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COLLOIDAL PARTICLES AT LIQUID INTERFACES

Small solid particles adsorbed at liquid interfaces arise in many industrial products and
processes, such as anti-foam formulations, crude oil emulsions and flotation. They act in
many ways like traditional surfactant molecules, but offer distinct advantages. However, the
understanding of how these particles operate in such systems is minimal. This book brings
together the diverse topics actively being investigated with contributions from leading
experts in the field.

After an introduction to the basic concepts and principles, this book is divided into two
sections. The first deals with particles at planar liquid interfaces, with chapters of an exper-
imental and theoretical nature. The second concentrates on the behaviour of particles at
curved liquid interfaces, including particle-stabilised foams and emulsions, and new mate-
rials derived from such systems.

This unique collection will be of interest to academic researchers and graduate students
in chemistry, physics, chemical engineering, pharmacy, food science and materials science.

BERNARD P. BINKS is Professor of Physical Chemistry at the University of Hull.

TOMMY S. HOROZOV is a Research Fellow in the Department of Chemistry at the 
University Hull.

Back cover illustrations (from left to right): Spontaneously formed ordered horizontal
monolayer of 3 µm diameter very hydrophobic silica particles after their spreading at the
silicone oil – water interface. The particle contact angle through water is 170°. Inter-particle
distances are 15.4 � 0.6 µm. Taken from Horozov and Binks, Colloids Surf. A, 267 (2005),
64; with permission from Elsevier.

Spontaneous formation of a crystalline disk of 3 µm very hydrophobic silica particles
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Langmuir, 21 (2005), 2330; with permission from the American Chemical Society.
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with permission from the Nature Publishing Group.
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American Chemical Society.
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Preface

Solid particles of colloidal dimensions (nm–�m) adsorb at fluid interfaces, either
liquid–vapour or liquid–liquid, in many products and processes. Examples include
fat crystals around air bubbles in certain foods, particles of sand or clay partially
coating water drops in crude oil and the selective attachment of mineral particles to
bubbles in froth flotation. The properties of these systems are due in part to the irre-
versible nature of particle adsorption, and such particles behave in many ways like
surfactant molecules. The pioneering work in the area of particle-stabilised foams
and emulsions was conducted by Ramsden and Pickering, respectively, early in the
20th century. During the last 10 years or so, there has been a revival of interest in
this field, and in the behaviour of particles at planar liquid interfaces, and we felt
that it was time to prepare the first book encompassing most of this activity. It is
anticipated that this will be the start of a new series in this rapidly evolving field. 

Following an introductory chapter to the whole area by the editors, the book is
divided into two parts. The first part, dealing with particles at planar interfaces, con-
tains chapters describing simulation and theoretical approaches to the structure, and
dynamics of particle monolayers and how particles can assist with the wetting of
oils on water. The second part, concerned with particles at curved liquid interfaces,
contains chapters on emulsions stabilised solely by particles including mechanisms
of stabilisation, various kinds of particle-stabilised foams (aqueous and metal), 
particle-containing antifoams, and novel materials derived from a range of systems
with interfacial particles. The collection will be of interest to chemists, physicists,
engineers and materials scientists. It should serve as a reference guide for graduate
students and the novice, providing detailed accounts of the current state of research
in the various fields.

vii



We would like to thank all of the contributors to the chapters for their patience
with us and the various staff members at Cambridge University Press for guiding
us through the production stages.

Bernard P. Binks
Tommy S. Horozov
Hull, January 2006
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Colloidal Particles at Liquid Interfaces: 
An Introduction

Bernard P. Binks and Tommy S. Horozov
Surfactant and Colloid Group, Department of Chemistry,

University of Hull, Hull, HU6 7RX, UK

1.1 Some Basic Concepts

Colloidal particles are an intrinsic part of systems in which finely divided matter
(particles) is dispersed in a liquid or gas. Their size usually ranges from 1 nm to sev-
eral tens of micrometres, thus covering a broad size domain.1–3 They are not neces-
sarily solid and examples of “soft” colloidal particles (microgels and bacteria) will
be briefly considered later in this chapter. Colloidal particles, similar to surfactant
molecules, can spontaneously accumulate at the interface between two immiscible
fluids (liquid–gas or liquid–liquid); they are therefore surface active.4 This fact was
realised in the beginning of the last century by Ramsden5 and Pickering6 whose
merit for instigating the field of particles at liquid interfaces will be discussed later.
It is important to emphasise that the surface activity of these particles is not neces-
sarily due to their amphiphilic nature. Solid particles with homogeneous chemical
composition and properties everywhere on their surface (Figure 1.1(a)) can strongly
attach to liquid interfaces and the reason for their surface activity is made clear
below. There is, however, another class of particles with two distinct surface regions

