
I. INTRODUCTION

Emulsions are dispersions of one liquid in another liquid,
most commonly water-in-oil or oil-in-water. The total inter-
facial area in an emulsion is very large, and since the inter-
facial area is associated with a positive free energy (the
interfacial tension), the emulsion system is thermodynam-
ically unstable. Nevertheless, it is possible to make emul-
sions with an excellent long-term stability. This requires
the use of emulsifiers that accumulate at the oil/water inter-
face and create an energy barrier towards flocculation and
coalescence. The emulsifiers can be ionic, zwitterionic, or
nonionic surfactants, proteins, amphiphilic polymers, or
combinations of polymers and surfactants. The structure of
the adsorbed layer at the water/oil interface may be rather
complex, involving several species adsorbed directly to the
interface as well as other species adsorbing on top of the
first layer.

The first question one may ask is if an oil-in-water emul-
sion or a water-in-oil emulsion is formed then the two sol-
vents are dispersed into each other with the use of a given
emulsifier. There are several empirical roles addressing this
problem. The first is due to Bancroft (1) who stated that if
the emulsifier is most soluble in the water phase, then an
oil-in-water emulsion will be formed. A water-in-oil emul-
sion will be obtained when the reverse is true. The HLB
(hydrophilic-lipophilic balance) concept is used for describ-
ing the nature of the surfactant. It was first introduced by

Griffin (2) and later extended by Davies (3). Rather hy-
drophobic emulsifiers having a low HLB number, say
below 6, are predicted to be suitable for forming water-in-
oil emulsions whereas more hydrophilic emulsifiers with
high HLB values, above about 10, are suggested to be suit-
able for forming oil-in-water emulsions. The HLB value
can easily be calculated from the structure of the emulsifier
(3). An HLB value has also been assigned for most com-
mon oils. It is defined as the HLB number of the emulsifier
in a homologous series that produces the most stable oil-in-
water emulsion. A nonpolar oil is found to have a lower
HLB number than a polar oil. Hence, the choice of emulsi-
fier has to be adjusted to the type of oil to be emulsified.

The use of an HLB value for nonionic emulsifiers of the
oligo (ethylene oxide) type has its drawbacks since their
properties are strongly temperature dependent. This is
clearly seen in three-component oil-water-surfactant phase
diagrams. At low temperatures, micro-emulsions of oil
droplets in water (Winsor I) are formed. In a small temper-
ature interval, bicontinuous microemulsions (Winsor III)
are stable, followed at higher temperatures by a microemul-
sion consisting of water droplets in oil (Winsor II). These
transitions are due to a change in the spontaneous mono-
layer curvature from positive at low temperatures to nega-
tive at high temperatures. This behavior is closely
mimicked by the thermodynamically unstable
(macro)emulsions, and it is common to describe these
emulsions in terms of the phase-inversion temperature
(PIT). Below the PIT the emulsion is of the oil-in-water
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type whereas above the PIT it is of the water-in-oil type.
Very close to the PIT no stable (macro)emulsions can be
formed. It has been argued that this change in behavior, as
for the microemulsions, is due to the change in spontaneous
curvature of such surfactant films at the oil-water interface,
particularly the ease with which hole formation leading to
coalescence occurs (4). Note that the PIT does not only de-
pend on the nature of the emulsifier but also on the type of
oil used, which often can be explained by the degree of oil
penetration into the emulsifier film.

When two droplets approach each other they will inter-
act with hydrodynamic forces and with surface forces of
molecular origin. Finally, when the droplets are close
enough they may coalesce and form one larger droplet. An
emulsion will have a long-term stability if the droplets are
prevented from coming close to each other by strong repul-
sive forces and if they are prevented from coalescing even
when they are close to each other. However, in this case
also a slow destabi-lization due to Ostwald ripening will
occur.

II. INTERACTIONS AND HOLE FORMATION

In this section we will give a short overview of hydro-dy-
namic and surface forces as well as hole formation leading
to coalescence. References will be provided for the reader
who wants to penetrate further into these subiects.

A. Hydrodynamic Interactions

When liquid drains from the gap between two approaching
spherical emulsion droplets of equal size a hydrodynamic
force is produced resulting from viscous dissipation. As
long as the surfaces do not deform (i.e., small forces) and
the liquid next to the surface is stationary (no slip condition,
see below) the hydrodynamic force is given by (5):

droplets, and they may change their shape from spherical to
polyhedral (6). In this case, the liquid drains out of the flat
part of the film owing to the capillary suction pressure. The
outflow of liquid between rigid parallel disks was consid-
ered by Reynolds and others (7, 8) who found that the pres-
sure varied with the radial distance from the center of the
disk as:
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where R is the radius of the spheres, µ is the viscosity of
the draining liquid, D is the separation between the spheres,
and t is the time. This equation describes the hydrodynamic
interaction when the droplets are far apart and do not inter-
act with each other very strongly. However, as soon as the
interaction between the surfaces is sufficiently large, the
emulsion droplets will deform and Eq. (1) is no longer
valid.

In concentrated emulsions we meet another extreme
case. A thin planar liquid film now separates the emulsion

where P is the pressure at a distance r from the center; r0
is the radius of the plate; P0 is the hydrostatic pressure
which equals the total pressure at the edge of the contact,
i.e., at r = r0 and VR is the rate of approach, i.e., -dD/dt.

The repulsive hydrodynamic force acting on the plates is
obtained by integrating over the plate area and subtracting
the hydrostatic pressure contribution:

The average excess pressure (which equals the capillary
pressure), between circular plates, can be expressed as:

Hence, we obtain the well-known Reynolds equation:

We immediately see that the film-thinning rate is reduced,
and thus the emulsion stability increased, by an increase in
bulk viscosity. In the case where the liquid film is so thin
that surface forces no longer can be neglected, the capillary
pressure term in the Reynolds equation should be replaced
by the total driving force (∆P) for the thinning. This is equal
to the difference between the capillary pressure and the dis-
joining pressure (Π) due to the surface forces acting be-
tween the emulsion droplet surfaces, ∆P = ( - Π). Clearly,
a positive disjoining pressure, i.e., a repulsive force, re-
duces the driving force for film thinning and thus the
drainage rate.

Experimentally determined rates of thinning do not al-
ways agree with the predictions of the Reynolds model. For
foam films stabilized by an anionic surfactant, sodium do-
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decyl sulfate (9, 10) it has been shown that typical thinning
rates exhibited a much weaker dependence on the film ra-
dius (r-0.8-0.9) than the predicted r-2 dependence. To obtain
an understanding for why the Reynolds theory of thinning
does not always agree with experimental results it is worth-
while to consider two assumptions made when arriving at
Eq. (5). First, the result is valid only under “no slip” con-
ditions, i.e., the velocity of the liquid at the film interface
is assumed to be zero. This is the case when the drainage
takes place between solid hydrophilic surfaces. In contrast,
only the adsorbed emulsifier layer provides the surface
rigidity in foam and emulsion films, and it is not obvious
that the no-slip condition is fulfilled. The drainage rate
would be larger than predicted by Eq. (5) if this condition
was not valid. Jeelani and Hartland (11), who calculated
the liquid velocity at the interfaces of emulsion films for
numerous systems studied experimentally, addressed this
point. They showed that even at low surfactant concentra-
tion the liquid mobility at the interface is dramatically re-
duced by the adsorbed surfactant. Hence, it is plausible that
when the adsorption density of the emulsifier is large
(nearly saturated monolayers) the surface viscosity is high
enough to validate the no-slip condition. It has been pointed
out that a nonzero liquid viscosity at the interface is not ex-
pected to have an influence on the functional dependence of
the drainage rates upon the film radius (9). Hence, the de-
viations found experimentally have to have another origin.

