasons why it
is more efficient to add the emulsifier to the oil phase instead of the water phase.
During the homogenization, phospholipids tend to form stable liposomal dispersion
in competition with the emulsification of the oil phase. Westesen has indeed
observed that a significant fraction of the phospholipids in a commercial phospho-
lipid emulsion for paranteral use is lost in liposomal aggregates (Westesen and
Wehler 1992).

Emulsification involves an intensive application of fluid shear stress. The shear
stress by itself causes a high frequency of recoalescence events. If the emulsification
is to be successful the formed droplets have to be protected from recoalescing. The
repulsive interactions generated by adsorbed emulsifiers create a static protection.

Hydrodynamic interactions are crucial to the result of a collision due to shear.
Hydrodynamic interactions depend on the existence of an interfacial viscosity and
elasticity. During the collision event, the interface close to the approaching droplet
is depleted of emulsifiers due to the local flow. The surfactant-depleted zone will
then have a higher interfacial tension than the surrounding emulsifier-covered drop-
let surface. This leads to surface diffusion in the direction opposite to the liquid flow
and produces a hydrodynamic resistance. If the emulsifier is oil-soluble, emulsifier
from the internal part of the droplet will diffuse to the depleted area and thereby
reduce the hydrodynamic protection of the droplet.

The discussion in this section has been very qualitative, but an important point is
that the emulsifiers contribute to the emulsification as well as to the stabilization.
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The role of the emulsifier for the stabilization is usually difficult to identify in the
simple type of shaking experiments that are the main background to the HLB, the
PIT, and the phase diagram concepts. This type of simple, and thereby efficient,
experiment provides information about both the emulsifiability and the stability
with a certain emulsifier.

6.7 The Emulsifier Surface

The ability of various food emulsifiers to generate adsorbed layers influencing the
interparticle interactions has been discussed. The type and magnitude depend on the
composition of the surface generated from the adsorption process. Foods usually are
complex mixtures. They may contain both low molecular weight surface-active lip-
ids and a versatile range of more or less surface-active proteins and polysaccharides.
The actual chemical composition of the emulsion droplet surface is then the key
factor that determines most of the surface interactions.

In systems containing several surface-active components, three types of adsorbed
layers can be identified based on how the layers are formed. In reality, the differ-
ences between the three adsorption structures discussed below are not sharp, but this
simplified description can provide a basis for further discussion of the properties of
complex systems.

1. Competitive adsorption. A monolayer containing one predominant type of mol-
ecule at the interface builds up through competition with other less surface-active
components that may be replaced in the interface.

2. Associative adsorption. An adsorbed layer containing a mixture of several differ-
ent surface-active components is formed.

3. Layer adsorption. One component adsorbs on top of another or itself.

6.7.1 Competitive Adsorption

In a system with several surface-active components, a homogeneous monolayer is
formed by the most surface-active component. The adsorption depends on the driv-
ing force for adsorption, mainly the hydrophobic interaction. Hence, from a mixture
of two emulsifiers, the most hydrophobic emulsifier will have the strongest affinity
for the interface. A consequence is that under competitive adsorption the component
with the lowest water solubility, e.g., the lowest critical micelle concentration
(Kronberg 1983), will dominate the interface.

The character of the adsorbed layer, for instance its ability to generate repulsive
interactions, is determined by the dominating compound. The structure of the layer
depends on the geometrical shape of the molecules and on lateral interactions
between the molecules in the layer. Nonionic surfactants may form very dense
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layers due to head-group attraction. Ionic surfactants are able to form extremely
loose layers due to inter-head-group repulsion.

An interesting experimental observation in agreement with this relation is that
the concentration of emulsifier necessary to obtain an emulsion is much lower for
ionic emulsifiers than for nonionic emulsifiers.

In a series of emulsions, we have studied the efficiency of the emulsification
(Ostberg et al. 1995) by droplet size measurements after homogenization. The
results show that for several emulsifiers very small droplets are obtained, about
0.2-0.4 pm. The size obtained depends on the concentration of emulsifier. The non-
ionic emulsifiers lead to a constant droplet size down to a critical concentration,
below which the ability to form emulsions is strongly reduced. The critical concen-
tration can be compared with the thickness of the emulsifier layer on the emulsion
droplet. The apparent thickness of the emulsifier layer can be estimated from the
droplet size and the concentration of emulsifier on the dispersed phase, if we assume
that all emulsifier is adsorbed to the interface. The apparent thickness gives the
upper limit for the absorbed layer rather than the correct value:

volume of emulsifier

Thickness of emulsifer layer = -
emulsion droplet area

3
Cem ‘/emulsiondroplel _ Cem ﬂd /6 _ Cemd

6 =
wd? 6

‘emulsion droplet

where c.,, is the emulsifier concentration (v/v) in the dispersed phase. The critical
thickness, the thickness of the emulsifier layer at the critical concentration, can be
compared with the size of the molecule. The results show a thickness of about 60%
of the theoretical length of the molecule for nonionic emulsifiers. Hydrophobic
emulsifiers are less efficient during the emulsification and give very high values of
the apparent thickness. The properties of the ionic emulsifiers are different as they
are able to form emulsions down to extremely low concentrations corresponding to
very low surface concentrations and very thin layers.