1

Hydrophilic

Hydrophobic

(a) (b) (c)

Figure 1.1 Schematic of (a) homogeneous, (b) heterogeneous or amphiphilic (Janus)
colloidal particles and (c) a surfactant molecule.



with different chemical composition and wetting properties (Figure 1.1(b)). These
so-called “Janus” particles are both surface active and amphipilic7 which makes
them very similar to surfactant molecules (Figure 1.1(c)). This class of amphiphilic
particles will not be considered here. Information about Janus particle design, syn-
thesis and properties can be found in a recent review.8

A key parameter when dealing with solid particles at fluid interfaces is the three-
phase contact angle �. This is the angle between the tangents to the solid surface and
the liquid–liquid (or liquid–gas) interface measured through one of the liquids in
each point of the three-phase contact line where the solid and two fluids meet. An
example for a spherical particle at the oil–water interface is shown in Figure 1.2. We
use the convention to measure � through the more polar liquid (water). The contact
angle depends on the surface free energies (interfacial tensions) at the particle–water,
�pw, particle–oil, �po, and oil–water, �ow, interface according to Young’s equation9

(1.1)

Particles equally wet by both liquids (�po � �pw) have a contact angle of 90°.
Hydrophilic particles are preferentially wet by water (�po � �pw), therefore 0° � �

� 90°, while hydrophobic particles are preferentially wet by oil (�po � �pw), hence
90° � � � 180°.

When particles are very small the contact angle will be influenced by the excess
free energy associated with the three-phase contact line (so-called line tension
effect). Bearing in mind that the theoretical and experimental aspects of the line
tension are well discussed in the literature,10–16 including books12,13 and a recent
review,14 it will be excluded from our considerations for simplicity. The rest of the

cos po pw
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�
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Figure 1.2 Heavy solid spherical particle with radius r and contact angle � in
equilibrium at the oil–water interface levelled at z � 0 far from the particle. The
three-phase contact line with radius rc is depressed at depth zc below the zero
level. Other symbols are defined in the text.



chapter is organised as follows. In the next section, without being exhaustive, some
key issues about the equilibrium position of a single colloidal particle at a planar
fluid interface and the free energy of its detachment to the bulk liquids are pre-
sented. The effect of particle shape is considered in the case of rod- and disk-like
particles. This is followed by a summary of some very recent developments in the
experimental research of particle monolayers at horizontal and vertical fluid inter-
faces and in thin liquid films. The second section, concentrating on particles
adsorbed at curved liquid interfaces, details the important findings on the stabilisa-
tion of emulsions and foams by particles alone, and draws examples from a wide
range of industrially important products and processes.

1.2 Single Particle at a Fluid Interface

1.2.1 Equilibrium position of a solid particle at a horizontal fluid interface

It is very important in many technological processes (see Chapters 6, 8 and 9) to
know the conditions at which a solid particle can stay attached in equilibrium at the
liquid–liquid or liquid–gas interface. The problem for the equilibrium of a solid par-
ticle at a fluid interface has been extensively treated in the literature10,12,13,17–21 often
in relation to the lateral capillary inter-particle forces caused by the deformation of
the fluid interface around two or more floating particles (e.g. see Ref. [13] and ref-
erences therein). This problem can be very difficult in the case of a particle with
complex shape and inhomogeneous surface. Solutions have been obtained for par-
ticles with simple shape and smooth surface (e.g. spheres12,17–21 and cylinders par-
allel to the fluid interface12,17,18) or sharp edges (e.g. disks21 and long prismatic
particles17 parallel to the fluid interface). In the latter case the three-phase contact
line is pinned at the edges and the angle of contact between the fluid and solid inter-
face is not directly defined by equation (1.1). This problem needs a slightly differ-
ent treatment17,21 and will not be considered here. The equilibrium position of a
particle at a fluid interface can be found either by minimising the free energy of the
system12,18,19,22 or by means of a force analysis17–21 setting the net force (and the net
torque) acting on the particle to zero. The advantage of the first approach is that
complex cases (e.g. non-uniform particle wetting, line tension effect, etc.) can be
tackled.12,18,22 In the case of a smooth homogeneous spherical particle considered
below, the force balance approach is equally applicable.17,19–21