A second assumption made when arriving at Eq. (5) is
that the drainage takes place between parallel surfaces. Ex-
perimental studies on liquid films (9, 10) have shown that
during the thinning process it is common that nonuniform
films are formed which have a thicker region, a dimple, in
the center. For larger films even more complicated, multi-
dimpled profiles have been found. To calculate the drainage
rate for interfaces with such a complex shape is far from
easy. However, recently Manev et al. (9) proposed a model
for the drainage between nonparallel, immobile surfaces.
The following expression has been proposed for the rate of
thinning:

At sufficiently small droplet separations, say below 100
nm, surface forces have to be considered. These forces af-
fect the drainage rate as well as the equilibrium interactions,
particularly if flocculation occurs. The most commonly en-
countered forces are briefly described below. For a general
reference to surface force, see the book by Israelachvili
(12).

B. Van der Waals Forces

Van der Waals forces originate mainly from the motion of
negatively charged electrons around the positively charged
atomic nucleus. For condensed materials (liquids or solids)
this electron motion gives rise to a fluctuating electromag-
netic field that extends beyond the surface of the material.
Thus when, e.g., two particles or emulsion droplets are
close together the fluctuating fields associated with them
will interact with each other. The energy of interaction per
unit area (Wvdw) between two equal spheres with radius R
a distance D apart is given by:
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Here, α1 is the first root of the first-order Bessel function of
the first kind, and σ is the surface tension. Note that in the
above equation the rate of thinning is inversely proportional
to r4/5. This is in good agreement with some experimental
observations.

where A is the nonretarded Hamaker constant. When the
particle radius is much larger than the separation of the par-
ticles, Eq. (7) is reduced to:

The Hamaker constant depends on the dielectric properties
of the two interacting particles and the intervening medium.
When these properties are known one can calculate the
Hamaker constant. An approximate equation for two iden-
tical particles (subscript 1) interacting across a medum
(subscript 2) is:

where k is the Boltzmann constant, T is the absolute tem-
perature, vv is the main adsorption frequency in theUV re-
gion (often about 3 × 1015 Hz), h is Planck’s constant, ε is
the static dielectric constant, and n is the refractive index in
visible light.

From Eqs (8) and (9) it is clear that the van der Waals in-
teraction between two identical particles or emulsion
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droplets is always attractive. One may also note that the
Hamaker constant for two oil droplets interacting across
water is identical to the Hamaker constant for two water
droplets interacting across oil.

C. Electrostatic Double-layer Forces

Electrostatic double-layer forces are always present be-
tween charged particles or emulsion droplets in electrolyte
solutions. Counterions to the emulsion droplet (ions with
opposite charges to that of the drop) are attracted to the sur-
faces and coions are repelled. Hence, outside the charged
emulsion droplet, in the so-called diffuse layer, the concen-
tration of ions will be different to that in bulk solution, and
the charge in the diffuse layer balances the surface charge.

An electrostatic double-layer interaction arises when two
charged droplets are so close together that their diffuse lay-
ers overlap. The electrostatic double-layer interaction, Wdl
for two identical charged drops with a small electrostatic
surface potential and a radius large compared to their sep-
aration is approximately given by:

been identified. First, when two polar surfaces are brought
close together the polar groups will be partly dehydrated,
which gives rise to a repulsive force (15). Second, as two
surfaces are brought close together the molecules at the in-
terface will have a decreased mobility perpendicular to the
surface, which decreases the entropy of the system and this
gives rise to a steric type of repulsion (16). Empirically it
has been found that the hydration/steric repulsion between
surfactant and lipid head-groups decays roughly exponen-
tially with distance:
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where ε0 is the permittivity of vacuum, ε is the static di-
electric constant of the medium, Ψ0 is the surface potential,
and k-1 is the Debye screening length given by:

where e is the elementary charge, NA is Avogadro’s num-
ber, ci is the concentration of ion i expressed as mol/dm3,
and zi is the valency of ion i.

The double-layer interaction is repulsive and it decays
exponentially with surface separation with a decay length
equal to the Debye length. Further, the Debye length and
consequently the range of the double-layer force decreases
with increasing salt concentration and the valency of the
ions present. The famous DLVO theory for colloidal stabil-
ity (13, 14) takes into account double-layer forces and van
der Waals forces.

D. Hydration and Steric-protrusion Forces

Hydration and steric-protrusion forces are repulsive forces
that have been found to be present at rather short separa-
tions between hydrophilic surfaces such as surfactant head-
groups. At least two molecular reasons for these forces have

where λ is the decay length of the force, typically 0.2-0.3
nm.

E. Polymer-induced Forces

The presence of polymers on surfaces gives rise to addi-
tional forces that can be repulsive or attractive. Under con-
ditions when the polymer is firmly anchored to the surface
and the surface coverage is large a steric repulsion is ex-
pected. As the surfaces are brought together the segment
density between them increases, which results in an in-
creased number of segment-segment contacts and a loss of
conformational entropy of the polymer chains. The confor-
mational entropy loss always results in a repulsive force
contribution that dominates at small separations. The in-
creased number of segment-segment contacts may give rise
to an attractive or a repulsive force contribution. This is
often discussed in terms of the chi-parameter (χ-parameter)
or in terms of solvent quality. Under sufficientlypoor sol-
vent conditions (χ > 1/2), when the segment-segment inter-
action is sufficiently favorable compared to the
segment-solvent interaction, the long-range interaction is
attractive. Otherwise it is repulsive. The steric force can be
calculated by using lattice mean field theory (17) or scaling
theory (18). The actual force encountered is highly depend-
ent on the adsorption density, the surface affinity, the poly-
mer architecture, and the solvency condition. Hence, no
simple equation can describe all situations. However, a
high-density polymer layer, a “brush” layer, in a good sol-
vent, provides good steric stabilization. The scaling ap-
proach provides us with a simple formula that often
describes the measured interactions under such conditions
rather well (19). It states that the pressure P(D) between
two flat polymer-coated surfaces is given by:
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where Eq. (13) is valid provided that the separation, D, is
less than D* (where D* is twice the length of the polymer
tail), and s is the linear distance between the anchored
chains on the surface. For the interactions between two
spheres with a radius significantly larger than their separa-
tion this relation is modified to:

isotherm (see Fig. 2) a small disturbance causing a change
in film thickness and/or capillary pressure may sponta-
neously grow and lead to a significant change in film thick-
ness, e.g., Newton black film formation or rupture.

The stability of foams and emulsions depends critically
on whether formation of a stable Newton black film or a
hole leading to coalescence is favored. Kabalnov and Wen-
nerstrom (4) addressed this question by developing a tem-
perature-induced hole nuclea-tion model applicable to
emulsions. They point on that the coalescene energy barrier
is strongly affected by the spontaneous monolayer curva-
ture. The authors consider a flat emulsion film, covered by
a saturated surfactant monolayer, in thermodynamic equi-
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The parameters needed in order to calculate the force are
the length of the extended polymer chain and the separation
between the polymer chains on the surface. The latter pa-
rameter can be estimated from the adsorbed amount
whereas the length of the polymer chains enters as a fitting
parameter. The formula predicts a repulsion that increases
monotonically with decreasing separation.

F. Coalescence and Hole Formation

When studying drainage and equilibrium interactions in sin-
gle foam films above the critical micellar concentration
(cmc) of the surfactant, it is often found that the film thick-
ness undergoes sudden changes (20, 21). This phenomenon
is known as stratification. Below the cmc one sudden
change from a water-rich common black film to a very thin
Newton black film may occur. This transition does not
occur uniformly over the whole film area but initially in
some small regions. The thinner regions are often called
black spots since they appear darker than the rest of the film
when viewed in reflected light. Once formed, the size of a
black spot grows as the liquid drains out from the foam
lamellae. Bergeron and coworkers noted that the viscous
resistance to the flow in the thin film is large, and that this
leads to an increase in the local film thickness next to the
black spot (22, 23). The suggested shape of the thin liquid
layer, which is supported by experimental observations and
theoretical calculations (22, 23) is illustrated in Fig. 1. In
many cases no or unstable Newton black films are formed.
In these cases the films rupture due to formation of a hole
that rapidly grows as a result of surface-tension forces.
Emulsion coalescence occurs in a similar manner.
The mechanism of black spot formation and rupture has
been extensively studied (24). It is generally recognized that
the liquid film is unstable in regions of the disjoining pres-
sure (Π) isotherm (force curve) where the derivative with
respect to film thickness (D) is larger than zero, i.e., dΠ/dD
> 0. Hence, close to a maximum in the disjoining pressure

Figure 1 Illustration of shape of the thin liquid film around the po-
sition of a newly formed black spot.

