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The aim of this paper is to present a short overview of the main mechanisms operative in the
formation and stabilization of emulsions by solid particles and, on this basis, to make
comparisons between solid particles, surfactants and globular proteins as emulsiﬁers. When
available, simple quantitative relations are presented, with the respective numerical estimates and
discussion of the applicability of these relations to particle-stabilized systems. Non-obvious
similarities between the diﬀerent types of emulsiﬁers are outlined in several cases in which the
description of the system can be performed at a phenomenological level. Examples are presented
for the process of emulsiﬁcation, where we show that several simple theoretical expressions,
derived originally in the studies of surfactants and protein emulsiﬁers, can be successfully applied
to particle-stabilized emulsions. In contrast, for the phenomena in which the detailed mechanisms
of particle adsorption and ﬁlm stabilization are important, the diﬀerences between the various
emulsiﬁers prevail, thus making it impossible to use the same theoretical description. The most
important speciﬁc characteristics of the solid particles which strongly aﬀect their behavior are the
high barrier to particle adsorption, high desorption energy and strong capillary forces between
particles trapped in liquid ﬁlms, which all originate in the relatively large particle size (as
compared to the size of surfactant and protein molecules). The capillary mechanism of
stabilization of liquid ﬁlms by solid particles is reviewed in some detail, to emphasize its speciﬁc
features and to demonstrate the applicability of several simple expressions for approximate
estimates. Interestingly, we found that the hypothesis for some exceptionally high coalescence
stability of the particle-stabilized emulsions is not supported by the experimental data available in
literature. On the other hand, the particles are able to completely arrest the process of Ostwald
ripening in foams and emulsions, and this eﬀect can be easily explained with the high desorption
energy of the particles and the resulting capillary eﬀects.

1. Introduction
Particle-stabilized emulsions and foams have attracted considerable research interest due to their unique properties and
potential technological applications.1–4 Some of the most
interesting properties of these systems are related to the
possibilities for (1) complete blocking of the process of Ostwald ripening, which is one of the main processes leading to
bubble/drop coarsening in emulsions and foams;5–7 (2) longterm stabilization either with a minimal amount of surfactant
or without any surfactant; and 1–3 (3) fabrication of new
materials with complex hierarchical structure by using particle-stabilized drops and bubbles as precursors.4,8–12 In addia
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tion, the particle-stabilized emulsions and foams show some
peculiar rheological properties, due to the irreversible particle
adsorption and to the bridging of the surfaces of the neighboring droplets/bubbles by particle monolayers.13–15 All these
properties could be important for the current and some new
applications of particle-stabilized emulsions and foams in
food, pharmaceutical and personal care products, as well as
for developing new structured materials.
These emulsions and foams have attracted growing interest
from a scientiﬁc viewpoint, due to the fact that many of their
properties cannot be explained with the common concepts
developed in the studies of surfactant-stabilized systems. The
ﬁrst obvious diﬀerences are the bigger size of the particles and
the fact that the solid particles, typically used for emulsion and
foam stabilization, are non-amphiphilic (in contrast to the
classical surfactants). Therefore, new theoretical models for a
description of the particle attachment to the interfaces and for
the particle stabilization of the foam and emulsion ﬁlms were
needed and have been developed during the years.16–22 These
models emphasized the important role of several speciﬁc
features of the particle-stabilized dispersions which have no
direct analogs in surfactant systems, such as the particle threephase contact angle (as a measure of the particle
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hydrophobicity) and the strong interparticle capillary forces,
as well as the irreversible character of the particle adsorption
on the interfaces.1–3,23,24
The roles of these and many other factors were studied
experimentally during the years.1–3,23–28 In a series of recent
papers, Binks and co-workers clariﬁed experimentally the
eﬀect of a large number of factors on the type and stability
of the formed emulsions, including the wettability, size and
concentration of the solid particles; type of oil; pH; and
electrolyte concentration.1–3,29–33 Based on this deeper knowledge, more sophisticated particle-stabilized emulsions were
developed.32–35 In several impressive experimental studies,11,23,24,36–39 the particle arrangement on single oil–water
interfaces and in emulsion ﬁlms was studied, and several nontrivial observations and conclusions were made. These studies
revealed the presence of a strong, long-ranged (and unexpected) electrostatic repulsion between the particles adsorbed
at the oil–water interface, as well as a very strong eﬀect of the
lateral capillary forces, especially between particles trapped in
liquid ﬁlms. The most important results from these studies are
summarized in several recent reviews1–4,7,28,37 and will not be
reproduced here.
In parallel with the systematic experiments, several groups
have developed theoretical models for description of the formation and stability of particle-stabilized emulsions. In a series of
papers, Levine and Bowen16–18 derived expressions for the free
energy of formation of water-in-oil and oil-in-water emulsions,
accounting for the formation of close-packed particle monolayers on the drop surface. More recently, Aveyard et al.2,22
advanced this model by accounting for the eﬀect of the line
tension at the three-phase contact line. Aveyard et al.2,22 also
explored the eﬀect of the curvature of the particle monolayers on
the emulsion type and stability. The eﬀect of the bending
moment of the particle monolayers on the energy for emulsion
formation was further elaborated by Kralchevsky et al.,40 who
proposed a thermodynamic criterion for the type of the formed
emulsion (oil-in-water or water-in-oil). The detailed mechanism
of stabilization of the emulsion ﬁlms by solid particles was
studied theoretically by Denkov et al.19 and by Kruglyakov
and Nushtayeva20 who showed that the capillary forces play a
decisive role in these systems (see section 3.1.3 below).
The experimental and theoretical results accumulated in
recent years allowed the researchers to clarify the key elements
in the mechanisms of formation and stabilization of particlestabilized emulsions. However, the quantitative description of
these systems is far from satisfactory and most of the theoretical
models still lack experimental veriﬁcation. Therefore, more
systematic eﬀorts for designing appropriate theoretical models,
which are indeed able to describe quantitatively some of the
characteristics of particle-stabilized emulsions, seem justiﬁed.
One possible approach in this direction is to survey carefully
the possibility for using/adapting some of the models, which
were developed and veriﬁed during the years of research on
emulsions stabilized by more ‘‘classical’’ emulsiﬁers (surfactants
and proteins), for a description of the particle-stabilized emulsions. Obviously, such an approach should involve a clear
distinction between the cases in which the ‘‘classical’’ approaches
are applicable, from the cases in which the unique properties of
the solid particles require a conceptually diﬀerent description.
This journal is
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Qualitative comparisons of the solid particles with the surfactants were made occasionally in the past,1 but a systematic
quantitative comparison has not been presented so far.
During the last several years, we had a chance to study
emulsions stabilized by diﬀerent types of emulsiﬁers, including
low-molecular-mass surfactants, polymers, proteins and solid
particles.41–52 Both the emulsiﬁcation48–52 (mainly in turbulent
ﬂow) and the emulsion stability41–47 were studied with quantitative experiments. In these studies, we observed some interesting similarities and diﬀerences between the various types of
emulsiﬁers. One of the interesting observations was that the
globular proteins behave either similarly to solid particles or to
low-molecular-mass surfactants, depending on the speciﬁc
experimental conditions (pH, electrolyte concentration
etc.).46,47 Thus in the course of these studies we were able to
make various links between the diﬀerent types of emulsiﬁers
and to test several theoretical approaches with systematic
experiments.
The major aim of this review is, based on our experience and
on the results by other researchers, to make a short overview
of the main mechanisms operative in the formation and
stabilization of emulsions by solid particles, and to make
comparison with the other types of emulsiﬁers. When available, simple quantitative relations are presented with the
respective numerical estimates and the applicability of these
relations to particle-containing systems is brieﬂy discussed. By
comparing the various emulsiﬁers, we were able to formulate
some non-obvious conclusions (supported by experimental
results or theoretical estimates) which are outlined throughout
the paper.
The paper is structured as follows: in section 2 we compare
the solid particles with the other types of emulsiﬁers (proteins
and low-molecular-mass surfactants) with respect to their
ability to facilitate drop breakage and to prevent drop–drop
coalescence during emulsiﬁcation. The similarities and the
diﬀerences between the various emulsiﬁers are discussed and
appropriate theoretical expressions for estimates of the
various eﬀects are presented. In section 3.1 the coalescence
stability of emulsions containing various types of emulsiﬁers is
compared and the mechanism of emulsion stabilization by
solid particles is discussed. The mechanism for preventing
Ostwald ripening by particle adsorption layers is brieﬂy considered in section 3.2. The conclusions are summarized in
section 4.

2. Emulsiﬁcation—drop breakage and drop–drop
coalescence
In this section we compare the solid particles to low-molecular-mass (LMM) surfactants and globular proteins, with
respect to their action during emulsiﬁcation in turbulent ﬂow.
The results presented and the related discussion are focused on
the mean size of the drops formed during emulsiﬁcation
because this is the main characteristic of interest in the
emulsiﬁcation studies.
2.1 Regimes of emulsiﬁcation in turbulent ﬂow
The evolution of the mean drop size during emulsiﬁcation is
governed by the competition of two opposite processes—drop
Phys. Chem. Chem. Phys., 2008, 10, 1608–1627 | 1609

breakage and drop–drop coalescence, see Fig. 1A. The relative
contributions of these two processes on the ﬁnal drop size
distribution depend signiﬁcantly on the type and concentration of the emulsiﬁer used, the volume fraction of the dispersed
phase and the hydrodynamic conditions.48–50,53–55
Several experimental studies showed31,45,48,49,56 that for all
types of emulsiﬁers (particles, surfactants and proteins) two
qualitatively diﬀerent regimes of emulsiﬁcation are distinguished depending on the emulsiﬁer concentration, see
Fig. 1B. At low emulsiﬁer concentration (in the so-called
‘‘emulsiﬁer-poor’’ regime), the mean drop size rapidly de-

creases with the increase of emulsiﬁer concentration, which
is related to the important contribution of the drop–drop
coalescence under these conditions. In contrast, at higher
emulsiﬁer concentrations the mean drop size is practically
independent of the emulsiﬁer concentration (emulsiﬁer-rich
regime) and is determined mostly by the process of drop
breakup. Examples for these two regimes with emulsions
stabilized by globular proteins and solid particles are presented in Fig. 1B.45,48 Similar results were reported by other
authors as well.31,56
More detailed studies showed46,49 that two diﬀerent subregimes could be distinguished in the emulsiﬁer-poor regime of
emulsiﬁcation. If the electrostatic repulsion between the emulsion droplets is suppressed (due to low electrical potential on
the drop surface and high electrolyte concentration in the
dispersed phase), the eﬀect of drop–drop coalescence on the
mean drop size can be described by a very simple phenomenological model, presented in section 2.2 below. In contrast, if
the electrostatic repulsion between the drop surfaces is signiﬁcant more complex models, which consider explicitly the
surface forces acting between the colliding drops, are required
to account for the drop–drop coalescence. Such a model,
based on the Derjaguin–Landau–Verwey–Overbeek (DLVO)
theory, was developed and veriﬁed with experimental data
in ref. 49.
In the following two sections we present results for the cases
of emulsiﬁer-rich regime and emulsiﬁer-poor regime with
suppressed electrostatic repulsion, which can be described by
simple theoretical models for all types of emulsiﬁers. The third
sub-regime (surfactant-poor regime with signiﬁcant electrostatic repulsion, realized at high surface potential and/or low
electrolyte concentration) will not be considered here, because
it is more system-speciﬁc.49 Furthermore, no experimental
results with particle-stabilized emulsions, which could allow
us to test quantitatively the relevant theoretical models for this
regime, are available. Note that a signiﬁcant electrostatic
barrier could appear between the solid particles and the drop
surface in this regime, thus impeding particle adsorption—this
eﬀect is discussed in section 2.4.2 below.