For clarity we will consider a solid spherical particle with radius r in equilib-
rium at the oil–water interface when the particle density �p is larger than that of
water, �w, and oil �o (�p � �w � �o, Figure 1.2). In this situation the oil–water
interfacial tension is decisive for keeping the particle attached at the fluid interface.
The general case for arbitrary fluids and densities was considered by Princen.17 Far
from the particle the liquid interface is flat and levelled at z � 0; the z-axis points
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upwards (against gravity) normal to the flat liquid interface. The three-phase con-
tact line (a circle with radius rc) is located at a distance zc below the zero level,
while its position with respect to the particle centre is measured by the angle �c,
hence rc � r sin �c. The deformed fluid interface (the meniscus) meets the particle
surface at angle � � �c � � � 180° measured to the horizontal level. At equilib-
rium the net force acting on the particle must be equal to zero. Due to the symmetry
the net torque is zero. For the same reason only the vertical force balance (in the 
z-direction) has to be considered. There are three forces which are involved: the
particle weight, mg (m is the particle mass, g is the acceleration due to gravity) act-
ing downwards, the vertical capillary force F� due to the vertical component of the
oil–water interfacial tension, �ow sin(�c � �) acting upwards at the contact line
with length 2�r sin �c and the vertical resultant of the hydrostatic pressure distri-
bution around the entire particle, Fp, acting also upwards. The other two interfacial
tension forces (�po and �pw) depicted in Figure 1.2 must not be included in the
force balance because they cannot be considered as external to the particle forces
(e.g. see Ref. [13, p. 92]). At equilibrium we have

F� � Fp � mg (1.2)

The vertical capillary force is

F� � �2�r�owsin �c sin(�c � �) (1.3)

Fp can be obtained by integrating the hydrostatic pressure distribution around the
entire particle surface. The result can be written in the form20

Fp � �wVpwg � �oVpog � (�w � �o)gzc Ac (1.4)

where Vpw � �r 3(2 � 3cos �c � cos3�c)/3 and Vpo � 4�r3/3 � Vpw are the particle
volumes immersed in water and in oil, respectively and Ac � �(r sin �c)

2 is the area
of the contact line circle. The first two terms on the right hand side of equation (1.4)
are the buoyancy (Archimedes) forces, while the last term accounts for the add-
itional hydrostatic pressure due to depression of the liquid interface below the zero
level (zc � 0). The mass of a spherical particle is m � �p4�r3/3. Bearing this in
mind, substitution of equations (1.3) and (1.4) in the force balance equation (1.2)
after some rearrangement yields17,19–21

(1.5)

where B � (�w � �o)r
2g/�ow is a dimensionless parameter (the Bond number). In the

considered case of a heavy particle (�p � �w � �o), F� must always act upwards,
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therefore �c � � 
 180°, �c � 180°. Hence, the left hand side of equation (1.5) is
restricted in the range �1 � sin �csin(�c � �) � 0. The same should apply to the
right hand side of equation (1.5). Obviously, equation (1.5) cannot be solved if B is
too large, i.e. the particle is too big or too dense. In this case the particle cannot be
supported by the fluid interface and will sink in water. To find the critical particle size
and density below which the particle can stay attached to the fluid interface at given
�, �ow, �w and �o is very important for the flotation of minerals considered in Chapter
9. This can be done by solving equation (1.5) if the dependence of zc on B, �c and � is
known. The latter can be found by solving the Laplace equation of capillarity