Figure 2 Typical disjoining pressure isotherm showing one max-
imum (A) and one minimum (B); the film is unstable between
points A and B.
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librium with a micellar bulk solution. The emulsion breaks
if an induced hole grows along the film having a thickness
h - 2b (Fig. 3). The change in free energy occurring when
a hole is formed is given as the difference in the interfacial
tension integrals over the interface for a film with a hole
compared to that for a planar film:

the film close to the hole can approach the spontaneous
monolayer curvature. The Kabalnov-Wennerstrom model
has to be solved numerically in order to calculate the coa-
lescence activation energy. However, a “big hole approach”
whereap b (see Fig. 3) gives surprisingly good results. In
this model the energy for creating a hole with radius a is
given as:
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The driving force for formation of a hole is the reduction
in free energy owing to a decrease in surface area of the pla-
nar part of the film, whereas it is counteracted by the in-
creased free energy due to the surface area created around
the hole. In general, the change in free energy goes through
a maximum as the hole radius increases. One new feature of
the Kabalnov-Wennerstrom model is that the surface ten-
sion at the hole edge is considered to be different to that at
the planar film surface. The reason for this is that the cur-
vature of the interface is different, leading to a difference in
surfactant monolayer bending energy. This can be expressed
as (4):

Here, H and H0 are the mean and the spontaneous curva-
tures and k is the bending modulus.

Clearly, the surface tension has a minimum when the
spontaneous curvature of the surfactant film equals the
mean curvature of the interface. The mean curvature for a
flat interface is zero, larger than zero for an interface curv-
ing towards the oil (oil-in-water emulsions), and smaller
than zero for a water-in-oil emulsion. Hence, a large posi-
tive spontaneous monolayer curvature, as for a strongly
hydro-philic surfactant, favors oil-in-water emulsions and
vice versa. The Kabalnov-Wennerstrom model also allows
the thickness of the film to vary in order to minimize the
free energy of hole formation, i.e., the mean curvature of

Figure 3 Geometry of the thin film just after a hole has been cre-
ated. (Redrawn from Ref. 4, with permission.)

where 2πa is the circumfrence of the hole, γ is the line ten-
sions, πa2 is the area of the hole at each interface, and σ is
the surface tension. The second term is the free energy gain
obtained by reducing the flat area of the film, and the first
term is the energy penalty of creating the inside of the hole.
The value of the line tension can be calculated when the
spontaneous monolayer curvature and the monolayer bend-
ing modulus is known (4). The activation energy of coales-
cence (W*) is obtained by finding the point where d W/da
= 0, which gives the final expression:

The particular feature with ethylene oxide based surfac-
tants is that their interaction with water is less favorable at
higher temperatures. This leads to a decrease in the sponta-
neous monolayer curvature with temperature, explaining
the transition from oil-in-water emulsions below the PIT to
water-in-oil emulsion above the PIT. In the vicinity of the
phase inversion temperature the energy barrier against co-
alescence(W*) varies very strongly with temperature. For
the system n-octane-C12E5-water the following approxi-
mate relation was obtained in terms of ∆T = T-Td, where Td
is the PIT (4):

The predicted very steep increase in the coalescence barrier
away from the PIT is qualitatively in good agreement with
the experimentally observed macroe-mulsion behavior
(25).

III. SURFACE FORCE TECHNIQUES

There are several methods available for measuring forces
between two solid surfaces, two particles, or liquid inter-
faces (26). In this section we briefly mention some of the
features of the techniques that have been used in order to
produce the results described in the later part of this contri-
bution. The forces acting between two solid surfaces were
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measured either with the interferometric surface force ap-
paratus (SFA) or with the MASIF (measurements and
analysis of surface and interfacial forces). Interactions be-
tween fluid interfaces were determined using various ver-
sions of the thin film balance (TFB).

A. The Interferometric Surface Force
Apparatus (SFA)

The forces acting between two molecularly smooth sur-
faces, normally mica or modified mica, can be measured
as a function of their absolute separation with the interfer-
ometric SFA (Fig. 4) (27). This provides a convenient way
to measure not only long-range forces but also the thickness
of adsorbed layers. The absolute separation is determined
inter-ferometrically to within 0.1-0.2 nm by using fringes of
equal chromatic order. The surfaces are glued on to opti-

cally polished silica disks and mounted in the SFA in a
crossed cylinder configuration. The surface separation is
controlled either by adjusting the voltage applied to a piezo-
electric crystal rigidly attached to one of the surfaces, or by
a synchronous motor linked by a cantilever spring to the
other surface. The deflection of the force measuring spring
is also determined interferometrically, and the force is cal-
culated from Hooke’s law. For further details, see Ref. 27.

When an attractive force component is present the gra-
dient of the force with respect to the surface separation,
∂F/∂D, may at some distance become larger than the spring
constant, k. The mechanical system then enters an unstable
region causing the surfaces to jump to the next stable point
(compare instabilities in free liquid films that occur when
dII/dD > 0). The adhesion force, F(0), normalized by the
local mean radius of curvature, R, is determined by separat-
ing the surfaces from adhesive contact. The force is calcu-
lated from:
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Figure 4 Schematic picture of a surface-force apparatus (SFA). The measuring chamber is made from stainless steel. One of the surfaces
is mounted on a piezoelectric tube that is used to change the surface separation; the other surface is mounted on the force measuring spring.
(From Ref. 26, with permission.)
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where F(Dj) is the force at the distance (Dj) to which the
surfaces jumped on separation, and R is the mean radius of
the surfaces.

B. The Bimorph Surface Force Apparatus
(MASIF)

The force as a function of surface separation between glass
substrate surfaces was measured with a MASIF instrument
[28]. This apparatus is based on a bimorph force sensor to
which one of the surfaces is mounted (Fig. 5). The other
surface is mounted on a piezoelectric tube. The bimorph
(enclosed in a Teflon sheath) is mounted inside a small
measuring chamber, which is clamped to a translation stage
that serves to control the coarse position of the piezoelectric
tube and the upper surface.

The voltage across the piezoelectric tube is varied con-
tinuously and the surfaces are first pushed together and then
separated. The bimorph will deflect when a force is expe-
rienced and this generates a charge in proportion to the de-
flection. From the deflection and the spring constant the
force follows simply from Hooke’s law. The motion of the
piezo is measured during each force run with a linear dis-
placement sensor. This signal together with the signal from
the bimorph charge amplifier, the voltage applied to the
piezoelectric tube, and the time are recorded by a computer.
The speed of approach, the number of data points, and other
experimental variables can easily be controlled with the
computer software.

When the surfaces are in contact the motion of the piezo-
electric tube is transmitted directly to the force sensor. This
results in a linear increase of the force sensor signal with
the expansion of the piezoelectric tube. The sensitivity of
the force sensor can be calibrated from this straight line,
and this measuring procedure allows determination of
forces as a function of separation from a hard wall contact
with a high precision (within 1-2 Å in distance resolution).
Note, however, that the assumption of a “hard wall” contact
is not always correct (29).
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Figure 5 Schematic illustration of the MASIF (measurement and analysis of surface interaction forces) SFA. The upper surface is mounted
on a piezo ceramic actuator that is used for changing the surface separation; the hysteresis of the piezo expansion/ contraction cycle can
be accounted for by using a linear variable displacement transducer (LVDT). The lower surface is mounted on a bimorph force sensor. (From
Ref. 26, with permission.)
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The MASIF instrument does not use interferometry to
determine surface separations which leads to the drawback
that the layer thickness cannot be determined, but to the ad-
vantage that the instrument can be used with any type of
hard, smooth surfaces. In most cases spherical glass sur-
faces are used. They are prepared by melting a 2 mm di-
ameter glass rod until a molten droplet with a radius of 2
mm is formed.