2.2 Emulsiﬁer-poor regime with suppressed electrostatic
repulsions

Fig. 1 (A) Schematic presentation of the two basic processes, governing the mean drop size during emulsiﬁcation. (B) Mean volume–surface diameter, d32, as a function of the initial emulsiﬁer concentration
for soybean oil-in-water emulsions stabilized by globular proteins
(whey protein concentrate, full circles) and for water-in-hexadecane
emulsions stabilized by latex particles (empty squares). In Region 1,
the mean drop diameter, d32, is aﬀected strongly by drop–drop
coalescence during emulsiﬁcation, whereas d32 in Region 2 is determined exclusively by the process of drop breakage. Similar trends were
reported for emulsions stabilized by ionic and nonionic surfactants.49
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This regime of emulsiﬁcation is often realized when solid
particles, nonionic surfactants or protein molecules are applied as emulsiﬁers in the presence of electrolytes with high
concentration.45,48,49 The comparison of the results obtained
with various systems showed that when the electrostatic
repulsion is suppressed there is a very close similarity between
the action of the various emulsiﬁers. This similarity originates
from virtually the same mode of drop stabilization during
emulsiﬁcation in this regime—an almost complete adsorption
layer of particles/surfactant/protein must be formed on the
drop surface to stop the drop–drop coalescence in these
systems, see Fig. 1C. In other words, the initially formed
drops (which are not covered with complete emulsiﬁer layers)
coalesce with each other until their surfaces become completely covered and protected by a dense layer of particles/
This journal is
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molecules.45,48,49,57,58 The term ‘‘partial coalescence’’ was introduced to describe this mode of drop–drop coalescence.57,58
This mechanism of drop stabilization allowed several
groups to propose a simple mass-balance model for prediction
of the mean drop size after emulsiﬁcation.48,57 Various versions of this model were successfully applied to nonionic lowmolecular-mass surfactants,49 proteins48,49 and solid particles.45,57,58 The main idea of the model is that the drops
coalesce during emulsiﬁcation until the emulsiﬁer adsorption
on the drop surface reaches a certain threshold value, G*,
which is independent of the oil volume fraction and intensity
of stirring. In the simplest version of this model an additional
assumption is made, namely that most of the emulsiﬁer in the
system adsorbs on the drops surface, so that the amount of the
non-adsorbed emulsiﬁer is negligible in comparison with the
total amount of emulsiﬁer used. Under these assumptions, the
following mass-balance which relates the initial emulsiﬁer
concentration and the mean volume-surface diameter of the
drops, d32, is derived for emulsions in which the emulsiﬁer is
initially dissolved/dispersed in the continuous phase:48
d32 

6F
G
6F y GM
¼
ð1  FÞ CINI ð1  FÞ CINI

ð1Þ

CSER ¼ CINI ðemulsifier in the continuous phaseÞ
Here CINI is the initial emulsiﬁer concentration in the continuous phase, CSER is the concentration of the emulsiﬁer left in
the aqueous phase after emulsiﬁcation, F is the volume fraction of the dispersed phase, G* is the threshold adsorption
required to stabilize the drops during emulsiﬁcation, GM is the
emulsiﬁer adsorption in a complete monolayer (e.g. a closepacked monolayer of solid particles), and y* = G*/GM is the
dimensionless threshold surface coverage.
Eqn (1) predicts that in the surfactant-poor regime the mean
drop diameter d32 should be proportional to the inverse
surfactant concentration, 1/CINI. Also a strong dependence
of d32 on the volume fraction of the dispersed phase, F, is
expected, because more surfactant is needed to cover the larger
amount of drops formed at higher F—at ﬁxed d32 the drop
surface area is proportional to F, whereas the amount of
available surfactant is proportional to (1  F).
When the emulsiﬁer is dissolved/dispersed in the droplets,
the same approach leads to the following mass-balance, relating the initial emulsiﬁer concentration to the mean drop
diameter:45
d32 

6G
6y GM
¼
CINI
CINI

ð2Þ

CSER ¼ CINI ðemulsifier in dispersed phaseÞ
Note that in this case d32 does not depend on the volume
fraction of the dispersed phase, F, because both the drop
surface area and the amount of available emulsiﬁer are proportional to F at ﬁxed d32 (so that the eﬀect of F cancels out).
When particle-stabilized emulsions are considered, it is
often more convenient to express the above equations in terms
of the mean particle radius, a, and the initial weight concentration of the particles, CP [in g L1 or kg m3] (this concentration is deﬁned with respect to the ﬂuid phase, in which the
This journal is
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particles are initially dispersed). Thus one obtains the following analogs of eqn (1) and (2):45
8F pa3 rP 
G
1  F CP
8F arP fCP 
¼
y ðparticles in the continuous phaseÞ
1  F CP
ð3Þ

d32 

d32 

8arp jCP 
y ðparticles in the dispersed phaseÞ
Cp

ð4Þ

where jCP is the fraction of the surface area that is covered by
adsorbed particles in a complete monolayer (for spherical
particles jCP = p/(12)1/2 E 0.907) and rp is the particle mass
density.
The predictions of the above equations were conﬁrmed in
several independent studies with all basic types of emulsiﬁers,45,48,49 see Fig. 2. The ﬁts of the experimental data for the
dependence of d32 on 1/CINI showed that in most cases y* E 1,
for all types of emulsiﬁers. In other words, in this regime of
emulsiﬁcation (low emulsiﬁer concentration, suppressed electrostatic repulsion) a complete adsorption monolayer should
be usually formed for preventing the further drop–drop coalescence during emulsiﬁcation. In some of the studies with
solid particles, y* E 3 was measured and explained45 with the
strong aggregation of the particles in the systems studied—this
aggregation leads to formation of particle adsorption multilayers on the drop surface, so that a larger number of particles
is needed to completely cover this surface.
It is worth noting that the emulsions obtained in this regime
remain stable for a long time upon shelf-storage which is not
always the case with the emulsions obtained in the other
regimes of emulsiﬁcation (see ref. 49). This result indicates
that the detailed mechanisms of drop stabilization during
emulsiﬁcation in this regime should be similar to the mechanisms which ensure the long-term stability of the respective
emulsions.
We thus conclude that in this regime of emulsiﬁcation: (1) a
complete adsorption layer of emulsiﬁer should be formed on
the drop surface for preventing the drop–drop coalescence and
(2) the mean drop size in these systems can be estimated by eqn
(1)–(4). Note that in this sub-section we have not speciﬁed the
hydrodynamic conditions of emulsiﬁcation (turbulent or regular ﬂow). Therefore, the models discussed above are applicable to any type of hydrodynamic conditions, provided that
the other assumptions of the model are satisﬁed.
Let us mention at the end that the above consideration is
applicable only to the case of negligible barriers to particle
adsorption on the oil–water interface. If the adsorption barrier
is signiﬁcant, e.g. because of strong electrostatic repulsion
between the solid particles and the drop surface, the particle
adsorption could be hindered and the above mass balances
become inapplicable (see section 2.4.2 below).
2.3 Emulsiﬁer-rich regime of emulsiﬁcation in turbulent ﬂow
In this regime of emulsiﬁcation, the mean drop size does not
depend on emulsiﬁer concentration (see Fig. 1B). This means
that the drop–drop coalescence is suppressed by the adsorbed
species and hence the drop size is determined exclusively by the
Phys. Chem. Chem. Phys., 2008, 10, 1608–1627 | 1611

diameter, dK, of the drops that are not broken inside the
turbulent ﬂow (the so-called ‘‘maximal stable drops’’) is
estimated by comparing the drop capillary pressure, PC =
4s/d (s is interfacial tension), with the average magnitude of
the ﬂuctuations in the hydrodynamic pressure of the ﬂuid,
hDPT(d)i E rChui2 E rC(ed)2/3, which in turn is expressed
through the average rate of energy dissipation per unit mass of
the emulsion, e [J kg1 s1] and the mass density of the
continuous phase, rC (for detailed explanations see ref. 59
and 60). From the comparison, PC E hDPT(d)i, the following
expression for dK was derived theoretically59,60 and conﬁrmed
experimentally61 for emulsions prepared with pure oil and
water phases (without using any emulsiﬁer):
3=5

dK ¼ A1 e2=5 s3=5 rC
¼ A1 dKI ðnegligible drop viscosityÞ

ð5Þ

where A1 is a numerical constant of the order of unity and the
combination dKI R e2/5s3/5rC3/5 has the dimension of length.
The Kolmogorov–Hinze model was originally developed for
breaking drops with relatively low viscosity.59,60 The model
was further upgraded by Davies62 and by Calabrese et al.63–65
for viscous drops, by including the viscous stress inside the
breaking drops in the total stress balance describing the
breakage process. The following expression for the maximum
stable diameter of drops with viscosity ZD was derived:62

3=5
Z e1=3 d 1=3
dD ¼ A1 1 þ A2 D
dKI ðsignificant drop viscosityÞ
s
ð6Þ

Fig. 2 Mean diameter, d32, as a function of the inverse initial
emulsiﬁer concentration for emulsions stabilized by (A) protein concentrate WPC,48 (B) nonionic surfactant Brij 58,4949 and (C) latex
particles.45

process of drop breakup.49,50,52 The emulsiﬁer concentration
at which the transition between the emulsiﬁer-poor and the
emulsiﬁer-rich regimes occurs depends signiﬁcantly on the
type of emulsiﬁer, electrolyte concentration, type and size of
used particles, volume fraction of the dispersed phase, hydrodynamic conditions and several other factors, which are discussed in ref. 45, 46, 48 and 49 and will not be considered here.
In the following consideration we discuss the emulsiﬁcation in
turbulent ﬂow, because most of the quantitative results are
obtained in this regime.
The ﬁrst successful theory for description of the drop
breakup process in turbulent ﬂow was developed by Kolmogorov59 and Hinze.60 According to their theory, the maximal
1612 | Phys. Chem. Chem. Phys., 2008, 10, 1608–1627

where A2 is another numerical constant. The second term in
the right-hand side of eqn (6) expresses the relative contribution of the energy of viscous dissipation in the breaking drop,
normalized by the drop surface energy. At low viscosity of the
dispersed phase, ZD, the viscous contribution becomes negligible and eqn (6) reduces to eqn (5). On the basis of theoretical
considerations or experimental data, various values of the
constants A1 and A2 were proposed in the literature.50,61–65
For discussion of the possible origin of the discrepancy
between these values, see ref. 50. Recently, A1 E 0.86 and
A2 E 0.37 were determined in experiments at well-deﬁned
hydrodynamic conditions,50 which are in good agreement with
theoretical estimates,62 and these values will be used below for
comparison with the experimental data.
As seen from eqn (5) and (6), in the emulsiﬁer-rich regime of
emulsiﬁcation, the emulsiﬁer aﬀects the drop breakage mainly
through the value of the interfacial tension. To compare the
theoretical predictions with experimental results obtained with
diﬀerent types of emulsiﬁers, we plot in Fig. 3 data for
tetradecane-in-water emulsions, stabilized by LMM surfactants and proteins, and for water-in-tetradecane emulsions
stabilized by latex particles. All these results are obtained by
emulsiﬁcation in turbulent ﬂow, at suﬃciently high emulsiﬁer
concentrations to be in the emulsiﬁer-rich regime. The comparison of eqn (5) with the experimental data shows a reasonable agreement for all systems studied. One particular feature
of the solid particles and the proteins in this context was that
we should use the dynamic interfacial tension of the respective
systems to describe the experimental data (while the
This journal is
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the typical surfactant molecules (between 0.4 and 1 nm) and
protein molecules (between 1 and 5 nm).
The eﬀects of the slow kinetics and of the high barrier to
particle adsorption can strongly aﬀect the emulsiﬁcation process and are discussed in the following sections 2.4.1 and 2.4.2.
The high desorption energy of the particles mostly aﬀects the
mechanisms of emulsion stabilization against drop–drop coalescence and Ostwald ripening—these eﬀects are considered in
sections 3.1 and 3.2 respectively.