(1.6)

where z� � dz/dl and z� � d2z/dl2 are the first and second derivatives with respect
to the radial distance l 
 rc measured from the particle centre in the plane z � 0.
The two terms in the square brackets are the reciprocals of the principle radii of
curvature of the fluid interface, while the right hand side of the equation is the pres-
sure difference across the interface. In the considered case of a circular contact line
equation (1.6) has no closed analytical solution and has to be solved numeri-
cally12,13,19 but approximate analytical solutions are available (see Chapter 2 in
Ref. [13]). It is worth noting that the deformation of the fluid interface extends to
a distance comparable to the capillary length 1/��(�w �����o)�g/��ow� which is usually
much larger than the particle size (the capillary length for the pure water–air sur-
face is �2.7 mm). Therefore when two or more particles are attached to the fluid
interface and their menisci overlap a long-range lateral capillary force between
particles appears13,23,24 and can be attractive (when both menisci are depressed or
elevated) or repulsive (when depressed and elevated menisci overlap). Directed
self assembly of particles at fluid interfaces due to these type of forces is con-
sidered in Chapter 7.

When B tends to zero the left hand side of equation (1.5) must also approach
zero and �c � � � 180°, thus � � 0°. Hence, for a sufficiently small particle, the
deformation of the fluid interface caused by the gravity is very small and can be
neglected. In this case the fluid interface can be considered as flat up to the three-
phase contact line as shown in Figure 1.3(a). In the case of the air–water surface
this is fulfilled for floating particles with radius smaller than �5 �m when the 
lateral capillary force is negligible.13 Deformation of the fluid interface around
small spherical particles could exist, however, for reasons different to gravity such
as non-uniform wetting of the particle surface.25,26 The asymmetric electric field
around a charged particle at the interface between fluids with very different relative
permittivities, �, e.g. water (� � 80) and air (� � 1) or oil (� � 2 for alkanes), could

g r row wz z z z l� � � � � � � �� � �( ) ( ) (1 12 2 13
2

1
2′⎡

⎣⎢
⎤
⎦⎥ oo )gz
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also generate a deformation of the fluid interface as suggested recently.27,28 The
role of these deformations in particle interactions at fluid interfaces is discussed in
Chapter 3. Deformation of the fluid interface may also arise around a non-spherical
small particle.29,30 An example for such a deformation around an ellipsoidal particle
at a fluid interface is shown in Figure 1.4.

1.2.2 Free energy of particle detachment from a planar fluid interface

When a small spherical particle at a planar undeformed oil–water interface is in its
equilibrium state “1” (Figure 1.3(a)) the surface free energy of the system, G(1) is
minimum and is given by the equation

G(1) � �owA(1)
ow � �pwA(1)

pw � �poA(1)
po (1.7)

6 Colloidal Particles at Liquid Interfaces: An Introduction
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Figure 1.3 Small solid spherical particle with radius r and contact angle �
(a) attached to a planar oil–water interface in its equilibrium state “1” and (b) after
its detachment into oil in state “2”.

Figure 1.4 Possible interfacial profile around an ellipsoidal particle with contact
angle 45°, aspect ratio a/b � 4 and both short axes equal to 2.52 �m oriented with
its long axis parallel to the fluid interface. Taken from Ref. [30]; with permission
of the American Physical Society.



where A(1)
ow is the area of the oil–water interface, A(1)

pw and A(1)
po are the respective

areas of the particle–water and particle–oil interfaces whose sum equals the total
surface area of the particle Ap

A(1)
pw � A(1)

po � Ap (1.8)

In this state the depth of immersion of the particle in water, hw (thereby the depth
of immersion in oil, ho � 2r � hw) is directly related to the contact angle by the
expression

hw � r(1 � cos �) (1.9)

Therefore this equation can be used for calculating the particle contact angle from
the measured value of hw if r is known.31–33 If we move the particle from its equi-
librium position towards either of the bulk phases by applying some small external
force, equation (1.9) will be violated since Young’s equation must be satisfied (� is
fixed). Hence, the fluid interface in the new position of the particle after its move-
ment will be deformed. To calculate the change of the surface free energy, 
G, in
this case is not an easy task, since the Laplace equation of capillarity (equation
(1.6)) has to be solved, and the approach used by Rapacchietta and Neumann19 has
to be followed. However, if the particle in its final state is detached from the fluid
interface and is fully immersed in one of the liquids (Figure 1.3(b)) the calculation
of 
G is straightforward. If the particle after its detachment is in the oil, the surface
free energy of the system G(2)

o corresponding to the final state “2” is

G(2)
o � �owA(2)

ow � �poA(2)
po (1.10)

where A(2)
ow is the area of the flat oil–water interface after the detachment and