C. Derjaguin Approximation

The force measured between crossed cylinders (Fc), as in
the SFA, and between spheres (Fs), as in the MASIF, a dis-
tance D apart is normalized by the local geometric mean
radius (R). This quantity is related to the free energy of in-
teraction per unit area between flat surfaces (W) according
to the Derjaguin approximation (30):

length versus time) a sequence of intensity minima and
maxima appear. The equivalent water film thickness can be
calculated from the following equation (33):
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This approximation is valid when the radius (about 2 cm in
the SFA; 2 mm in the MASIF) is much larger than the sur-
face separation (typically 10-5 cm or less), a requirement
fulfilled in these experiments. With the SFA the local radius
is determined from the shape of the standing wave pattern,
whereas in the MASIF we have used the assumption that
the local radius is equal to the macroscopic radius, deter-
mined using a micrometer. The radius used in Eq. (21) is
that of the unde-formed surfaces. However, under the action
of strongly repulsive or attractive forces the surfaces will
deform and flatten (31, 32). This changes the local radius
and invalidates Eq. (21) since R becomes a function of D.

D. The Thin-film Balance

Accurate information about the rate of thinning, the critical
thickness of rupture, and the forces acting between two air-
water interfaces, betwen two oil-water interfaces, and be-
tween one air-water and one oil-water interface can be
gained by using thin-film balance techniques. The thickness
of the separating water film is determined by measuring the
intensity of reflected white light from a small flat portion of
the film (33). Due to interference of the light reflected from
the upper and lower film surfaces, characteristics interfer-
ence colors are observed during the thinning. These colors
correspond to a shift in the wavelengths undergoing con-
structive and destructive interference. When such a process
is recorded (normally as intensity of a given light wave-

where λ is the wavelength, and n1 and n2 are the bulk re-
fractive indices of the continuous and the disperse phases
respectively (in the case of foam films n2 = 1); Imax and
Imin are the intensity values of the interference maximum
and minimum, and I is the instantaneous value of the light
intensity. The above equation gives the equivalent film
thickness, heq, i.e., the film thickness plus the thickness of
the adsorbed layers calculated by assuming a constant value
of the refractive index equal to n1. A better approximation
to the true film thickness can be obtained by correcting for
the difference in refractive index between the bulk film and
the adsorbed layer. The corrected film thickness is (23):

In the above equation hhc and hpg are the thickness of the
region occupied by the surfactant hydrocarbon chain and
polar group, respectively. Similarly, nhc and npg are the
corresponding refractive indices. The thickness values
needed in order to use Eq. (23) can be estimated from the
volume of the two parts of the molecule together with val-
ues of the area per molecule at the interface obtained from
adsorption data, e.g., the surface-tension isotherm. Finally,
the thickness of the core layer (water in case of foam films)
can be calculated as:

The apparatus used for studying thin liquid films is
schematically depicted in Fig. 6. This device, commonly
known as a thin-film balance, allows drainage patterns of
single foam, emulsion, or wetting films to be recorded. The
film is formed in a specially constructed cell that is placed
on the state of an inverted microscope. The reflected light
from the film is split into two parts, one directed to a CCD
camera and another to a fiber-optic probe tip located in the
microscope eyepiece. The radius of the tip is only about 20
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µm which allows light from a small portion of the film to
be registered. The light signal is then passed through a
monochromatic filter and finally directed on to a high-sen-
sitive photomultiplier. The output of the photomultiplier is
connected to a chart recorder and the data are collected in
the form of intensity (as a photocurrent) versus time. This
graph is called an interferogram.

An essential part of the thin-film balance is the cell hold-
ing the thin film. The cell can be constructed in several
ways depending on the type of measurement to be done and
the systems under investigation. For emulsion films a type
of cell proposed by Scheludko (33) is often used. The cell
is illustrated on Fig. 7. The film is formed between the tips
of the menisci of a biconcave drop held in a horizontal tube
with radius 1.5-2 mm. The tube and the spiral capillary are
filled with the aqueous phase and immersed in a cuvette
(the lower part of the cell) containing the oil phase. A small
suction pressure applied through the capillary controls the
film radius. Recently, a cell that is similar to that of Sche-
ludko, but miniaturized about 10-fold was used by Velev et
al. (34). This allowed film sizes and capillary pressures
found in real emulsion systems to be studied. Bergeron and
Radke (35) used a cell with a porous frit holder as sug-
gested by Mysels and Jones (36) for measuring equilibrium
forces across foam and pseudoemulsion films. Their con-
struction is shown in Fig. 8. The main advantage of this so-
called porous-plate technique is that one can vary the
pressure in the film by simply altering the gas pressure in
the cell, and thus the stable part of the equilibrium disjoin-
ing pressure isotherm (where dII/dD < 0) can be obtained.

IV. RESULTS AND DISCUSSION
A. Ionic Surfactants on Hydrophobic
Surfaces

Many oil-in-water emulsions are stabilized by an adsorbed
layer of surfactants. One example is asphalt oil-in-water
emulsions that often are stabilized by cationic surfactants
(37). The surfactants fill two purposes.
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Figure 6 Schematic representation of the main components of a
typical thin-film balance

Figure 7 Illustration of the Scheludko cell used for investigation
of single, horizontal foam and emulsion films.

Figure 8 Modified porous-plate cell for investigation of pseu-
doemulsion films. (From Ref. 35, with permission.)
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First, they generate long-range repulsive forces that prevent
the emulsion droplets from coming close to each other. Sec-
ond, the surfactant layer acts as a barrier against coales-
cence if the emulsion droplets by chance come close to
each other despite the long-range repulsive forces. The co-
alescence is hindered by a high spontaneous monolayer
curvature, monolayer cohesive energy, surface elasticity,
and surface viscosity, which increase the activation energy
for hole formation and slow down the depletion of surfac-
tants from the contact region. The importance of the cohe-
sive energy for foam films stabilized by a homologous
series of cationc surfactants was particularly clearly demon-
strated by Bergeron (38). We note that an increased cohe-
sive energy in the monolayer increases the bending
modulus and thus the free energy cost for the surfactant
film is to have a curvature different to the spontaneous cur-
vature.

Surface-force measurements using a hydrophobic solid
surface as a model for a fluid hydrocarbon/ water interface
provide a good picture of the long-range forces acting be-
tween emulsion droplets. However, the coalescence behav-
ior of emulsions will not be accurately described from such
measurements. One reason is that the fluid interface is
much more prone to deformation than the solid surface (fa-
cilitating hole formation), and the surfactant chains can
readily penetrate into the fluid oil phase, but not into the
solid hydrocarbon surface. Further, the mobility of the sur-
factants on a solid hydrophobic surface will be different
from the mobility at a fluid interface.

The forces acting between two hydrophobic surfaces
across dodecylammonium chloride surfactant solutions are
illustrated in Fig. 9 (39). The long-range repulsion is due to
the presence of an electrostatic double-layer force. This
force is generated by the cationic surfactants that adsorb to
the hydrophobic surface whereby giving them a surface-
charge density. The range of the double-layer force de-
creases with increasing surfactant concentration, which is
simply as a result of the increased ionic strength of the
aqueous media. On the other hand, the magnitude of the
double-layer force at short separations increases with in-
creasing surfactant concentrations. This is a consequence
of the increased adsorption of the ionic surfactant that re-
sults in an increase in surface-charge density and surface
potential. The surfactant concentration will influence the
long-range interactions between oil-in-water emulsions in
the same way as observed for the model solid hydrophobic
surfaces, i.e., the range of the double-layer force will de-
crease and the magnitude of the force at short separations
will increase. However, the adsorbed amount at a given sur-
factant concentration may not be the same on the emulsion
surface as on the solid hydrophobic surface.

Figure 9 Force normalized by radius measured between two hy-
drophobized mica surfaces in crossed cylinder geometry across
aqueous solutions of dodecylammonium chloride; the surfactant
concentration was 0.01 mM (▪), 0.1 mM (•), and 1 mM (∆), re-
spectively. The arrows indicate inward jumps occurring when the
force barrier has been overcome. (Redrawn from Ref. 39, with
permission.)