Fig. 3 Correlation plot for the theoretically predicted values of the
maximum drop diameter, dKI, (see eqn (5)) and the corresponding
experimental values, dV95d for tetradecane-in-water emulsions stabilized by LMM surfactants (triangles), proteins (circles) and water-intetradecane emulsion stabilized by latex particles (empty squares),
prepared with an Ultra Turrax rotor-stator homogenizer (operating in
turbulent regime of emulsiﬁcation) at diﬀerent rotation speeds.

equilibrium interfacial tension was used for LMM surfactants), which is due to the much slower kinetics of particle/
protein adsorption, as compared to the adsorption of LMM
surfactant molecules.50 In fact, for the particle-stabilized
systems, the interfacial tension of the bare oil–water interface
should be used in eqn (5) and (6) because the surface pressure
of the particle adsorption layers is almost zero until the
particles cover the interface with a complete, close-packed
monolayer.66
Summarizing this section, the mean drop size in the emulsiﬁer-rich regime of emulsiﬁcation depends on the used emulsiﬁer exclusively through the interfacial tension, see eqn (5) and
(6). The main diﬀerence of the particles and proteins on one
side from the LMM surfactants on the other side, is the much
faster adsorption kinetics of surfactants. A direct consequence
of this diﬀerence is the necessity of using in eqn (5) and (6) the
dynamic surface tension for proteins and the interfacial tension of the bare oil–water interface for the particles, whereas
the equilibrium surface tension can usually be used for LMM
surfactants. For additional experimental results and more
detailed discussion on this point see ref. 50.

2.4.1 Characteristic times for barrier-less adsorption of the
various emulsiﬁers. First, we compare the characteristic time
for barrier-less emulsiﬁer adsorption, tA, on one side with the
characteristic times of drop deformation, tD, and of
drop–drop contact, tC, in the ﬂow. If tA is shorter than tD
and tC, the drop breakup and the drop–drop contact occur
with drops whose surfaces are covered with (almost) equilibrium adsorption layers. In contrast, when the adsorption is
slow the drop breakup and collisions occur with drops whose
surfaces are covered with lower than equilibrium adsorption
layers, see Fig. 4.
Expressions for estimating the various characteristic times
for both turbulent and shear ﬂows can be found in the
literature:49,53,67,68
(a) Drop deformation times, tD for viscous drops (ZD c ZC)
can be estimated from the expressions:49,67,68
ZD
1
rC e2=3 d 2=3
ðviscous drop; inertial turbulent flowÞ

ð7Þ

ZD 1
ZC g_

ð8Þ

tD 

tD 

ðviscous drop; laminar flowÞ

where ZD and ZC are the dynamic viscosities of the drop phase
and of the continuous phase respectively, rC is the mass
density of the continuous phase, e is the rate of energy
dissipation per unit mass of the ﬂuid in the turbulent ﬂow, g_
is the shear rate of the regular ﬂow, and d is the drop diameter.

2.4 Main diﬀerences between the various types of emulsiﬁers
with respect to emulsiﬁcation
As shown in the previous two sections, the mean drop size
after emulsiﬁcation could be described in many cases by the
same equations, irrespective of whether particle-, surfactantor protein-stabilized emulsions are considered. However, there
are many other cases in which the particles as emulsiﬁers
behave diﬀerently from proteins and surfactants. These diﬀerences are due mostly to the following three features of the solid
particles: slower kinetics of adsorption due to the larger
amount of material needed to cover drop surfaces, high barrier
to particle adsorption and very high desorption energy. All
these features are related to the relatively large size of the
particles (typically between 10 nm and 5 mm), as compared to
This journal is
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Fig. 4 Schematic presentation of the process of drop deformation (A)
to (B); drop breakage (B) to (C); collision (C) to (D) and coalescence
(D) to (A), if the emulsiﬁer adsorption time, tA, is longer than the drop
deformation time, tD, and the collision time, tC.
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Drop deformation times, tD, for low-viscosity drops
(ZD B ZC) can be estimated from the expressions:54,68,69
d 2=3
e1=3
ðlow-viscosity drop; inertial turbulent flowÞ

tD 

tD 

1
g_

ðlow-viscosity drop; laminar flowÞ

ð9Þ

ð10Þ

To estimate the characteristic time of drop deformation in
viscous turbulent ﬂow, one can use the expressions for laminar
ﬂow eqn (8) and (10), taking into account that g_ E (erC/ZC)1/2
for this ﬂow, for details see ref. 49 and 70.
(b) Characteristic times of drop–drop contact, tC, can be
estimated by the expressions:49,54,67,70
tC 

d 2=3
e1=3
tC 

ðinertial turbulent flowÞ
1
g_

ðlaminar flowÞ

ð11Þ

ð12Þ

(c) Characteristic adsorption times, tA, can be estimated by
the expression:49,67,68
tA 

GM
j

ð13Þ

where GM is the emulsiﬁer adsorption on the drop surface at
dense adsorption monolayer and j is the ﬂux of surfactant
toward the drop surface (per unit area). Depending on the
predominant mechanism of surfactant transport to the drop
surface (convective or diﬀusive) the emulsiﬁer ﬂux is given by
diﬀerent expressions. In turbulent ﬂow and at high shear rates
the convective term is usually predominant, which corresponds to high Peclet numbers, Pe = Ud/D c 1, where U is
the characteristic velocity of the ﬂow and D is the diﬀusion
coeﬃcient of the emulsiﬁer entities. In this case, the ﬂux to the
surface can be estimated as j B CU, where C is the emulsiﬁer
concentration in the continuous phase.
In such a convection-dominated adsorption regime, the
following equations for the characteristic adsorption times
are used, depending on the ﬂow type:67
tA 

GM
CðedÞ1=3

ðinertial turbulent flowÞ

ð14Þ

GM
ðlaminar flowÞ
ð15Þ
Cd g_
From the above expressions one sees that the contact time,
tC, and the drop deformation time, tD, depend on the drop
size, the ﬂow characteristics and the viscosity of the dispersed
phase, ZD. Therefore, these times do not depend directly on the
emulsiﬁer used. The speciﬁc eﬀects of the emulsiﬁer are
reﬂected only in the adsorption time, tA, which in turn
determines the instantaneous emulsiﬁer adsorption, G(t), during the processes of drop deformation and collision. For this
reason, the following discussion is focused on the comparison
of the characteristic adsorption times, tA, of the diﬀerent
emulsiﬁers.
From eqn (14) and (15) we see that the emulsiﬁer appears in
the estimates of tA through the ratio of the emulsiﬁer adsorptA 
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tion in the complete monolayer, GM, and the bulk emulsiﬁer
concentration, C. Numerous experimental studies showed that
the typical values of GM are of the order of 1.5–2 mg m2 for
both the LMM surfactants and proteins.49,71–73 Therefore,
both the ratio GM/C and the characteristic adsorption times
tA are similar for surfactants and proteins at equal bulk
concentration C. In other words, no signiﬁcant diﬀerence is
expected for the rate of barrier-less adsorption of surfactants
and proteins.
In contrast, the mass of the adsorbed material per unit area
for a complete monolayer of adsorbed spherical particles, GM
E rPjCP(4pa3/3)/(pa2) E 4rPjCPa/3, is proportional to the
particle radius, whereas the bulk mass concentration of particles is independent of a (the relations for non-spherical particles are similar, as well). Therefore, in particle-stabilized
emulsions, the ratio GM/C and the adsorption time, tA, increase linearly with the particle size. In other words, the bigger
particles will adsorb more slowly in comparison with the small
nanoparticles, proteins and surfactant molecules (at equal bulk
concentration by weight, C), mainly due to the larger demand
of material that should be adsorbed to cover completely the
drop surfaces. This is one of the main reasons for the experimental observations that higher weight concentrations of
particles are needed when particle-stabilized emulsions are
prepared (typically a few percent), whereas concentrations as
low as 0.01 to 0.1 wt% are suﬃcient to make stable emulsions
with micrometer-sized drops when using proteins and LMM
surfactants.45,48,49,56 The other signiﬁcant reason, namely the
adsorption barrier which is much more pronounced for the
solid particles (as compared to surfactants and proteins), is
considered in the following section.
2.4.2 Role of the electrostatic barrier to particle adsorption.
If charged particles are dispersed in polar phase at low
electrolyte concentrations, signiﬁcant electrostatic repulsion
may appear49 when the particles approach the oil–water interface, which is usually charged.74 This repulsion may strongly
hinder particle adsorption so that the equations for the mean
drop size in sections 2.2 and 2.3 and the estimates of tA in
section 2.4.1 become inapplicable. The main eﬀect of the
adsorption barrier is to signiﬁcantly reduce the probability
of particle attachment to the interface, so that the particle
adsorption layers remain incomplete. As a result, signiﬁcant
drop–drop coalescence and phase separation may occur during and after emulsiﬁcation, even at high particle concentrations.1,45
To assess theoretically the importance of the adsorption
barrier during emulsiﬁcation, one can compare the maximal
repulsive force, FMAX, acting between the particle and drop
surface, with the hydrodynamic force pushing the particle
toward this surface. The interaction force between a spherical
particle with radius, a, and spherical oil drop with radius, R,
can be estimated by Derjaguin’s formula:75,76
2paR
FðhÞ ¼
Rþa

Z1

PðhÞdh  2pa

h

Z1
PðhÞdh
h

ð16Þ

ðparticles immersed in polar phaseÞ
hooaooR
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Fig. 5 Schematic presentation of the liquid gap formed between a
small solid particle with radius, a, and a bigger drop with radius R.

where P(h) is the force per unit area (disjoining pressure) that
would act between two planar surfaces, one of them being the
oil drop surface and the other one having the same properties
as the particle surface, and h is the distance between particle
forehead and drop surface, Fig. 5. One sees from eqn (16) that
for small particles (a { R) the interaction force, F(h), is
proportional to particle radius, a.
For fractal solid particles (e.g. fumed silica), one should use
the radius of the primary particles as a characteristic size in
eqn (16), composing the fractal structure.77,78 For edged
particles with regular (cubic, needle-like etc.) or irregular
shapes, the radius of curvature of the particle edges has to
be used in eqn (16) because it is easier for the sharp edges to
overcome the barrier and to make a contact with the ﬂuid
surface.77–79 Because the size of primary particles and the
radius of curvature of the particle edges are typically very
small (E10–50 nm), the adsorption barrier is much lower for
fractal and edged particles, as compared to smooth-shaped
particles (spheres, ellipsoids) with the same overall size.
To make use of eqn (16), we should specify the disjoining
pressure in the ﬁlm separating the surfaces of the solid particle
and the drop, P(h). For the following estimates, we use the
simplest possible expressions, combining van der Waals and
electrostatic forces, P(h) = PVDW(h) + PEL(h).75,76,80–82 The
van der Waals component is given by the expression PVDW(h)
E AH/6ph3, where AH is the Hamaker constant. The electrostatic component can be estimated by one of the following
expressions:76,82
2