A(2)
po � Ap. Subtracting equation (1.7) from equation (1.10) and taking into account

equations (1.1) and (1.8), the following expression for the free energy of particle
detachment into oil, 
Gdo is obtained


Gdo � �ow(Ac � A(1)
pwcos �) (1.11)

where Ac � A(2)
ow � A(1)

ow is the area of the oil–water interface occupied by the parti-
cle when it is attached at the fluid interface. A similar derivation leads to the fol-
lowing expression for the free energy of particle detachment into water 
Gdw


Gdw � �ow(Ac � A(1)
po cos �) (1.12)

By means of equations (1.8) and (1.12), equation (1.11) can be expressed in the form


Gdo � 
Gdw � �owAp cos � (1.13)

Single Particle at a Fluid Interface 7



that gives the relation between the two free energies of particle detachment. It is obvi-
ous that the detachment of a hydrophilic particle (cos � � 0) into oil needs more
energy than into water (
Gdo � 
Gdw), while for the detachment of a hydrophobic
particle (cos � � 0) the opposite is true (
Gdo � 
Gdw). This is important for under-
standing the stabilisation of emulsions by solid particles (see Chapter 6). It is also seen
that at � � 90° both energies are equal to each other. The minimum energy required
for particle detachment irrespective into which of the bulk phases, 
Gd (called simply
the free energy of particle detachment) can be written as

(1.14)

where 
Gdw and 
Gdo are given by equations (1.12) and (1.13) (or (1.11)), respect-
ively. The respective free energies of particle attachment to the fluid interface are
given by the same equations taken with the opposite sign. The above equations
((1.8), (1.10)–(1.14)) are written in a rather general form. They depend on the par-
ticle shape implicitly through the respective areas. Therefore they are valid for any
shape of the particle if the fluid interface can be considered flat up to the particle sur-
face. Some special cases which satisfy the latter requirement are considered below.

1.2.2.1 Spherical particle

In this case the three-phase contact line is a circle with radius rc � r sin � dividing the
particle surface (with area Ap � 4�r2) into two spherical caps, so that Ac � �(r sin �)2

and A(1)
pw � 2�r2(1 � cos �). With these expressions equations (1.12) and (1.13)

yield


Gdw � �r2�ow(1 � cos �)2 (1.15a)


Gdo � �r2�ow(1 � cos �)2 (1.15b)

These equations were derived by Koretsky and Kruglyakov34 and later by
others.35,36 In view of equation (1.14) they can be combined to give


Gd � �r2�ow(1 � |cos �|)2 (1.16)

Therefore, the minimum energy needed to detach a spherical particle from the
oil–water interface rapidly increases with particle size (as r2). The free energies of
particle detachment calculated by equations (1.15) and (1.16) with r � 10 nm and
�ow � 50 mN m�1 are plotted against the contact angle in Figure 1.5. It is seen that
the free energy of particle detachment into water (squares) is smaller than that into
oil (circles) for hydrophilic particles (� � 90°). The opposite is true for hydropho-
bic particles (� � 90°). The (minimum) energy of particle detachment, 
Gd

(the line) increases from zero with an increase of the contact angle, reaches its
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maximum at � � 90° and then decreases to zero at � � 180°. Except for very small
and very large contact angles, 
Gd is much greater than the thermal energy kT (the
Boltzmann constant, k times the temperature, T ). At contact angles around 90°
even nanoparticles can be trapped at the fluid interface with energy which is sev-
eral orders of magnitude greater than kT and sufficient to make their attachment
irreversible. This is in sharp contrast to surfactant molecules, which can adsorb and
desorb,4 and makes certain particles superior stabilisers of emulsions (Chapter 6)
and foams (see later in this chapter).