At low surfactant concentrations it is observed that an
attraction dominates at short separations. The attraction be-
comes important at separations below about 12 nm when
the surfactant concentration is 0.01 mM, and below about
6 nm when the concentration is increased to 0.1 mM. Once
the force barrier has been overcome the surfaces are pulled
into direct contact between the hydrophobic surfaces at D
= 0, demonstrating that the surfactants leave the gap be-
tween the surfaces. The solid surfaces have been floccu-
lated. However, at higher surfactant concentrations (1 mM)
the surfactants remain on the surfaces even when the sepa-
ration between the surfaces is small. The force is now
purely repulsive and the surfaces are prevented from floc-
culating. Emulsion droplets interacting in the same way
would coalesce at low surfactant concentrations once they
have come close enough to overcome the repulsive barrier,
but remain stable at higher surfactant concentrations. Note,
however, that the surfactant concentration needed to pre-
vent coalescence of emulsion droplets cannot be accurately
determined from surface-force measurements using solid
surfaces.

Surface Forces and Emulsions Stability 315

Copyright © 2001 by Marcel Dekker, Inc.



For application purposes it is often found that asphalt
emulsions stabilized by cationic surfactants function better
than such emulsions stabilized by anio- nic surfactants. One
main reason is that the interaction between the emulsion
droplet and the road material differs depending on the
emulsifier used (37). When the asphalt emulsion is spread
on the road surface it should rapidly break and form a ho-
mogeneous layer. The stones on the road surface are often
negatively charged and there will be an electrostatic attrac-
tion between cationic emulsion droplets and the stones.
This attraction facilitates the attachment and spreading of
the emulsion. On the other hand, when the emulsion droplet
is negatively charged there will be an electrostatic repulsion
between the stones and the emulsion droplets.

B. Nonionic Surfactants on Hydrophobic
Surfaces

Nonionic ethylene oxide based surfactants are commonly
used as emulsifiers. Since these surfactants are uncharged
they are not able to generate stabilizing long-range electro-
static forces. Instead, they generate short-range

hydration/protrusion forces that prevent the emulsion
droplets from coming into direct contact with each other.
The short-range forces acting between hydrophobic solid
surfaces as a function of temperature are illustrated in Fig.
10 (40). The zero distance in the diagram is denned as the
position of the hard wall (at a value of F/R ≈ 100 mN/m).
The force present at distances above 4 nm is a weak dou-
ble-layer force. It originates from remaining chages on the
hydrophobic substrate surface. The force observed at
smaller separations has a pronounced temperature depend-
ence. It becomes less repulsive with increasing
temperature. At the same time the adsorbed layer thickness
increases, demonstrating that the repulsion betwen the ad-
sorbed molecules within one layer is also reduced at higher
temperatures, facilitating an increased adsorption. The in-
crease in layer thickness is not seen in Fig. 10 due to our
definition of zero separation.

A decreasing inter- and intra-layer repulsion with in-
creasing temperature is common for all surfactants and
polymers containing oligo(ethylene oxide) groups. This
shows that the interaction between ethylene oxide groups
and water becomes less favorable at higher temperatures,
i.e., the ethylene oxide chain becomes more hydrophobic.
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Figure 10 Force normalized by radius measured between hydrophobized mica surfaces in crossed cylinder geometry across a 6 × 10-5 M
aqueous solution of penta(oxyethylene) dodecyl ether. The temperature was 15°C (▪), 20°C (�), 30°C (♦), and 37°C (•). The lines are
guides for the eye. (Redrawn from Ref. 40, with permission.)
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There are several theoretical attempts to explain this phe-
nomenon, but it is outside the scope of this chapter to dis-
cuss them and the reader is referred to the original literature
(41-48). The temperature dependence of the interaction be-
tween oligo(ethylene oxide) chains and water has several
important consequences. The micellar size increases with
temperature (49), and the micellar solution has a lower con-
solute temperature, i.e., a phase separation occurs on heat-
ing (50). The cloud point for a range of micellar alkyl
ethoxylate solutions are provided in Fig. 11 (51). The cloud
point increases with the number of ethylene oxide units.
The reason is that a longer ethy-lene oxide chain gives rise
to a more long-range inter-micellar repulsion and a larger
optimal area per headgroup (favoring smaller micelles). On
the other hand, the cloud point decreases with the length of
the hydrocarbon chain. By considering the geometry of the
surfactant as described by the packing parameter (52), one
realizes that the micellar size is expected to increase with
the hydrocarbon chain length. It is also found that surfaces
coated with (ethylene oxide containing) polymers often
have good protein-repellent properties at low temperatures
whereas proteins adsorb more readily to such surfaces at
higher temperatures (53).

For emulsions the most important aspect may be that the
optimal area per head-group in an adsorbed layer decreases
with increasing temperature, which reduces the sponta-
neous monolayer curvature (4). This is the reason why
emulsions stabilized by ethylene oxide based surfactants
may change from oil-in-water to water-in-oil when the tem-
perature is increased. The temperature when this occurs is
known as the phase inversion temperature (PIT). The PIT
depends on the length of the hydrocarbon chain and the eth-
ylene oxide chain in a similar way as the cloud point (54),
see Fig. 11. However, the PIT also depends on the type of
oil used (55), which is partly due to differences in solubility
of the ethylene oxide surfactants in the different oils and to
differences in oil penetration in the surfactant layer. We also
note that if the emulsifier concentration is high enough a
liquid crystalline phase may accumulate at the oil-water in-
terface. In such cases emulsions which are very stable to-
wards coalescence may be formed (56). This is as a result
of the decreased probability of hole formation (4). In this
case the type of oil used has a dramatic effect on the emul-
sion stability, which can be understood by considering the
three-component phase diagram.

C. Nonionic Polymers on Hydrophobic
Surfaces

We discussed above how the length of the oligo(ethy-lene
oxide) chain influences the properties of emulsions stabi-
lized by alkyl ethoxylates. When the ethylene oxide chain
becomes sufficiently long one normally refers to the sub-
stance as a diblock copolymer rather than as a surfactant.
Of course, there is no clear dis tinction but the properties
vary in a continuous fashion with increasing ethylene oxide
chain length. It is of interest to follow how the forces acting
between two surfaces carrying adsorbed diblock copoly-
meres vary with the length of the adsorbing (anchor) block,
and the nonadsorbing (buoy) block. A nice experimental
work addressing this question is that of Belder et al. (57).
Fleer et al. give a thorough theoretical treatment in their
book (17), where it is suggested that the most efficient
steric stabilization is obtained when the anchor block has a
size that is 10-20% of that of the buoy block. The reason for
this optimum is that when the anchor block is too small the
driving force for adsorption is weak and the adsorbed
amount will be low. On the other hand, when the anchor
block is too large the area per adsorbed molecule will be
large. As a consequence the buoy block layer will be dilute
and it will not extend very far out into the solution, leading
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Figure 11 Cloud-point temperature of micellar solutions as a func-
tion of the ethylene oxide chain length: the hydrophobic part is an
alkyl chain with 8 (▪), 10 (♦), 12 (�), or 16 (•) carbon atoms. Data
from Ref. 51. The symbols (□) represent the phase-inversion tem-
perature for a 1:1 cyclohex-ane-water emulsion containing 5% of
commercial ethylene oxide based emulsifiers having dodecylalkyl
chains as a hydrophobic group. (Data from Ref. 54.)
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to a not very pronounced steric force.
The forces acting between solid hydrophobic surfaces

coated with different ethylene oxide based diblock poly-
mers are illustrated in Fig. 12. The forces acting between
surfaces coated with penta(oxyethy-lene) dodecyl ether,
C12E5, becomes significantly repulsive at distances below
about 2 nm, calculated from the hard wall contact at D = 0.
Note that the surfactant layer remains between the surfaces
and the range of the force given is thus relative to the posi-
tion of direct contact between the compressed adsorbed sur-
factant layers. The forces between hydrophobic surfaces
coated with a diblock copolymer containing eight butylene
oxide units and 41 ethylene oxide units, B8E41, are signif-
icantly more long ranged. The interaction at distances
above 4 nm from the “hard wall’ is dominated by a weak
electrostatic double-layer force originating from remaining
charges on the silanated glass surface. However, at shorter
distances a steric force predominates. Hence, the molecules
with the longer ethylene oxide chains give rise to a more
long-range force. Note that this is true even when the range
is calculated from the position of the hard wall, i.e., without
considering the difference in compressed layer thickness. A
much more long-range force is observed in the case of
B15E200, where the steric force extends to more than 10
nm away from the hard-wall contact. From the above it is

clear that rather large diblock copolymers are efficient in
generating long-range repulsive steric forces, which is ben-
eficial for increasing the stability of dispersed particles and
emulsion droplets. Even higher stability may be obtained if
a mixture of diblock copolymers and charged surfactants
are used, thus providing both steric and electrostatic stabil-
isation.