PEL ðhÞ 

ðc2S1

er er0 k 2cS1 cS2 cosh kh 
2p
sinh2 kh

þ

c2S2 Þ
ð17Þ

ecS
o1Þ
ðlow surface potentials;
kB T




ecS1
ecS2
PEL ðhÞ  64n0 kB T tanh
tanh
expðkhÞ
4kB T
4kB T
ðweak overlap of the electric double layers; kh  1Þ
ð18Þ
where er and er0 are relative and vacuum dielectric constants
respectively; cS1 and cS2 are surface potentials of the drop and
particle; n0 is electrolyte concentration; kB is the Boltzmann
constant; T is temperature; e is elementary electric charge, and
k is the Debye screening parameter (all equations are given for
1 : 1 electrolyte). If the surface potentials of the particle and the
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drop are lower than ca. 25 mV, eqn (17) is more appropriate
because it is valid at arbitrary ﬁlm thickness, h. If either of the
surface potentials is high eqn (18) is preferred, keeping in mind
that it might overestimate the electrostatic barrier by several
times, because the maximum in the force F(h) usually appears
at kh E 1, whereas the weak-overlap approximation requires
kh c 1. For more accurate estimates, the rigorous non-explicit
expressions derived by Derjaguin75,76 could be used.
The repulsive barrier between the particle and the drop
surface, FMAX, is found as the maximum in the dependence
F(h). Due to the complex dependence of F(h) on CEL and h,
FMAX has to be found by numerical calculations. Expressions
for other possible components of disjoining pressure (hydrophobic, steric, ion-correlation forces, hydration repulsion
etc.), which can be used for numerical estimates of FMAX are
available in the literature.80–82.
For turbulent ﬂow, the hydrodynamic force pushing the
particles toward the drop surface can be estimated by the
expression:83






aR 2
aR 2
aR 2
FT 
hDPT i 
rC hu2 i 
aþR
aþR
aþR
rC e2=3 ða þ RÞ2=3  a2 rC e2=3 R2=3 ðinertial turbulent flowÞ
ð19Þ
where hu2i here is the mean square of the ﬂuctuations in the
turbulent velocity at distances of the order of drop radius, R.
Eqn (19) predicts that the hydrodynamic force depends on the
intensity of stirring through the multiplier e2/3 and, for large
drops with R c a, is proportional to a2.
For simple shear ﬂow, the hydrodynamic force pushing the
particle toward the drop surface can be estimated as a product
of the shear stress created by the ﬂuid motion and the particle
cross-section, pa2. For approximate estimates one can assume
that the rate of shear ﬂow in close vicinity to the drop surface
is of the same order of magnitude as the shear rate in the bulk
medium, g_ (the exact calculation of the ﬂow proﬁle and the
resulting hydrodynamic force is a very diﬃcult hydrodynamic
problem):84
FS r  ZC a2 g_

ðshear flowÞ

ð20Þ

Eqn (19) and (20) should be considered as very approximate
estimates, because they do not account directly for the eﬀect of
the drop on the hydrodynamic ﬂow around its surface.
Let us compare numerically the electrostatic barrier with the
hydrodynamic forces, under typical conditions for emulsiﬁcation in turbulent and shear ﬂows. Taking a = 100 nm, R = 10
mm, rC = 103 kg m3 and e = 105 J kg1 s1 (typical for a labscale rotor–stator or narrow-gap homogenizers),47–49,61 one
estimates FT E 1011 N for turbulent ﬂow. Taking g_ = 102
s1, typical for stirring by lab-scale mixer and for emulsion
ﬂow in a pipe,85 one estimates FS E 1015 N. The scaling of
these forces with the particle and drop radii, and with the ﬂow
intensity, is clear from eqn (19) and (20).
The height of the electrostatic barrier, FMAX, is very systemspeciﬁc. Taking for estimate the values cS1 E cS2 E 25 mV,
AH E 1020 J, and CEL = 1 mM, we calculate FMAX E 2 
1012 N for a = 100 nm, which is to be compared with FT and
Phys. Chem. Chem. Phys., 2008, 10, 1608–1627 | 1615

FS estimated in the preceding paragraph. Due to the diﬀerent
dependences on the particle radius, a, of the adsorption barrier
on one side, and of the hydrodynamic forces on the other side,
the bigger particles could be able to overcome the adsorption
barrier, whereas the small particles might be unable to adsorb
when all other conditions are the same. Note that FMAX
depends strongly on electrolyte concentration and the electrostatic barrier disappears at ca. CEL 4 150 mM.42,46
In the following we show that the above equations can be
used to explain several important experimental results reported in the literature. In ref. 57, silica particles with a =
25 nm were used to stabilize PDMS-in-water emulsions. The
experiments showed that a signiﬁcant excess of particles was
needed for emulsiﬁcation by hand-shaking, as compared to
emulsiﬁcation by jet-homogenizer. Taking cS1 E 25 mV for
the silica surface,86–88 cS2 E 60 mV for the PDMS–water
interface,86–88 and CEL = 104, we calculate FMAX E 5.7 
1012 N, which is lower than the hydrodynamic forces in the
jet homogenizer, FT E 1  1011 N (R = 1 mm, e E 108 J kg1
s1 according to ref. 83), and higher than the force FT E 6 
1013 N during emulsiﬁcation by hand-shaking (e E 103 J
kg1 s1). Therefore, the hydrodynamic force in the jethomogenizer was suﬃciently strong to push the particles over
the electrostatic adsorption barrier, whereas the hydrodynamic force during hand-shaking was relatively weak, thus
leading to reduced particle adsorption. In conclusion, either
high particle concentration (at mild stirring) or intensive
stirring (at lower particle concentration) is required for collecting a suﬃcient number of adsorbed particles on drop
surface in the presence of adsorption barrier.
Similar estimates could explain the strong eﬀect of electrolytes, reported in ref. 45 for water-in-oil emulsions, stabilized
by latex particles with radius a E 100 nm. The estimated
interaction force between particles with cS1 E 80 mV
(measured by us) and tetradecane–water interface with cS2
E 40 mV,49,74 at electrolyte concentration CEL = 10 mM, is
FMAX E 3  1010 N. This barrier is higher than the
hydrodynamic force FT E 1  1011 N (R = 10 mm, e E
105 J kg1 s1). As a result, the particle adsorption is suppressed at low electrolyte concentrations, and the drops
intensively coalesce with each other during and after emulsiﬁcation, unless an excess of particles (several wt%) is used. In
contrast, at high electrolyte concentrations, CEL = 500 mM,
the electrostatic barrier disappears and particle concentration
of 1 wt% is suﬃcient to obtain stable emulsions.45
At the qualitative level, the electrostatic barrier could also
explain the diﬀerences typically observed when latex and silica
particles are applied as emulsiﬁers.1–3,45,89 Latex particles are
usually more charged and larger in size than the silica particles
(the latter often being with fractal structure)—both factors
lead to a much higher adsorption barrier for the latex particles.
This comparison explains why it is easier to obtain emulsions
stabilized by silica1–3,29–32 and why the electrolyte concentration is crucial when latex particles with a 4 50 nm are used for
emulsion and foam stabilization.1,45
The electrostatic barrier could be eﬃciently suppressed by
neutralizing the particle charge through the addition of oppositely charged surfactants or multivalent counterions, or by
adjusting pH, and/or via screening of the electrostatic repul1616 | Phys. Chem. Chem. Phys., 2008, 10, 1608–1627

sion with electrolytes of high concentration.1,29,45,90,91 However, the same factors suppress the electrostatic repulsion
between the particles themselves and the particles tend to
ﬂocculate under these conditions. Thus one explains the
experimental observation that stable emulsions are often
obtained under conditions, corresponding to weakly ﬂocculated particles.1,45,91
Note that a similar barrier appears when charged surfactant
or protein molecules approach an oil–water or air–water
interface.21,92–94 One can estimate from the above equations
that the hydrodynamic forces are rather weak compared to
the electrostatic forces for such small molecules (a r 2 nm).
For this reason, Brownian motion is more eﬃcient as a
transport mechanism for the adsorption of small surfactant
and protein molecules, and for nanoparticles of similar size.
The relevant adsorption barrier for Brownian transport is the
maximal energy of repulsion, WMAX, scaled with the thermal
energy because a Boltzmann factor appears in the stochastic
problem for overcoming an energy barrier by diﬀusion,
exp(WMAX/kBT).95,96 For solid particles, WMAX can be
estimated from the interaction energy between the particle
and the ﬂuid surface, f(h), by using another form of Derjaguin
approximation:75,76,80,82

WðhÞ  2pa

Z1

f ðhÞdh; f ðhÞ ¼

h

Z1
PðhÞdh

ð21Þ

h

From the equations presented above one can estimate that the
energy barrier is typically very high for solid particles,
WMAX/kBT c 1, which evidences that Brownian motion is
ineﬃcient for overcoming the adsorption barrier by solid
particles, except for small nanoparticles with a o 2 nm. In
contrast, WMAX is typically of the order of several kBT units
for surfactant and protein molecules.
Thus we can conclude that Brownian motion is the main
transport mechanism for overcoming the adsorption barriers
by surfactant and protein molecules, whereas the convective
transport usually governs the attachment of bigger particles to
oil–water interfaces. Some intermediate range exists for the
size of spherical particles (ca. 2 nm o a o 25 nm), in which
neither of these mechanisms is very eﬃcient in facilitating
particle adsorption. Further quantitative studies are needed to
clarify the domains in which one or another mechanism of
particle transport dominates—for solving this problem, some
of the approaches developed in the area of froth-ﬂotation to
describe particle–bubble interactions97,98 could be useful.
2.4.3 Electrostatic interactions for particles dispersed in the
non-polar phase. In a recent study, Danov et al.99 considered
theoretically the electrostatic interactions between particles
pre-dispersed in a non-polar (oily) phase and the respective
oil–water interface. By considering the interactions which
appear when electrically charged particle approaches the ﬂuid
interface, they showed that a strong electrostatic attraction
could appear, due to the so-called ‘‘image forces’’ between the
charges distributed on the particle surface and the ﬂuid interface. The following expression for the respective interaction
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force between the particle and ﬂuid interface was derived:99
FðhÞ  

Q2
e2r ½2ða þ hÞ

2


 4p2 s2EL a2 e2r

ð22Þ

ðparticles immersed in the non-polar phaseÞ
where Q is the particle charge, e2r is the dielectric constant of
the medium, in which the particle is dispersed, and sEL =
Q/4pa2 is the electric charge density on the particle surface.
The numerical estimates in ref. 99 showed that, for typical
values of the governing parameters (silica or glass particles
immersed in tetradecane), the image–force interaction becomes signiﬁcant for particles with radius a 4 30 nm. Thus
an attraction force appears when a charged particle is approaching the oil–water interface from the oil phase. The
authors used this theoretical prediction to suggest that the
water drops attract the charged hydrophobic particles predispersed in the oily phase, thus favoring the formation of
inverse particle-stabilized emulsions. One should note, however, that the strong electrostatic repulsion between such
charged particles should keep the adsorbed particles on the
surface at a distance from each other,38,39 thus preventing the
formation of dense adsorption layers and reducing emulsion
stability.