The energy of particle attachment to the fluid interface, 
Ga � �
Gd, is nega-
tive for all contact angles (except for the extremes), hence the particle attachment
is thermodynamically favourable (this might not be true in the case of small parti-
cles and positive line tension acting to contract the contact line10,11). Therefore col-
loidal particles with chemically homogeneous surfaces can spontaneously attach to
fluid interfaces and are surface active. The reason is that part of the fluid interface
with area Ac is removed (see equations (1.11) and (1.12)). 
Ga and 
Gd for
nanoparticles with contact angles close to 0° or 180° can be comparable to the ther-
mal energy. Such particles can exhibit a reversible attachment–detachment behav-
iour (similar to surfactants) which has been demonstrated by elegant experiments
described later.

The above equations are also applicable for particles at spherically curved oil–water
interfaces (drops), if the particle radius is much smaller than the drop radius. This case,
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Figure 1.5 Free energy of detachment of a spherical particle into water (squares)
and into oil (circles) calculated by equations (1.15) (a) and (b) with r � 10 nm and
�ow � 50 mN m�1 versus particle contact angle �. The line is drawn according to
equation (1.16).



which is relevant to particle-stabilised emulsions, has been considered in Refs. [37]
and [38] where more precise equations are obtained.

1.2.2.2 Non-spherical particles

In the case of non-spherical particles, the respective areas involved in equations
(1.8), (1.10)–(1.14) will depend on at least two geometrical parameters character-
ising the particle dimensions (e.g. for rods these are the rod radius and length).
Therefore the detachment energy will depend on the particle orientation and at
least two characteristic sizes. This opens up the question of how to compare the
free energies of detachment of particles with different shapes. The comparison can
be done in different ways (e.g. by keeping constant one of the particle sizes or the
total particle area15). A suitable way of comparison seems to be at constant parti-
cle volume. This makes sense because it is related to the answer to the question:
how will the free energy of detachment of a particle with contact angle � change if
we re-shape it keeping its volume constant? This question is answered below in the
case of two smooth bodies: a rod-like particle with rounded hemispherical ends
and a rounded disk-like particle (Figure 1.6). They are both shapes of revolution
with long and short semi-axes a and b, respectively. We will assume that the particles
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Figure 1.6 Non-spherical particles with contact angle � � 45° attached to a pla-
nar oil–water interface in the case of (a) a rod-like particle with hemispherical
ends and (b) a rounded disk-like particle; (c) cross section along their long semi-
axis, a; (d) cross section of the rod-like particle along its short semi-axis, b.



are attached to a planar oil–water interface with their long axis parallel to the fluid
interface. In this configuration the fluid interface is flat everywhere, hence equa-
tions (1.8), (1.10)–(1.14) can be applied. The additional restriction for the con-
stancy of the particle volume, Vp reads

(1.17)

where Vsphere is the volume of a spherical particle with radius r.
The volume of a rod-like particle with hemispherical ends, Vrod is

(1.18)

This equation combined with equation (1.17) allows one to express b as a function
of the aspect ratio a/b and r as

(1.19)

Note that due to the volume constraint b is always smaller than r because a/b � 1.
At a/b � 1 the rod turns into a sphere with radius b � r. Simple geometry gives the
following expressions for the cross-sectional area, total area and the area of the
attached particle in contact with oil, respectively

(1.20)

(1.21)

(1.22)

Substitution of equations (1.20)–(1.22) into equations (1.12) and (1.13) yields the
following expressions for the free energies of detachment of a rod-like particle into
water and into oil, respectively

(1.23)

(1.24)
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where b is given by equation (1.19). The (minimum) free energy of detachment writ-
ten in the form of equation (1.14) is

(1.25)

For a given �ow and r (i.e. at fixed particle volume) equation (1.25) gives the depend-
ence of the free energy of detachment on the particle aspect ratio and contact angle. It
is plotted versus the contact angle in Figure 1.7 at a/b � 2.5 (dotted line) and compared
to that of a spherical particle (dashed line) with the same volume. Both curves have
similar shapes with a characteristic maximum at � � 90°, however 
Gd,rod is always
greater than 
Gd,sphere except at � � 0° or 180°, where both energies are equal to zero.
Hence, rod-like particles with rounded ends oriented parallel to the fluid surface are
held at the oil–water interface stronger than spherical particles with the same volume.