D. Polyelectrolytes on Surfaces

Both steric and electrostatic stabilization was utilized by
Faldt et al. (58) when making soybean oil emulsions. They
first made the emulsion using a mixture of phosphatidyl-
choline and glycoholic acid (bile salt) with a pKa. of 4.4.
The emulsion droplets obtained a net negative surface
charge due to dissociation of the glycoholic acid. To im-
prove the stability of the emulsion a weak cationic poly-
electrolyte, chitosan, with a pKa of 6.3-7 was added. The
polyelectrolyte adsorbs to the negatively charged emulsion
droplet surface, which becomes positively charged at low
pH. It was found that the emulsion was stable at high and
low pH but not at pH values around 7, where irreversible
aggregation was observed. This clearly shows that the
forces acting between the emulsion droplets change with
pH. To shed light on this behavior the forces acting between
negatively charged solid surfaces coated by chitosan were
measured as a function of pH (Fig. 13).

A repulsive double-layer force dominated the long-range
interaction at pH values, below 5. However, at distances
below about 5 nm, the measured repulsive force is stronger
than expected from DLVO theory due to the predominance
of a steric force contribution. The layer thickness obtained
under a high compressive force was 1 nm per surface.
Hence, it is clear that positively charged chitosan adsorbs
in a very flat conformation on strongly oppositely charged
surfaces such as mica with only short loops and tails. When
the pH is increased to 6.2, the mica-chitosan system be-
comes uncharged, because the charge density of the chi-
tosan molecules has decreased. The decrease in charge
density of the chitosan also results in a decrease in segment-
segment repulsion and therefore an even more compact ad-
sorbed layer. At this pH value there is an attraction between
the layers at a surface separation of about 2 nm. The steric
repulsion is in this case very short range (< 2 nm) and steep.
A further increase in pH to 9.1 results in a recharging due
to the fact that the charges on the polyelectrolyte no longer
can compensate for all of the mica surface charges. Further,
as the charge density of the polyelectrolyte is reduced the
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Figure 12 Force normalized by radius between hydropho-bized
mica or glass surfaces coated by penta(oxyethylene) dodecyl ether
at 20°C (▪), and copolymers of butylene oxide (B) and ethylene
oxide (E) with composition B8E41 (lower line) and B15E200
(upper line). All data have been recalculated to spherical geometry.
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range of the steric force increases again due to the lower
affinity of the polyelectrolytes for the surface. Clearly, the
mica-chitosan system is positively charged at low pH (i.e.,
the charges on the polyelectrolyte overcompensate for the
charges on the mica surface), uncharged at pH 6.2, and neg-
atively charged at high pH due to an undercompensation of
the mica surface charge by the polyelectrolyte charges.
The flocculation behavior of the soybean emulsion can now
be better understood. A stable emulsion is formed at low
pH owing to the electrostatic repulsion generated by the ex-
cess charges from the adsorbed chitosan. At intermediate
pH values the soybean emulsion is uncharged and the ad-
sorbed chitosan layer is very flat. Hence, no long-range
electrostatic force or any long-range steric force is present
that can stabilize the emulsion. At high pH, the charges due
to ionization of the glycoholic acid are no longer compen-
sated for by the, at high pH nearly uncharged, chitosan.
Thus, stabilizing electrostatic forces are once again present.
Further, the range of the stabilizing steric force is most
likely also increased.

E. Proteins on Hydrophobic Surfaces

Amphiphilic proteins have properties similar to those of

block copolymers and surfactants in the sense that they
have clearly separated hydrophilic and hydrophobic do-
mains that allow formation of monodisperse aggregates or
micelles in solution. For β-casein the association process
starts at a protein concentration of around 0.5 mg/ml at
room temperature (59). Amphiphilic proteins adsorb
strongly to nonpolar surfaces in contact with aqueous solu-
tions, and they may generate stabilizing steric and electro-
static forces. In fact, caseins isolated from milk are widely
used in different technical products ranging from food to
paint and glue. One reason for this is that the caseins have
excellent properties as emulsifiers and foaming agents, and
emulsions stabilized by proteins constitute the most impor-
tant class of food colloids. The caseins protect the oil
droplets from coalescing and also provide long-term stabil-
ity during storage and subsequent processing (60). β-Casein
is more hydrophobic compared to the other caseins and the
charged domain is clearly separated from the hydrophobic
part, which makes the β-casein molecule as whole distinctly
amphiphilic (61). At pH 7, the isolated β-casein molecule
carries a net charge of about -12 (61).

Nylander and coworkers investigated the interactions be-
tween adsorbed layers of β-casein in order to clarify the
mechanism responsible for the ability of β-casein to act as
a protective colloid (62, 63). The force as a function of sur-
face separation between hydrophobic surfaces across a so-
lution containing 0.1 mg ml-1 β-casein and 1 mM NaCl (pH
= 7) is illustrated in Fig. 14. At separations down to about
25 nm an electrostatic double-layer force dominates the in-
teracation. The hydrophobic substrate surface was un-
charged so the charges responsible for this force had to
come from the adsorbed protein. When the surfaces are
compressed closer together the repulsive force is overcome
by an attraction at a separation of about 25 nm, and the pro-
tein-coated surfaces are sliding into contact about 8 nm out
from the hydrophobized mica surface (Fig. 14, inset). This
observation, as well as the adhesive force found on separa-
tion, was interpreted as being due to bridging of the hy-
drophilic tails that extend out into solution. Further
compression does not significantly change the surface sep-
aration. The results indicate that the adsorbed β-casein layer
consists of an inner compact part and a dilute outer region.

This conclusion compares favorably with what is known
from studies of the adsorption of β-casein on to air/liquid,
liquid/liquid, and solid/liquid interfaces using a range of
other techniques. It has generally been found that the ad-
sorbed amount of β-casein on hydrophobic surfaces is be-
tween 2 and 3 mg m-2 over a wide range of bulk
concentrations. This is the case for planar air/water and pla-
nar oil/water interfaces (59), for hydrocarbon oil/water in-
terfaces in emulsions (64), and for interfaces between water
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Figure 13 Force normalized by radius between negatively charged
mica surfaces in crossed cylinder geometry precoated with a layer
of chitosan, a cationic polyelectrolyte. The forces were recorded
at pH 3.8 (♦), 4.9 (◊), 6.2 (O), 7.6 (□), and 9.1 (▪); the arrow indi-
cates an outward jump. (From Ref. 58, with permission.)
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and polystyrene latex particles (65-67) and hydrophobized
silica (68). At the triglyceride/water interface, however, the
adsorbed amount is somewhat lower (69).