3. Long-term emulsion stability
In section 2 we clariﬁed the regimes of emulsiﬁcation and the
related phenomena, in which the solid particles behave similarly to the LMM surfactants and proteins, and discussed the
reasons why the particles behave diﬀerently in the other cases.
Not surprisingly, we found that close similarities are observed
in these cases, in which the eﬀect of the emulsiﬁer could be
described by basic phenomenological relations and quantities
only—see eqn (1)–(6) for examples. For the phenomena and
processes in which the speciﬁc interactions and mechanisms
are important (e.g. the adsorption barrier of molecules and
particles), signiﬁcant diﬀerences emerge, mainly due to the
diﬀerent size, energy and force scales for the various types of
emulsiﬁer entities.
When working on the current section, devoted to the longterm stability of emulsions, we also found that some similarities could be outlined when phenomenological thermodynamic and mechanical relations are used, e.g. when balances
including disjoining, capillary, hydrostatic or two-dimensional
surface pressures are made, without paying attention to the
speciﬁc mechanism of stabilization (see e.g. eqn (23) and (24)
below). In the other cases, the diﬀerences between the solid
particles and surfactants are very profound, the main reason
being the very speciﬁc capillary mechanism of emulsion stabilization by the particles.
Because the literature on emulsion stabilization by LMM
surfactants is vast,27,100–102 whereas the studies considering the
capillary mechanism of stabilization by particles are very
limited,19,20,39 we decided to focus the presentation in the
following two sections on the role of capillary forces in the
particle-stabilized emulsions. In addition, we compare the
experimental data on emulsion stability for the diﬀerent types
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of emulsiﬁers, to check the widely-spread notion that the
particle-stabilized emulsions are exceptionally stable.
The analysis of the respective data with proteins46,47 showed
that under some conditions the proteins behave similarly to
surfactants, under other conditions to solid particles, and
under a third set of conditions they exhibit speciﬁc features,
mostly related to the ability of the adsorbed protein molecules
to slowly rearrange and to form strong covalent and noncovalent intermolecular bonds.43 These cases are distinguished
below whenever appropriate.
3.1 Long-term emulsion stability with respect to drop–drop
coalescence
3.1.1 Comparison of the emulsiﬁers with respect to emulsion
coalescence stability. In this section we compare experimental
results about the coalescence stability of emulsions stabilized
by diﬀerent emulsiﬁers. To make this comparison quantitative,
we should use the appropriate physico-chemical characteristic
of the emulsion stability which depends as little as possible on
the experimental method and protocol used. In our studies
with proteins and LMM surfactants, we demonstrated that
such a characteristic could be the critical osmotic pressure
leading to emulsion destabilization, PCR
OSM, which can be
determined by centrifugation and some other experimental
methods.41,46 Higher values of PCR
OSM correspond to more
stable emulsions and vice versa.
The main advantages of using PCR
OSM for characterizing
emulsion stability are:41,46 (1) it has a clear physico-chemical
deﬁnition and meaning, (2) it could be determined precisely by
several methods, the most convenient of them being emulsion
centrifugation, and (3) it is a characteristic of the emulsion
itself, so the experimental result should not depend on the
speciﬁc method used if the experiments are properly conducted. The speciﬁc technical protocol, several experimental
checks to verify the centrifugation method used by us, experimental results with various systems and detailed physicochemical interpretation of these results are presented in ref.
41–46 and will not be reproduced here. We present below only
the ﬁnal results for PCR
OSM, needed for the comparison with the
particle-stabilized emulsions.
Systematic experiments with emulsions stabilized by proteins or LMM surfactants showed that the emulsion coalescence stability rapidly decreases with the increase of the mean
drop radius, R32.41,46 The experiments showed that for approximate estimates, one can assume that the critical pressure
for emulsion destabilization is proportional to the inverse drop
41,46
radius, PCR
Therefore, the proper comparison of
OSM p 1/R.
the stability of various emulsions would be incorrect, unless
emulsions containing drops of similar size are studied, or the
drop-size eﬀect is taken into account. Because we have not
found experimental data allowing direct comparison of the
emulsion stability for diﬀerent types of emulsiﬁers (including
solid particles) in the literature, below we use data from several
independent studies. To account approximately for the dropsize eﬀect, the comparison is made by scaling the critical
pressure for emulsion destabilization with the inverse drop
radius, i.e. the values of the product R32PCR
OSM are compared.
By centrifugation we showed44 that hexadecane-in-water
emulsions, stabilized by typical individual LMM surfactants
Phys. Chem. Chem. Phys., 2008, 10, 1608–1627 | 1617

of concentration well above their CMC and containing
droplets with size R32 E 3 mm, exhibit critical pressures for
emulsion destabilization between ca. 20 and 60 kPa. For
example, for the nonionic surfactant Brij 58 we measured
CR
PCR
OSM E 60 kPa, and for the anionic surfactant SDS POSM E
25 kPa. By preparing appropriate surfactant mixtures, we
obtained more stable emulsions (at a similar drop size) with
PCR
OSM Z 100 kPa. Similar values were obtained when studying oil-in-water emulsions stabilized by polymers, such as PVA
44
(PCR
and globular proteins (PCR
OSM E 30 kPa)
OSM E 30
kPa),103 with mean drop radius R32 E 8 mm.44,103 Note that
no speciﬁc eﬀorts were made to maximize the emulsion
stability in these studies, except that the surfactant mixtures
that were designed to ensure high stability. Thus we could
conclude that for surfactant and protein-stabilized emulsions,
containing droplets with radius between 1 and 5 mm, the
emulsion destabilization occurs typically in the range between
20 and 100 kPa, and the product R32PCR
OSM is in the range 0.1 to
0.3 Pa m. For the optimized surfactant mixtures R32PCR
OSM 4
0.3; the exact value is unknown because the respective emulsions did not decay in the centrifugation tests performed.
In an independent study, van Aken and Zoet104 assessed the
stability of sunﬂower oil-in-water emulsions containing submicrometer droplets stabilized by SDS or protein. They found
that the emulsions containing drops with R32 E 0.65 mm and
stabilized by 0.5 wt% protein mixture (whey protein isolate)
remained stable after centrifugation at relative centrifugal ﬁeld
RCF = gC/g E 105 (gC is the centrifugal acceleration, g is the
acceleration of gravity). By using the technical description of
the centrifugation procedure used in ref. 104, we estimated
that this RCF corresponded to PCR
OSM E 300 kPa, i.e. the
product R32PCR
OSM E 0.3 Pa m. Similarly, for the emulsions
stabilized by SDS with concentration C 4 0.5 wt% (drop
radius of 0.38 mm), PCR
OSM 4 300 kPa can be estimated
from the reported experimental data, which corresponds to
R32PCR
OSM 4 0.12 Pa m. Thus we see that the results obtained in
ref. 104 agree well with the results from ref. 44 and 103, if the
drop-size eﬀect on emulsion stability is taken into account.
Quantitative experimental results for the coalescence stability of particle-containing emulsions are reported in several
papers only.30,105 In the paper by Kruglyakov et al.105 a
specially designed method was used to measure the critical
capillary pressure (similar in meaning and magnitude to the
critical osmotic pressure used in the centrifugation studies),
which leads to destabilization of a decane-in-water emulsion
stabilized by 1% Ludox particles. The experimentally determined critical pressure was around 3 kPa only, whereas a
much higher value was expected from theory.105 Even if we
assume that the drop radius in this study was as large as R32 E
20 mm (it was not reported in the paper), this would correspond to R32PCR
OSM E 0.06 Pa m. Thus we see that these
particle-stabilized emulsions were not particularly stable compared to the published results for typical LMM surfactants
and polymers.
In another study,30 water-in-oil emulsions containing drops
with R32 E 0.28 mm and stabilized by silica particles were
studied by ultracentrifugation. The critical acceleration ﬁeld
for destabilization of emulsions containing 1 wt% particles
was RCF E 2  104, from which we estimated the correspond1618 | Phys. Chem. Chem. Phys., 2008, 10, 1608–1627

ing critical pressure PCR
OSM E 300 kPa and the respective
product R32PCR
OSM E 0.08 Pa m. Therefore, the emulsion
stability determined in these experiments was lower than the
stability ensured by the good surfactant emulsiﬁers.
One can conclude from the above comparison that the
available experimental data do not support the hypothesis
that the particle-stabilized emulsions are exceptionally stable
with respect to drop–drop coalescence, as compared to the
typical surfactant- and protein-stabilized emulsions. Obviously, further systematic experiments with particle-stabilized
emulsions are deserved to clarify this issue.
3.1.2 Mechanical equilibrium of liquid ﬁlms—role of the
disjoining and capillary pressures. The overall coalescence
stability of emulsions and foams is determined by the stability
of the thin liquid ﬁlms formed between the neighboring drops/
bubbles.75,76,82,106,107 In the systems stabilized by ionic surfactants, the ﬁlm stability is often described reasonably well by
accounting for the van der Waals and electrostatic interactions
(DLVO theory).82,107–110 The adsorbed nonionic surfactants
and ﬂexible polymer chains are usually described as creating
steric repulsion between the ﬁlm surfaces, which arises from
the overlapping of the hydrophilic heads (or chains) of the
surfactant (polymer) in the ﬁlm interior.80,111–115 In the case of
charged ﬂexible polymers, both electrostatic and steric interactions are operative. The case of globular polymers (such as
the globular proteins) is discussed in section 3.1.5 below.
It is worthwhile noting that both the electrostatic and steric
interactions could be explained in terms of an excess of
osmotic pressure of the water in the thin ﬁlm. This excess is
created by a higher concentration of counterions (for the ionic
surfactants) or by a higher concentration of hydrophilic segments (for the nonionic surfactants and polymers) in the
middle of the ﬁlm, as compared to these concentrations in
the bulk continuous phase, Fig. 6A and B.80 This excess of
osmotic pressure acts to ‘‘suck in’’ water from the bulk phase,
thus creating an eﬀective repulsion between the ﬁlm surfaces.
Therefore, for such a thin ﬁlm to be in mechanical equilibrium,
the repulsive surface forces in the ﬁlm should be counterbalanced by external forces pushing the ﬁlm surfaces against
each other, Fig. 6C. The theoretical analysis show that the
condition for mechanical equilibrium in the ﬁlm is75,106,116
P(h) = PC