6.7.2 Associative Adsorption

In associative adsorption, a mixed adsorption layer is formed at an interface. The
interfacial properties displayed are then some sort of average properties.

A typical associative system may be a long alcohol, e.g., decanol and charged
surfactants like soaps. The alcohol acts as a spacer between the charged groups,
which decreases the head-group repulsion within the layer and reduces the surface
energy. This increases the adsorption and enhances the surface activity. Similarly, a
lamellar phase is formed in the corresponding three-component phase diagram:
water/sodium caprylate/decanol (Fontell et al. 1968). Mixed layers are commonly
formed due to associative adsorption with natural and technical emulsifier blends.
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This is also a necessary requirement of the common assumption that an average
HLB value should describe the properties of an emulsifier blend (Davies 1957). A
common system assumed to act in this way is a mixture of sorbitan esters and eth-
oxylated sorbitan esters where the smaller sorbitan esters can use the space between
the bulky ethoxylated esters (Boyd et al. 1976).

In the case of associative adsorption, both components are expected to be present
in the surface. If this situation is to be stable, the adsorption of the second compo-
nent should be either enhanced by the presence of the first component or at least not
influenced by it.

6.7.3 Layered Adsorption

Adsorption in layers is possible when different classes of surface-active compo-
nents are present in a mixture. See Table 6.9. The two components must be very
different in character to give a structure with a layered character rather than a mixed

Table 6.9 The apparent emulsifier layers for various emulsifiers estimated from the earlier
equation for film thickness

Radius | Emulsifier-layer Estimated length of
Emulsifier conc. (%)* (pm)® thickness (A)C Curve shape! | the emulsifier (A)°

Dodecylbenzence sulfate
0.1 0.47 1.6 15

C_

Fatty acid monoethanolamid
ethoxylate (7EO)

10 0.27 90 o~ |4

Fatty acid monoethanolamid
ethoxylate (13EO)

7 0.20 45 - |75

Fatty acid monoethanolamid
ethoxylate (18EO)

10 0.23 59 \ -~ 193

Adapted from Ostberg et al. (1995)

“The emulsifier concentration calculated on the oil phase

"The radius is shown as D(3, 2)/2

“The apparent emulsifier layer, estimated assuming that all emulsifier is estimated at the interface
9The curve shape shows the dependence for the apparent emulsifier layer of the emulsifier concen-
tration

“The estimated length of the emulsifier molecule is estimated from the chemical formula or from
measurements in the corresponding lamellar phase
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layer. The second component adsorbs to a droplet displaying the characteristic
properties of the primary adsorbing emulsifier. This usually means a more hydro-
philic surface, which can be expected to reduce the adsorbed amount. However, in
some cases, the presence of certain groups increases the adsorption of specific sub-
stances. For example, the effects of emulsifiers on protein adsorption is essential in
most food applications.

Ethoxylated surfactants usually give a strong reduction of protein adsorption.
Courthaudon et al. (1991b) have shown C;,EOg totally displaces all adsorbed
f-casein from an emulsion system. Similar effects have also been obtained with
emulsions formed with polysorbates (Dickinson and Tanai 1992) and with mono-
glycerides (Hall and Pethica 1967). On the other hand, egg yolk PC did not reduce
the adsorbed amount of f-casein more than about 20% (Courthaudon et al. 1991a).

The adsorption of a range of plasma proteins at various phospholipid surfaces
has been characterized using ellipsometry (Malmsten 1995). A large variation of the
adsorbed amount was obtained, depending on the combination of protein and phos-
pholipid. Purified PC and PE gave low adsorbed amounts, while phosphatidic acid
enhanced the adsorption of fibrinogen by a factor of 5 compared to a bare hydropho-
bic surface.

6.8 Conclusions

Emulsifiers form the basis for a wide range of essential stability, quality, and effi-
ciency functions in food formulations and remain the preferred choice in most cases
because of their simplicity and safety. Complex physicochemical emulsification
phenomena occur in formulations and it is important to understand the interactions
of emulsifiers and other species using the above information. Complementary
reviews on polymeric and steric stabilizers (Heertje 2014) as well as other types of
emulsifiers like proteins (Kravlova and Sjoblom 2009) are also recommended.
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