Information about the adsorbed layer structure of β-ca-
sein at the hydrophobic surface can be obtained by employ-
ing neutron reflectivity, small-angle X-ray scattering
(SAXS), and dynamic light scattering. It was found that the
layer of β-casein adsorbed to a hydrocarbon oil/water in-
terface or an air/water interface (70, 71) consisted of a
dense inner part, 2 nm thick, and a protein volume fraction
of 0.96, immediately adjacent to the interface. Beyond that
a second dilute region with a protein volume fraction of
0.15 extended into the aqueous phase. A similar structure of
β-casein adsorbed on to polystyrene latex particles was ob-
served with SAXS (65). The electron-density profile cal-

culated from the SAXS data indicated that most of the pro-
tein resided within 2 nm from the surface. The profile also
showed a small amount of protein extending some 10 nm
into the aqueous phase. Further, the hydrodynamic layer
thickness estimated from the diffusion coefficient deter-
mined by dynamic light scattering of latex particles (67, 72,
73) and emulsion droplets (69) coated with ^-casein was
found to be 10-15 nm. The fact that different experimental
techniques give a different value of the layer thickness is
simply because they have a different sensitivity to the ex-
tending tails.

This type of layer structure, with a compact inner region
and a dilute outer region, was also predicted by self-consis-
tent field theory and by computer simulations. For instance,
Monte Carlo simulations show that a dense layer (1-2 nm
thick) is present close to the planar interface (74). This layer
contained about 70% of the segments. Further out a region
of much lower density was found to extent about 10 nm
into the aqueous phase. Similar results were obtained by
self-consistent field calculations (75), which also showed
that the most hydrophilic segments reside predominantly
in the outer layer.

The properties of adsorbed yS-casein layers can be
changed by the action of enzymes. Leaver and Dalgleish
(69) have observed that the N-terminal end is more acces-
sible to trypsinolysis than the rest of the adsorbed molecule,
and that loss of the tail leads to a reduced layer thickness.
A similar change was observed by Nylander and Wahlgren
(68) who found that addition of endoproteinase ASP-N to
an adsorbed layer of y8-casein reduced the adsorbed
amount by approximately 20%. The removal of the extend-
ing tails will clearly reduce the range of the stabilizing
steric force and thus reduce the emulsion stability against
fioccula-tion. We note that the forces generated by adsorbed
/3-casein are not very strongly repulsive (Fig. 14). Hence,
the excellent stability of emulsion droplets coated by 0-ca-
sein is most likely because the hole nucleation energy bar-
rier is high.

Proteoheparan sulfate is an amphiphilic membrane gly-
coproten. It has, like ^-casein, one large hydrophobic re-
gion. Proteoheparan sulfate has 3-4 hydrophilic and
strongly charged side-chains whereas y8-casein has only
one less charged tail. Protoheparan sulfate is not used for
stabilizing emulsions. However, it is nevertheless of interest
to compare the forces generated by this protein with those
generated by yg-casein. The interaction between hydropho-
bic surfaces across a 1 mM NaCl solution containing 0.2
mg proteoheparan sulfate/ml is shown in Fig. 14 (62, 76).
The long-range interaction is dominated by a repulsive dou-
ble-layer force, considerably stronger than that observed
for fi-casein. This is simply because proteoheparan sulfate
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Figure 14 Normalized force measured between hydropho-bized
mica surfaces in crossed cylinder geometry coated with, β-casein
in a solution containing 0.1 mgβ-casein/ml (pH = 7; 1 mM NaCl)
(♦, ◊) and after dilution with 1 mM NaCl (•, ○)- Filled and unfilled
symbols represent the force measured on compression and decom-
pression, respectively; � represent the force measured between hy-
drophobized mica surfaces across a 0.1 mM NaCl solution at pH
5.6 containing 0.2 mg proteoheparan sulfate/ml. The inset shows
the measured forces between adsorbed layers of β-casein before
and after dilution with 1 mM NaCl on an expanded scale. (From
Ref. 26, with permission.)
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is more strongly charged than β-casein. A steric force dom-
inates the short-range interaction for both proteins.

F. Phospholipids on Polar Surfaces in Oil

We have seen above that surface-force measurements pro-
vide important information about interactions between
solid hydrophobic surfaces coated with surfactants and
polymers, and that some of the informa tion obtained is di-
rectly relevant for oil-in-water emulsions. However, the de-
tails of the interaction pro files are expected to be different
for liquid hydrocarbon droplets coated with the same mol-
ecules as the model solid surfaces. In particular, the coa-
lescence behavior of the emulsion droplets cannot be
modelled. It is even more difficult to make a solid model
surface that mimicks the behavior of water-in-oil emul-
sions. At present, the best one can do is to use a polar sur-
face that attracts the polar part of the emulsifier. In this way
the orientation of the emulsifier on the model sur face and
at the water-in-oil emulsion surface will be the same. This
will allow us to draw some conclusions about how polar
solid surfaces coated with emulsifiers interact across oil,
but care should be taken when using such results to draw
conclusions about water-in-oil emulsions.

The forces between polar mica surfaces interacting
across trilolein containing 200 ppm of soybean phos-
phatidylethanolamine (PE) have been studied (77). Some
results obtained at two different water activities are illus-
trated in Fig. 15. When the water activity is 0.47 a mono-
layer of PE is adsorbed on each surface. The orientation is
such that the polar group is attached to the mica surface
with the nonpolar part directed towards the oil phase. Thus,
adsorption of the phospholipid renders the mica surface
nonpolar. No force is observed until the surfaces are about
6 nm apart. At this point a very steep repulsion is experi-
enced which is due to compression of the adsorbed layers.
A weak attraction is measured on separation. The forces
change significantly when the triolein is saturated with
water (water activity = 1). The adsorbed layer becomes sig-
nificantly thinner, and now only a rather weak compressive
force is needed in order to merge the two adsorbed layers
into one. The reason is that water molecules adsorb next to
the polar mica surface and in the region of the zwitteronic
lipid head-group. This increases the mobility of the ad-
sorbed phospholipid and decreases the force needed to
merge the two adsorbed layers. Interestingly, it is not pos-
sible to remove the last adsorbed layer even by employing
a very high compressive force.

Figure 15 Force normalized by radius between mica surfaces in
crossed cylinder geometry interacting across a triolein solution
containing 200 ppm OPPE. The forces were measured at water
activities of 0.47 on approach (|) and separation (?), as well as at
a water activity of 1 on approach (▪) and separation (O); the ar-
rows indicate inward and outward jumps. (From Ref. 77, with per-
mission.)

From these observations we can draw some conclusions
that are relevant for water-in-oil emulsions. First, no long-
range electrostatic forces are present in the nonpolar media.
This is because the dissociation of surface groups is very
unfavorable in low-polarity media. Hence, generally it is
very difficult to utilize electrostatic forces for generating
long-range stabilizing forces in oil. Surfactants like phos-
pholipids or alkyl ethoxylates adsorbed in monolayers will
only generate short-range repulsive forces due to compres-
sion of the hydrocarbon chains penetrating into the oil
medium. These substances will be efficient in preventing
coalescence of water-in-oil emulsions only when the ad-
sorbed amount is high enough and the spontaneous mono-
layer curvature is sufficiently negative.

G. Polymers on Polar Surfaces in Oil

We saw above that surfactants adsorbed in mono-layers
only give rise to rather short-range forces in oil media. The
range of the forces can be increased considerably if liquid
crystalline phases are accumulated at the interface, or if am-
phiphilic oil-soluble polymerse are used instead of low mo-
lecular weight surfactants. An example of such a polymer
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is PGPR (polyglycerol polyricinoleate), which is a power-
ful water-in-oil emulsifier used in the food industry (78).
PGPR has a complex branched structure as indicated in Fig.
16. This polymer was used for studying interactions be-
tween polar mica surfaces in triolein(79). The forces ob-
tained at a polymer concentration of 200 ppm are shown in
Fig. 17. In this system, repulsive steric forces are observed
at distances below 15 nm. The magnitude of the force in-
creases rather slowly with decreasing surface separation
until the surfaces are about 5 nm apart. A further compres-
sion of the layers results in a steep increase of the steric
force. The force profile indicates that the adsorbed layer
consists of an inner dense region and an outer dilute region
with some extended tails and loops. When dense polymer
layers that generate long-range steric forces and have a high
surface elasticity and viscosity are adsorbed at the interface
of water-in-oil emulsions one can expect that the emulsion
stability against flocculation and coalescence will be good.