(23)

where P(h) is the disjoining pressure (surface force per unit
area) and PC is the capillary pressure of the curved menisci
around the ﬁlm, where the surface forces are negligible.
The main advantage of this mechanical balance is that it
involves P(h), which is an appropriate theoretical quantity
that could be calculated for an imaginary ﬁlm with inﬁnite
radius, without considering the speciﬁc conﬁguration of the
real system. On the other hand, PC depends on the speciﬁc
conﬁguration (e.g. on the drop size, volume fraction of the
drops in the emulsions, height of the emulsion column etc.),
but is often amenable to experimental determination106–117 or
to an approximate theoretical estimate for the real emulsions.41,46,118 Therefore, eqn (23) provides a convenient link
between the theoretical predictions for the stability of single
ﬁlms and the stability of the overall emulsion. The emulsion
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Fig. 6 Schematic presentation of the structure of the adsorption layers and the respective mode of emulsion ﬁlm stabilization by (A) ionic
surfactants, and (B) nonionic surfactants. (C) Schematic presentation of disjoining pressure isotherm—PC is the capillary pressure squeezing the
liquid from the ﬁlm, hEQ is the equilibrium ﬁlm thickness, and PMAX is the maximum in the isotherm.

stability analysis is usually based42,46,118,119 on comparing the
capillary pressure in the emulsion, PC, with the maximum of
the dependence P(h), which is denoted hereafter by PMAX,
see Fig. 6C.
For example, the capillary pressure of the drops in a
concentrated emulsion column, subject to gravity or homogeneous centrifugal ﬁeld can be estimated by the expression:119
PC(z) E s/R + DrgCz

(24)

where R is the drop radius, s is the interfacial tension, Dr is the
mass density diﬀerence between the drops and continuous
phase, gC is the acceleration (centrifugal or gravity), 0 r
z r H is the vertical coordinate of the drop in the emulsion
column and H is the total height of this column. One sees from
eqn (24) that the capillary pressure of the drops is highest at
the top of the emulsion column, so that the drop coalescence
would start there once the centrifugal acceleration, gC, or the
height of the emulsion column increase up to the moment at
which PC(H) becomes higher than PMAX.
A more detailed description of the various types of surface
forces operating in liquid ﬁlms stabilized by LMM surfactants
and polymers, and of the relations between the capillary and
osmotic pressures in emulsions and foams, can be found in the
literature.75,76,80–82,106,107,118–123
3.1.3 Capillary mechanism of emulsion stabilization by solid
particles. The theoretical approach for the description of the
stabilization of liquid ﬁlms by solid particles is based on
consideration of the shape of the ﬂuid menisci formed between
the neighboring particles,19,20 see Fig. 7. Because this analysis
is entirely based on the theory of capillarity we call this
mechanism ‘‘capillary stabilization’’ of the ﬁlms by particles.
Very often another term, ‘‘steric stabilization by particles’’, is
used in the literature. We refrain from using this term in our
work for two main reasons:
(1) The term ‘‘capillary stabilization’’ shows directly which
is the physical phenomenon governing the stability of particlestabilized ﬁlms, namely the capillary shape of the menisci
between the solid particles. In contrast, the term ‘‘steric
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stabilization’’ emphasizes the direct contact between the solid
particles in the ﬁlm without indicating anything about the
actual mechanism of the stability–instability transition.
Furthermore, as explained below, the particle-stabilized ﬁlms
rupture when the ﬂuid menisci at the two opposite ﬁlm
surfaces touch each other, without necessarily changing the
actual contacts between the solid particles. Therefore, the term
‘‘steric stabilization’’ drives the attention away from the main
physical phenomenon, controlling the stability of these systems. It is particularly inappropriate when ﬁlms containing
particle monolayers (Fig. 7) are considered, which seems to be
often the case in the real systems.4,39
(2) The mechanism of stabilization by particles is conceptually diﬀerent from that by nonionic surfactants and polymers, for which the term ‘‘steric stabilization’’ has been widely
accepted for years.80,82,106 To avoid confusion, we use the term
‘‘steric stabilization’’ for surfactants and polymers only.
The conceptual frame of the capillary mechanism of ﬁlm
stabilization is fairly simple, although the technical diﬃculties
in the numerical calculations are signiﬁcant. For clarity, we
describe below the case of liquid ﬁlms, stabilized by spherical
particles, in the absence of surfactants. The eﬀects of particle
shape and surfactants could be easily incorporated at a
qualitative and at a semi-quantitative level, but we refrain
from doing this to keep the explanations simple and the focus
clear.
For a liquid ﬁlm to rupture, the two opposite ﬂuid surfaces
must approach each other to the so-called ‘‘critical ﬁlm
thickness’’, hCR, at which the ﬁlm spontaneously thins down
and ruptures under the action of attractive van der Waals
forces.124,125 Typically, hCR is of the order of several nanometers to 30 nm.125 Because the particles have certain
hydrophobicity, characterized by their three-phase contact
angle (Fig. 7), the ﬂuid interfaces in the ﬁlm acquire a certain
shape which depends on several factors. For regular arrays of
spheres, the shape of the ﬂuid interfaces depends on: capillary
pressure across the ﬂuid interface, PC; particle radius, a; threephase contact angle, a; oil–water interfacial tension, s; interparticle distance, b; and whether the particles form a
Phys. Chem. Chem. Phys., 2008, 10, 1608–1627 | 1619

Fig. 7 Schematic presentation of the structure of particle bilayer (A), and monolayer (B), stabilizing an emulsion ﬁlm. The respective shapes of the
dependence ‘‘capillary pressure vs. ﬁlm thickness’’ are also shown. In (C) the curved shape of the meniscus around a particle in the monolayer is
shown and the contact angle, a, the slope angle at the contact line, fC, and the minimal ﬁlm thickness, hMIN, are indicated. Note that in the case of
a bilayer (A) the ﬁlm ruptures when the capillary pressure (squeezing the liquid from the ﬁlm) becomes higher than PMAX
, whereas in the case of a
C
monolayer (B) the ﬁlm ruptures when the minimal ﬁlm thickness, hMIN, becomes equal to the critical thickness for ﬁlm rupture, hCR E 0.

monolayer or bilayer inside the ﬁlm (both conﬁgurations are
observed experimentally),39,126 see Fig. 7. Therefore, the theoretical problem for the ﬁlm stability consists of determining
the dependence of the menisci shape and of the respective
minimal distance between the two ﬂuid surfaces of the ﬁlm,
hMIN, on the capillary pressure, PC (all remaining parameters
are considered as ﬁxed). In these calculations, PC is considered
as external free variable which depends on the overall conﬁguration of the emulsion (section 3.1.2).
Two diﬀerent scenarios for ﬁlm rupture are theoretically
predicted:19,20
(1) The ﬁrst scenario is typical for the ﬁlms containing a
single layer of particles, Fig. 7B. In this case, hMIN is a
monotonically decreasing function of PC and one should
determine the critical capillary pressure, PCR
C , which squeezes
the two ﬂuid surfaces of the ﬁlm down to thickness hMIN(PCR
C )
= hCR. In this scenario, PCR
is the maximum capillary
C
pressure that could be resisted by the ﬁlm, before it ruptures.
(2) In the second scenario, typical for the ﬁlms stabilized by
a bilayer of particles (Fig. 7A), PC passes through a maximum
(PMAX
) before the condition hMIN = hCR is reached. This
C
means that, after the external capillary pressure PC reaches
PMAX, the subsequent ﬁlm thinning down to hCR is spontaneous because the ﬁlm is mechanically unstable. In this
corresponds to the maximum
scenario, the value of PMAX
C
pressure that could be resisted by the ﬁlm before it ruptures.
The research problem for ﬁnding the dependence hMIN(PC)
was ﬁrst formulated and solved numerically with reasonable
approximations in ref. 19. Scenario 1 was considered in detail,
and the numerical results obtained were in qualitative agreement with all main experimental trends known at that time for
particle-stabilized emulsions. In particular, the calculations
predicted that: (1) PCR
C is proportional to 1/a, i.e. the smaller
1620 | Phys. Chem. Chem. Phys., 2008, 10, 1608–1627

particles give more stable ﬁlms, (2) PCR
C rapidly decreases upon
an increase of the interparticle distance in the adsorption
layers, and (3) lower particle contact angles correspond to
higher PCR
C , i.e. to more stable ﬁlms (the ﬁlms are unstable for
a Z 901). The eﬀect of the possible contact-angle hysteresis
was also analyzed and found to enhance ﬁlm stability.
The numerical results for PCR
C obtained in ref. 19 could be
represented by the following scaling formula:
PCR
C E k(s/a) (monolayers)

(25)

where k(a,b/a) is a dimensionless parameter which is calculated numerically and depends on the particle contact angle
and the mean interparticle distance (see also eqn (29) below).
The calculations showed19 that k could be of the order of 10
for closely-packed particles and small angles, a. This high
value of k corresponds to extremely stable ﬁlms—the predicted
corresponds to the radius of curvature of the
value of PCR
C
ﬂuid interfaces, which is an order of magnitude smaller than
the particle radius! Even higher pressures for ﬁlm rupture were
predicted in ref. 19 for ﬁlms stabilized by close-packed particle
bilayers (scenario 2). Based on these theoretical predictions, it
was speculated in ref. 19 that the rupture of the particlestabilized ﬁlms in the real systems could occur only through
‘‘cracks’’, ‘‘vacancies’’ or other defects in the particle arrays,
with the very probable formation of a particle monolayer
bridging the two ﬁlm surfaces (Fig. 7B, scenario 1) as an
intermediate stage between the particle bilayer and ﬁlm rupture. Subsequent optical observations conﬁrmed these speculations, showing that usually the ﬁlms spontaneously thin
down until a monolayer of particles is formed.39,127–130
Furthermore, this particle monolayer is usually not homogeneous, containing ﬁlm areas free of particles due to the
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important eﬀect of lateral capillary forces, which are discussed
below.
Numerical calculations of the dependence PC(hMIN) for
particle bilayers (scenario 2, Fig. 7A) were presented in ref.
20 and 105. Kruglyakov et al.20,105 proposed the following
expression for the maximal capillary pressure:
PMAX
= k cos a(s/a) (dense bilayers)
C