In the case of a rounded disk-like particle, the particle volume Vdisk is

(1.26)

The respective expression for b(a/b, r) obtained from equation (1.26) and (1.17) is

(1.27)b r
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Figure 1.7 Free energy of particle detachment versus contact angle � in the case of
spherical (dashed line, equation (1.16)), rod-like (dotted line, equation (1.25)) and
disk-like (full line, equation (1.33)) particles with one and the same volume equal to
4.19 � 103nm3. The other parameters are �ow � 50 mN m�1, r � 10 nm and aspect
ratio of the non-spherical particles a/b � 2.5.



and the respective areas are

(1.28)

(1.29)

(1.30)

Combining the area equations with equations (1.12) and (1.13) gives expressions
for the free energies of detachment of a rounded disk-like particle into water and
into oil which are

(1.31)

(1.32)

where b is given by equation (1.27). Finally, the equation for the free energy of
disk-like particle detachment, 
Gd,disk is

(1.33)


Gd,disk calculated with the same parameters as 
Gd,rod is also plotted in Figure 1.7
(full line) for comparison. It is seen that its dependence on the contact angle is similar
to that for a sphere and rod with rounded ends. However 
Gd,disk is largest, hence at
any contact angle different to 0° or 180° the following relation is valid 
Gd,disk �


Gd,rod � 
Gd,sphere. Since the planar orientation of the non-spherical particles con-
sidered here is the most energy favourable,15,16 the obtained results suggest that the
driving force for attachment (i.e. the energy gained after attachment) of the particles
decreases in the order disk � rod � sphere. Hence, re-shaping spherical particles into
rod- or disk-like particles with the same volume can improve their attachment to
fluid interfaces. This is even better seen in Figure 1.8 where the detachment energy
of rod- and disk-like particles scaled with that of a spherical particle is plotted
against the contact angle. Although the deviation of particle shape from that of a
sphere is fairly small (see the inset) at the considered aspect ratio (1.25) it has clear
impact on the free energy of detachment which is more significant at low and high
contact angles. This effect increases at larger aspect ratios (Figure 1.9). For instance,
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Figure 1.9 Free energy of particle detachment versus aspect ratio of rod-like
(dashed lines) and disk-like (full lines) particles with the same volume equal to
4.19 � 103nm3. The lines are calculated for three different contact angles by equa-
tions (1.25) and (1.33), respectively with �ow � 50 mN m�1 and r � 10 nm.
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Figure 1.8 Free energy of particle detachment relative to the case of a spherical
particle (1, base line) versus contact angle � for rod-like (2, dotted line) and disk-
like (3, full line) particles with the same volume equal to 4.19 � 103nm3. The
other parameters are �ow � 50 mN m�1, r � 10 nm and aspect ratio of the non-
spherical particles a/b � 1.25. The inset shows the respective cross sections of the
particles along their long semi-axis a.



spherical particles with radius 10 nm and contact angle of 8° can hardly attach to the
oil–water interface since their free energy of detachment is very small (�0.4 kT).
However, rounded disk-like particles of the same volume and material are held at the
fluid interface with a rather significant energy of �10 kT at aspect ratios �2. This
might be advantageous when stabilisation of emulsions and foams by solid particles
is pursued. Hence, the effect of particle shape on the free energy of particle detach-
ment/attachment demonstrated here might be of significant practical importance.

1.3 Particle Monolayers at Horizontal and Vertical Liquid Interfaces

The structure and stability of particle monolayers at horizontal air–water and oil–
water interfaces have been extensively investigated during the last two decades 
(see Chapters 2 and 3). Such studies can help in understanding the stabilisation of
emulsions (Chapters 5, 6 and 8) and foams (Chapters 9–11) by colloidal particles and
can be useful for fabricating novel materials (Chapter 7), therefore they are of signif-
icant practical importance. Horizontal particle monolayers are often used as model
systems for studying colloidal aggregation since particle locations and their evolution
can be detected easier in two rather than in three dimensions by optical microscopy.
Certain spherical particles, however, self-organise into well-ordered two-dimensional
crystal structures with very large separations between particles instead of forming
aggregates. This particle behaviour is attributed to long-range electrostatic interac-
tions between dipoles and/or charges (monopoles) at that part of the particle surface
which is in contact with oil or air. These and other types of interactions are considered
in detail in Chapter 3. Here we will briefly describe some very recent developments in
the experimental research of particle monolayers at fluid interfaces relevant to the
repulsive monopolar Coulomb interactions through the non-polar fluid (oil or air).
The results that follow are also a good illustration of the effect of particle hydropho-
bicity on the monolayer structure and particle interactions discussed in the following
two chapters.