H. Forces Between Surfaces Across
Emulsions

Emulsion droplets cannot only break by coalescing with
each other, but they may also break by attaching to a solid
surface. Depending on the application this may be wanted
or unwanted. In order to study emulsion-surface interac-
tions a model oil-in-water emulsion was prepared from pu-
rified soybean oil (20 wt %) using fractionated egg
phosphatides (1.2 wt %) as emulsifier. The major compo-

nents of the emulsifier were phosphatidylcholines and PEs.
The mean diameter (Dz average) of the emulsion was 320
nm, as determined with photon-correlation spectroscopy. A
small amount of negatively charged lipids was also present,
giving the emulsion droplets a net negative zeta-potential of
about —-40 mV (80). This emulsion was then placed inside
a surface force apparatus.

The forces acting between two glass surfaces across the
20% oil-in-water emulsion, measured by using the MASIF
are illustrated in Fig. 18 (81). A repulsive force dominates
the interactions at separations below 200 nm. The force in-
creases strongly with decreasing distance. This illustrates
that large aggregates, with a diameter of at least 100 nm, are
associated with each surface and the repulsion between 40
and 200 nm is due to deformation and eventual breaking of
these aggregates. The range of the repulsive force is consis-
tent with the layer thickness obtained in a previous ellipso-
metric study by Malmsten et al. (80). They found that the
thickness of a layer adsorbed from the emulsion on to a
negatively charged silica surface was around 100 nm, inde-
pendent of surface coverage.

In some force curves one or two distinct steps are pres-
ent. Figure 18 illustrates one such force curve where a clear
step is seen at a separation of about 40 nm. At a separation
of about 10 nm another step, but less pronounced, is seen.
These steps are interpreted as being due to coalescence of
adsorbed emulsion droplets and/or due to materials that col-
lectively leave the zone between the surfaces. On subse-
quent approaches of the surfaces on the same position the
range of the repulsion remains at about 200 nm. However,
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Figure 16 Illustration of the structural elements of PGPR. The upper structure is that of the polyricinoleate moiety; the lower structure
shows the polyglycerol backbone. The R in the structure can be either hydrogen, a fatty acid residue, or a polyricinoleate residue. In PGPR
at least one of the side chains is polyricinoleate.
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the steps in the force profile become less pronounced or
disappear completely, indicating a change in the adsorbed
layer when exposed to a high compressive force.

A strong and long-range force is observed when the sur-
faces are separated. It is plausible that this attraction is due
to the formation of a capillary condensate of oil between
the surfaces (Fig. 19). This capillary condensate originates
from the emulsion droplets that have been destroyed when
the surfaces are brought together. The forces between two
spherical surfaces connected by a capillary condensate are
in the full equilibrium case given by (82):
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Figure 17 Force normalized by radius between mica surfaces in-
teracting across a triolein solution containing 200 ppm of PGPR
measured on approach.

Figure 18 Force normalized by local geometric mean radius as a
function of surface separation between glass across a concentrated
emulsion solution (20 wt % oil and 1.2 wt % phospholipid). The
thinner lines correspond to the force measured on separation; the
dashed line represents the calculated force between two spherical
surfaces connected by a capillary condensate in the full equilib-
rium case [Eq. (25)] and the dotted line represents the force be-
tween two spherical surfaces connected by a capillary condensate
in the non-equilibrium case [Eq. (26)]. (From Ref. 81, with per-
mission.)

where σ is the interfacial tension and the subscript s, c, and
b stand for surface, capillary condensate, and bulk, respec-
tively; Rk is the Kelvin radius of the capillary condensate.
In cases when the surfaces are separated too rapidly to
allow the volume of the capillary to change with separation
one instead obtains (82):

Two theoretical force curves calculated by using Eqs (25)
and (26) are shown in Fig. 18. In these calculations we used
a Kelvin radius of 320 nm and an interfacial tension differ-
ence of 3.3 mN/m. The measured force curves fall in be-
tween the extreme cases of full equilibrium, where the
volume of the condensate is changing with distance to min-
imize the free energy, and the case of no change in conden-
sate volume with separation. Long-range forces due to
capillary condensation have been observed previously by
Petrov et al. who found that water condensed between two
surfaces immersed in a microemulsion. (83). Capillary con-
densation of sparingly soluble surfactants between surfaces
close to each other in surfactant solutions has also been re-
ported (84).

Figure 19 Schematic illustration of the capillary condensate
formed between glass surfaces due to breakdown of adsorbed
emulsion droplets. The figure is not according to scale. (From Ref.
81, with permission.)
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It is worth pointing out that the functional form of the
measured attraction shows that the volume of the capillary
condensate decreases with increasing separation. However,
not fast enough compared to the speed of the measurements
(the attractive part took about 30s to measure) to allow full
equilibrium to be established. Also, the range of the meas-
ured repulsion on approach does not increase with the num-
ber of times the surfaces are brought into contact but rather
the reverse. Both these observations point to the fact that
the material present in the capillary condensate is sponta-
neously re-emulsified when the surfaces are separated.

In order to obtain information about whether a mono-
layer, a bilayer, or a multilayer was firmly attached to the
surfaces, we employed the interfero-metric SFA and mica
surfaces rather than glass surfaces (81). In these measure-
ments a drop of the emulsion was placed between the sur-
faces. The emulsion was very opaque and no interference
fringes could be seen until the surfaces were close to con-
tact. The force measured between mica surfaces across a
concentrated emulsion were repulsive and long range (sev-
eral hundred nanometers), which was in agreement with the
results obtained using glass surfaces. Since the forces were
so highly repulsive no attempt was made to measure them
accurately, but under a high compressive force the surfaces
come to a separation 8.5 nm. This correspondedto a bilayer

of phospholipid on each surface.

I. Forces Due to Stratification in Foam and
Pseudoemulsion Films

The thinning of thin liquid films in micellar solution is
found to occur in a stepwise fashion, known as stratifica-
tion. Bergeron and Radke (35) set out to study the forces re-
sponsible for this phenomenon using the porous frit version
of the thin-film balance. They found that the equilibrium
disjoining pressure curve (force curve) showed an oscilla-
tory behavior both for foam and pseudoemulsion (i.e.,
asymmetric oil/water/gas) films stabilized by the anionic
surfactant sodium dode-cyl sulfate above the cine (Fig. 20).
The reason for this oscillatory force profile was the layering
of micelles in the confined space in the thin aqueous film
separating the two interfaces. The periodicity of the oscil-
lations was the same for foam films and for pseudoemul-
sion films. The main difference between the two systems
was found in the high-pressure region of the disjoining
pressure isotherm. The pseudoemulsion films ruptured at
much lower imposed pressures than the foam films. This
was attributed to the action of the oil phase as a foam desta-
bilizer.
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Figure 20 Low-pressure region of the disjoining pressure isotherm across a 0.1 M SDS solution in a single foam lamella, and across a 0.1
M SDS solution separating a dodecane/solution interface from an air/solution interface. (Reproduced from Ref. 35, with permission.)
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V. SUMMARY

Several techniques are available for studying long-range
interactions between solid surfaces and fluid interfaces. The
forces generated by surfactants, polymers, and proteins
have been determined. For oil-in-water emulsions both
steric and electrostatic stabilizing forces are of importance
whereas only steric forces are operative for the case of
water-in-oil emulsions. These forces are well understood
theoretically. The experimental techniques employed give
very detailed information on the long-range forces, and in
this respect the results obtained for the model systems can
be useful for understanding interactions in emulsion sys-
tems. However, the surface-force techniques employed are
not suitable for modeling the molecular events leading to
coalescence of emulsion droplets once they have been
brought in close proximity to each other. Some data illus-
trating the breakdown and reemulsification of emulsion
droplets in the gap between two macroscopic solid surfaces
were also presented. This is a new research topic and very
little is known about how the surface properties and the
type of emulsifier influence the stability of emulsion
droplets at surfaces in narrow gaps between surfaces.
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