(26)

where k E 1.73 was proposed for a close-packed particle
bilayer. In a very detailed study of the ﬂuid penetration into
porous medium composed of spherical particles, Mason and
Morrow131 showed theoretically that PMAX
is obtained at
C
a + fC 4 901 (not at a + fC = 901, as supposed in ref. 20
and 105), and the following, much better approximation for
PMAX was derived:39,131
qﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃ
2
1  ð3=4Þ sin2 a
pﬃﬃﬃ
PMAX
¼  pﬃﬃﬃ
 ðs=aÞ
C
2 3  sin½a þ arccos ðð 3 2Þ sin aÞ
ðdense bilayersÞ
ð27Þ
, which are an order of
Eqn (27) predicts values for PMAX
C
magnitude higher than the values predicted by eqn (26), and
are in semi-quantitative agreement with the calculations based
on the model in ref. 19 for the contact angles of major interest,
0 r a r 1201 (the diﬀerence is around or lower than 50%).
As discussed in ref. 19, 39 and 131, the magnitude of
PMAX
could be estimated by considering the pressure needed
C
for pushing the liquid menisci through pores with a diameter
comparable to the cross-section of the gaps formed between
the neighboring particles in the ﬁlm—this analogy is very
helpful, because it allows one to estimate the magnitude of
PMAX
for non-regular particle arrays by taking the biggest
C
gap between the particles in the ﬁlm as the characteristic
‘‘pore’’ size (see ref. 131 and the further discussion below).
As explained already, all theoretical models predict an
exceptionally high stability of the ﬁlms containing regular
arrays of close-packed particles (at a o 901). In fact, according
to this prediction, such ﬁlms should not be destroyed under
realistic conditions and this is obviously in contradiction with
the available experimental results, see section 3.1.1. Therefore,
the theoretical models capture well the main qualitative trends,
but predict orders of magnitude higher pressures for emulsion
destabilization, in comparison with the experimentally determined ones. The main reason for this quantitative discrepancy
is the implicit assumption made in all models that the particles
are homogeneously distributed in the ﬁlms. This assumption
strongly underestimates the size of the biggest ‘‘pores’’, formed
in the particle layers. These biggest ‘‘pores’’ are crucial for the
ﬁlm stability because the menisci could protrude through these
pores (thus causing a ﬁlm rupture) at much lower capillary
pressures than those predicted for homogeneously distributed
particles with the same average surface coverage, Fig. 8.
As clariﬁed by the optical observations, there are three main
reasons for the formation of inhomogeneous particle layers in
the foam and emulsion ﬁlms:
First, the long-range electrostatic repulsion between the
particles attached to single interfaces leads to formation of
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adsorption layers in which the particles are often not packed
closely.23,38,39,132 Note that no capillary attractive force appears between submicrometer spherical particles adsorbed on
single ﬂuid interface 21 unless the particle surfaces are corrugated or inhomogeneous so that perturbations of the ﬂuid
interface from its equilibrium shape (in the absence of particles) are created.133,134
Second, very strong lateral capillary forces appear between
the particles captured in the emulsion ﬁlms, when the menisci
between the particles become curved (i.e. the capillary pressure
needed to induce ﬁlm rupture necessarily generates lateral
capillary forces).21,135,136 These lateral forces are attractive
and lead to condensation of the particles in close-packed
patches, thus creating spots in the ﬁlms which are free of
particles.129,130 The theory predicts that the capillary forces of
this type (between particles captured in liquid ﬁlm) are of the
order of:21,136
FCF B sa + PCa2

(28)

and they usually prevail over all other types of interparticle
forces (electrostatic, van der Waals etc.), if present. In addition, when the particle adsorption monolayers on the surfaces
of two drops touch each other in the process of ﬁlm formation,
a lateral mechanical force appears between the touching
particles which facilitates their rearrangement and the formation of particle monolayer in the ﬁlm—this eﬀect was observed
and theoretically analyzed in ref. 39.
Third, the emulsion destabilization almost always involves
some deformation of the drops (e.g. due to emulsion ﬂow, or
to emulsion compaction in gravity or centrifugal ﬁeld) which
leads to expansion of the drop surfaces, thus creating spots
deprived of particles. These spots are the ‘‘weakest points’’
where the ﬁlm rupture may occur. As explained after eqn (27),
the capillary pressure leading to ﬁlm rupture for such irregular
particle conﬁgurations could be approximately estimated to be
of the order of (or lower than) PMAX
B s/RP, where RP is the
C
characteristic size of the biggest pore in the particle layer
stabilizing the ﬁlm. Note that RP could be orders of magnitude
larger than the particle radius, a, which explains why the
experimental pressures leading to emulsion destruction are
lower than those predicted theoretically for regular particle
arrays.
3.1.4 Capillary component of the disjoining pressure in
particle-stabilized ﬁlms. It is useful in some considerations
(e.g. in mechanical balances, such as eqn (23)) to deal with a
disjoining pressure component, PCAP(hMIN), that can be
associated with the capillary stabilization of the liquid ﬁlms

Fig. 8 Schematic presentation of the spot formation inside ﬁlm
stabilized by solid particles, as a result of lateral capillary forces.
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by particles. By making a rigorous balance of the normal
capillary forces acting on a solid particle in liquid ﬁlm
(normalized by the area occupied by a particle), the following
expression for PCAP was derived19 for a regular array of
particles:
PCAP ðhMIN Þ ¼ 2s

b2

a sinðfC þ aÞ
sin fC
 a2 sin2 ðfC þ aÞ

ð29Þ

where fC is the meniscus slope angle at the contact line of the
particle, Fig. 7C. This slope angle is related to the minimal ﬁlm
thickness, hMIN, however the function fC(hMIN) can be found
only by numerical solution of the Laplace equation of capillarity.19,20 Therefore, eqn (29) relates the disjoining pressure
and the ﬁlm thickness in a non-explicit way, thus requiring
numerical calculations to ﬁnd the function PCAP(hMIN).
Note that eqn (29) is valid for both a monolayer and bilayer
of particles, and only hMIN diﬀers in these two cases—for
example, for geometrical consideration one can ﬁnd that hMIN
for a close packed bilayer of particles is larger by E1.63a, as
compared to hMIN for a close-packed monolayer of particles at
the same capillary/disjoining pressure.
As shown in ref. 19, the condition for mechanical equilibrium, PC = PCAP (cf. eqn (23)), is identically satisﬁed with
the above deﬁnition of PCAP, i.e. at a phenomenological level
we have a complete analogy between the ﬁlms stabilized by
particles and by the other emulsiﬁers. This also means that the
maximum capillary pressure PMAX
in the capillary models
C
(Fig. 7A) is equivalent to the disjoining pressure barrier PMAX
(Fig. 6C).
3.1.5 Mechanisms of emulsion stabilization by globular
proteins. In this section we brieﬂy discuss the ﬁlm stabilization
by globular proteins. It was recognized years ago that the
lateral capillary forces between protein molecules captured in
liquid ﬁlms could play an important role for the protein–
protein interactions and are a key factor in the formation of
ordered protein structures.21,136–138 In an independent
study46,47 we showed that the formation of emulsions in the
presence of globular proteins, at high electrolyte concentrations and/or around the isolectric point (IEP) of the protein,
could be described by considering the globular protein molecules as small nanoparticles (without any speciﬁcs needed). On
the other hand, the stability of oil-in-water emulsions at low
electrolyte concentrations, CEL o 50 mM and pH away from
the IEP of the used globular protein (b-lactoglobulin, BLG),
was successfully explained by considering the electrostatic and
van der Waals interactions, just as in the case of ionic
surfactants.42,46,47
Reviewing all these results, we can conclude that during
emulsiﬁcation and with respect to the short-term stability of
emulsions, the proteins may behave like ionic surfactants or
like nanoparticles, depending on the conditions.46,47 On the
other hand, the long-term stability of protein emulsions
changes in a very speciﬁc way after heating or aging of the
emulsion, due to the possibility of formation of intermolecular
bonds, i.e. the proteins exhibit their own speciﬁc features upon
such treatments.43 For further discussion of these features, see
ref. 46 and 47.
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3.2 Ostwald ripening
In the Ostwald ripening process, the small drops/bubbles
gradually diminish and disappear, at the expense of the growth
of the bigger drops and bubbles. In this section we brieﬂy
describe the basic mechanism by which the solid particles can
stabilize emulsions and foams with respect to this process.
The driving force for the Ostwald ripening is the diﬀerence
in the chemical potentials of the molecules in the small and in
the large drops, which in its turn is caused by the dependence
of the capillary pressure on the drop size, PC(R). For this
process to occur, the molecules of the dispersed phase should
have some solubility in the continuous phase, thus allowing a
transport through molecular diﬀusion of material from the
small toward the large drops. The process is very important
for foams (due to the relatively high solubility of gases) and for
emulsions containing oils with small molecules, especially
those with high polarity and polarizability (hexane, benzene,
xylene, short-chain PDMS), because of their noticeable solubility in water. The process could be facilitated by surfactant
micelles, which may act as reservoirs and carriers of the
dissolved molecules.
A detailed theoretical model for description of the rate of
the Ostwald ripening process was developed by Lifshitz and
Slyozov139 and Wagner140 (the so-called ‘‘LSW theory’’). After
suﬃciently long times, the LSW theory predicts a quasistationary regime in which the rate of changing the drop size
is described by the expression:
v¼

dR3N 4
¼ bDS1
9
dt

ð30Þ

where RN is the number averaged drop radius, D is the
diﬀusion coeﬃcient of the dissolved molecules, and SN is
the bulk solubility of the dispersed phase in the continuous
phase. The parameter b is deﬁned as:
b¼

2sVM
kB T

ð31Þ

where VM is molecular volume of the dispersed phase. These
equations predict that the rate of ripening depends mostly on
the bulk solubility of the dispersed phase, the interfacial
tension and the drop/bubble size.
The Ostwald ripening in emulsions and foams, stabilized by
surfactants and proteins, was widely studied in the literature.141–149 In the context of the current discussion, the main
experimental observations can be summarized as follows:
(1) The LMM surfactants signiﬁcantly decrease the interfacial tension, thus reducing the driving force of the process.
However, the micelles formed above the critical micelle concentration (CMC) increase the solubility of the dispersed
phase, SN, thus facilitating the process. Due to the relatively
fast adsorption/desorption of the typical surfactants, s can be
considered as constant throughout the entire process, equal to
the equilibrium interfacial tension of the surfactant solution.
(2) The equilibrium interfacial tension for protein-stabilized
emulsions and foams is higher than the interfacial tension for
LMM surfactants, which initially leads to higher capillary
pressure and faster ripening (with all other conditions ﬁxed).
However, due to the high desorption energy of the protein
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molecules, they desorb slowly. As a result, the shrinking of the
small drops and bubbles leads to increased adsorption of
protein on the drop/bubble surfaces, thus reducing the interfacial tension and slowing down the ripening process. No
complete arrest of the Ostwald ripening process has been
reported for proteins.
(3) Particles are able to completely arrest the Ostwald
ripening in foams and emulsions.5,6,149,150 This feature is
particularly important for some food foams, in which the
solid particles (fat globules, mineral particles, or ice crystals)
are essential for ensuring long-term stability of commercial
products, such as mousses and ice-creams.
The available experimental results suggest that the possibility for a complete arrest of the Ostwald ripening by solid
particles is related to their exceptionally high desorption
energy.34–36 For spherical particle with radius a, the energy
for particle desorption from a ﬂuid interface with interfacial
tension s, is:
W ¼ pa2 sð1  jcos ajÞ2

ð32Þ

where a is the contact angle of the particle, measured through
the aqueous phase. This formula shows that the adsorption
energy is proportional to the particle area, W p a2, and that
maximal adsorption energy, W = pa2s is obtained at a = 901.
The numerical estimates for s = 30 mN m1 and a = 901
gives W E 102 kBT, 104kBT and 106kBT for particles with a
radius of 1, 10 and 100 nm respectively. Because this energy
enters in the exponential factor, when considering the kinetic
constant of particle desorption21 all particles with radius larger
than several nanometers adsorb virtually irreversibly on the
ﬂuid interfaces (unless the contact angle is very close to 0
or 1801).
It is worthwhile mentioning that two diﬀerent interfacial
tensions should be distinguished when considering particlestabilized systems. The ﬁrst one (denoted by s throughout the
paper) is the interfacial tension of the oil–water interface,
which is not covered by particles. This interfacial tension does
not depend on the particle adsorption because it is determined
by the properties of the contacting oil and water phases only
(and of the surfactant, if present). Note that even for closepacked, viz. a compressed or even collapsed layer of particles,
the interfacial tension of the menisci between the particles
remains the same as that of the bare oil–water interface. The
second tension (denoted by sA below) is the macroscopic,
apparent interfacial tension of the interface, which is dependent on the surface coverage by particles. It is this interfacial
tension, sA, that appears in all macroscopic mechanical balances involving the drops and bubbles whose surfaces are
covered by particles. For example, sA should be used in all
balances at the structural level of drops and bubbles (i.e. in eqn
(5) and (6)). In contrast, s should be used in all microscopic
considerations of the menisci around the particles in the
adsorption layers and in the ﬁlms. These two interfacial
tensions are interrelated through the two-dimensional surface
pressure of the particle layer, PS(G), which can be determined
experimentally:
sA = s  PS(G)
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(33)

Systematic experiments for determination of the dependence
PS(G) for particle monolayers were performed by using Langmuir trough and pendant drops.23,24,37,66 These experiments
showed that the collapse of the particle monolayers, on both
the air–water and octane–water interfaces, occurs through
folding and corrugations of the interface.23,24,37,66 For the
octane–water interface, these processes occur when PS approaches s.23,24,66 In other words, upon compression and
collapse of the particle layers the apparent interfacial tension,
sA, and the drop capillary pressure, PC = 2sA/R, approach
zero so that the driving force for the Ostwald ripening
disappears.
The requirement to have self-consistent macroscopic and
microscopic descriptions of the curved particle monolayers on
the surface of such drops leads to the conclusion that the local
radii of curvature of the real menisci between the particles
should be equal in magnitude and opposite in sign to cancel
each other, that is, these local menisci have zero mean
curvature, PC = s/(1/R1 + 1/R2) E 0, see Fig. 9. A basic
theoretical consideration of this eﬀect can be found in ref. 151.
Another possibility for obtaining a vanishingly small mean
curvature of the ﬂuid interface was recently described by
Abkarian et al.150 who showed experimentally and theoretically that at appropriate particle-to-bubble size ratio, the
bubbles spontaneously acquire faceted polyhedral shapes with
planar ﬂuid interfaces at the walls. (The experiments66 showed
that the possible eﬀect of the monolayer bending moment is
not detectable and is, therefore, omitted in the current consideration).
The protein molecules are also known to have high adsorption/desorption energies and they are often considered as
irreversibly adsorbing on air–water and oil–water interfaces.152–155 However, the experimental studies of the PS(G)
isotherms for protein layers showed that the collapse pressure
of these layers is lower than the interfacial tension of the bare
oil–water (or air–water) interface.154,156 This result evidences
that, although the desorption of the protein molecules is rather
slow when considering the thermal energy and relatively small
compressions of the layers, the protein molecules can desorb
when compressed under high surface pressures. Indeed, direct
experiments showed that the rate of desorption of protein
molecules can be measured and it signiﬁcantly decreases while
increasing the molecular diameter.154
On the basis of all these results one can conclude that the
main diﬀerences between low-molecular-mass surfactants,
proteins and solid particles, with respect to Ostwald ripening,
can be explained by the diﬀerent size of the respective entities,
which in turn results in diﬀerent desorption rates—relatively
high for surfactants, intermediate for proteins and negligible
for particles. The complete arrest of Ostwald ripening by
particles is thus explained by the fact that the compression
of particle layers, upon shrinking of the drop/bubble surface in
the process of ripening, diminishes the macroscopic (apparent)
interfacial tension, sA - 0 (by creating micro-conﬁgurations
with zero mean curvature of the ﬂuid interface between the
particles), and thus eliminates the driving force of the process.
This analysis suggests that very small, non-aggregated nanoparticles with a radius comparable to that of protein molecules
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Fig. 9 Schematic presentation of the mechanism of Ostwald ripening arrest by solid particles. When the particles form a complete jammed
monolayer due to their very high desorption energy, the diﬀusion of the internal ﬂuid phase to the continuous phase leads to an inward bending of
the ﬂuid interface between the particles, so that the capillary pressure driving the Ostwald ripening disappears.

might be unable to completely arrest the Ostwald ripening,
whereas properly structured molecular aggregates on the
drop/bubble surface might be able to accomplish this task.

4. Conclusions
The performed comparison of the various types of emulsiﬁers
shows that some non-obvious similarities can be outlined in
the cases in which the description of the system can be
performed at the phenomenological level. Appropriate examples are the mass-balance equations, used to predict the mean
drop size in the process of emulsiﬁcation, which are equally
applicable (with simple modiﬁcations) to all types of emulsiﬁers, see eqn (1)–(13) and (23) and Fig. 1 and 3.
The diﬀerences between the emulsiﬁers are signiﬁcant in the
cases in which the detailed mechanisms of adsorption and ﬁlm
stabilization are important. The main speciﬁc features of the
solid particles which control their behavior during emulsiﬁcation and emulsion stabilization are: the high barrier to particle
adsorption, high desorption energy and strong capillary forces
between particles trapped in liquid ﬁlms, which all stem from
the relatively large particle size (as compared to the size of
surfactant and protein molecules). This important size eﬀect
suggests that the small nanoparticles with diameter of 1–5 nm
could exhibit behavior closer to globular proteins (as compared to the bigger solid particles), due to the comparable size
and desorption energy.
The mechanism of stabilization of liquid ﬁlms by solid
particles (in foams or emulsions) is based on capillary
phenomena. The two diﬀerent scenarios of ﬁlm rupture (for
ﬁlms stabilized by a monolayer or bilayer of solid particles) are
brieﬂy presented and the respective capillary pressures for ﬁlm
rupture are discussed. Although the exact calculations of the
shape of the menisci between the particles (needed to calculate
ﬁlm stability) are rather diﬃcult, several simple expressions
can be used for approximate estimates. The concept of the
capillary component of the disjoining pressure, originating
from the capillary mechanism of ﬁlm stabilization by solid
particles, is explained.
The performed comparison of the available results for the
coalescence stability of various emulsions unexpectedly revealed that the hypothesis for exceptionally high stability of
the particle-stabilized emulsions is not supported by the
experimental data. On the other hand, the particles are able
1624 | Phys. Chem. Chem. Phys., 2008, 10, 1608–1627

to completely arrest the process of Ostwald ripening in foams
and emulsions, and this eﬀect can be easily explained with the
high desorption energy of the particles and the resulting
capillary eﬀects.
Most of the conclusions outlined above are equally applicable to both particle-stabilized emulsions and foams. It would
be interesting to see whether the approach based on comparing
the properties of the diﬀerent types of emulsiﬁers could be
extended further to provide useful results for other properties
of the particle-stabilized emulsions (and foams), such as their
rheological and optical properties, and the conditions for
phase inversion. This extension is left for a subsequent study.

Notation
Capital Latin letters
A—dimensionless constants appearing in the equations for the
drop diameter, d
A1—eqn (5)
A2—eqn (6)
AH—Hamaker constant
C—concentration
CEL—electrolyte concentration
CINI—initial emulsiﬁer concentration
CP—concentration of particles
CSER—surfactant concentration left in the aqueous phase
after emulsiﬁcation
D—diﬀusion coeﬃcient of the dissolved molecules, eqn (30)
F—force
F—interaction force between particle and oil–water interface
FMAX—height of the electrostatic barrier between particle
and drop
FT—hydrodynamic force pushing particle to drop surface in
turbulent ﬂow, eqn (19)
FS—hydrodynamic force pushing particle to drop surface in
simple shear ﬂow, eqn (20)
FCF—lateral capillary force between particles trapped in
liquid ﬁlm, eqn (28)
H—height of emulsion column
I—ionic strength
Q—particle charge, eqn (22)
P—pressure
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PC—capillary pressure
PCR
C —maximum capillary pressure that could be resisted by
the ﬁlm before it ruptures (monolayer), Fig. 7B
PMAX
—maximum capillary pressure that could be resisted
C
by the ﬁlm before it ruptures (bilayer), Fig. 7A
hDPT(d)i—statistically averaged ﬂuctuations in the dynamic
turbulent pressure between two points separated at distance, d,
from each other
POSM—osmotic pressure of emulsion
PCR
OSM—critical osmotic pressure, leading to emulsion destabilization
R—drop radius
R32—experimentally measured mean volume–surface
radius
Rp—characteristic radius of the biggest pore in the particle
layer
RN—number average drop radius
SN—solubility of the dispersed phase in the continuous
medium, eqn (30)
T—temperature
V—volume
VM—molecular volume of dispersed phase
U—characteristic velocity of the ﬂow
W—interaction energy between particle and ﬂuid surface,
eqn (21)
WMAX—maximal energy of repulsion
Small Latin letters
a—particle radius
b—interparticle distance in the layer, Fig. 7
d—drop diameter
dD—maximum diameter of stable drops in turbulent ﬂow,
eqn (6) (Davies,62 inertial regime)
dK—maximum diameter of stable drops at negligible eﬀect
of the drop viscosity, eqn (5) (Kolmogorov–Hinze,59,60 inertial
regime)
dKI—group (e2/5s3/5rC3/5) with dimension of length,
eqn (5)
d32—experimentally measured mean volume–surface
diameter
dV95—experimentally measured maximum drop diameter,
95% by volume
e—elementary electrical charge
g—gravity acceleration
gC—centrifugal acceleration
j—surfactant ﬂux to the surface, eqn (13)
h—ﬁlm thickness
hCR—critical ﬁlm thickness, at which the ﬁlm spontaneously
thins down and ruptures
hEQ—equilibrium ﬁlm thickness at given capillary pressure,
Fig. 6C
hMIN—minimal ﬁlm thickness, Fig. 7C
k—numerical parameter in eqn (25) and (26)
kB—Boltzmann constant
n0—electrolyte concentration, in number of ions per unit
volume
t—time
tA—adsorption time, eqn (13)–(15)
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tC—collision time, eqn (11) and (12)
tD—deformation time, eqn (7)–(10)
u—velocity
hu2i—mean square ﬂuctuations in the ﬂuid velocity
Capital Greek letters
F—oil volume fraction
G—adsorption of the emulsiﬁer on drop surface
G*—threshold emulsiﬁer adsorption required for obtaining
stable emulsions (no electrostatic repulsions)
GM—adsorption in a compelete monolayer
P—disjoining pressure
PEL—electrostatic component of disjoining pressure,
eqn (17) and (18)
PVdW—van der Waals component of disjoining pressure
Small Greek letters
a—three-phase contact angle of particle on ﬂuid interface
b—parameter, eqn (31)
e—rate of energy dissipation in the turbulent ﬂow per unit
mass of the ﬂuid [J kg1 s1]
er—dielectric constant
g_ —shear rate during the emulsiﬁcation experiments
fC—meniscus slope angle at the contact line of the particle,
Fig. 7C
jCP—fraction of the surface area covered by adsorbed
particles in complete monolayer
Z—dynamic viscosity
ZC—viscosity of the continuous phase
ZD—viscosity of the dispersed phase
k—Debye screening parameter
cS—surface potential
y*—dimensionless threshold surface coverage, y* = G*/GM
r—mass density
rD—mass density of the dispersed phase
rP—mass density of the particles
rC—mass density of the continuous phase
Dr = (rC  rD)—mass density diﬀerence
s—equilibrium interfacial tension
s(t)—dynamic interfacial tension
Abbreviations
Brij, Brij 58-polyoxyethylene-20 hexadecyl ether
BLG—beta-globulin
CMC—critical micelle concentration of surfactant
IEP—isoelectric point
LMM surfactant—low-molecular- mass surfactant
PDMS—poly(dimethylsilaxane)
RCF—relative centrifugal acceleration, RCF = gC/g
WPC—whey protein concentrate
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