The asymmetric disposition of particles at fluid interfaces (see Figure 1.3(a)) makes
their interactions significantly different from those in the bulk. Particles attached to the
water–oil (air) interface interact with each other through both fluid phases of remark-
ably different polarity. This can result in long-range electrostatic repulsion mediated
through the non-polar fluid with low relative permittivity, thus causing crystallisation
of particle monolayers (see Chapters 2 and 3). Recently, Aveyard et al. suggested that
strong long-range repulsion between latex particles at the non-polar oil–water interface
can arise as a result of small amounts of charge located at the particle–oil surface.32,39

This was further supported by experiments with monodisperse silica particles at hori-
zontal water–oil interfaces.40 It was shown that the particle hydrophobicity has a dra-
matic effect on the particle interactions resulting in an order–disorder transition in the
monolayers when the particle contact angle was decreased.40
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More recently, the effect of pH and electrolyte added to the aqueous phase on the
structure of horizontal monolayers of hydrophilic (� � 65°) and very hydrophobic
(� � 152°) monodisperse silica particles (3 �m in diameter) was studied.41–43 The
effect of electrolyte on the monolayer structure at the octane–water interface at ambi-
ent pH � 5.6 has been demonstrated41 (Figure 1.10). Disordered, aggregated mono-
layers of hydrophilic silica particles have been observed both in the absence and in the
presence of NaCl in the water ((a), (c)).41 Without electrolyte loose aggregates of par-
ticles separated at �1.5 particle diameters were detected (a). They changed into dense
aggregates of close-packed touching particles by adding fairly small amounts of NaCl

16 Colloidal Particles at Liquid Interfaces: An Introduction

(a) (b)

(c) (d)

Figure 1.10 Images of horizontal silica particle monolayers at the octane – water
interface: (a) and (b) without added electrolyte, (c) with 10 mM and (d) 100 mM
NaCl in water 1 h after their formation. Particle diameter is 3 �m and their contact
angles measured through the water are: (a) and (c) 65°, (b) and (d) 152°. All scale
bars are 25 �m. Images (a)–(c) are taken from Ref. [41]; with permission of the
American Chemical Society and image (d) is taken from Ref. [43]; with permission
of Wiley-VCH.



(10 mM) to the water (c). It was concluded that the repulsion between hydrophilic 
particles is weak and mediated mainly through the water phase.41 In contrast, very
hydrophobic particles at the octane–water interface are well separated and ordered in
a hexagonal lattice in the absence of NaCl (b).41 In a separate study43 the same very
hydrophobic particles gave well-ordered monolayers at inter-particle distances larger
than 50 �m (�16 particle diameters) even when 100 mM NaCl was present in the
water phase (d). This confirmed previous findings40 that the repulsion between very
hydrophobic silica particles is very long ranged and mediated through the oil phase,
since the electrostatic repulsion through the water is totally suppressed at such high
electrolyte concentration. Similar well-ordered monolayers of very hydrophobic silica
particles at large separations have been obtained at the silicone oil–water and air–water
interfaces (Figure 1.11).42 Some aggregates were formed during the formation of the
monolayers by spreading but their number and size remained practically unchanged
for hours. Lowering the pH to 2 did not affect the ordered monolayer structure at the
air–water surface, (b), although the silica surface in contact with water is uncharged at
such conditions (the point of zero charge for silica is at pH 2–3).44 Ordered silica par-
ticle monolayers at octane–water41 and silicone oil–water42 interfaces were also stable
towards aggregation at pH � 2.7 confirming the previous conclusion that the long-
range repulsion is mediated through the non-polar fluid.

All reported results for very hydrophobic silica particle monolayers at horizontal
oil–water 40,41,43 and air–water42 interfaces are consistent with Coulomb repulsion
through the non-polar fluid due to charges at the particle–oil (air) surface. This is sup-
ported by the recent experiments with silica particle monolayers at vertical fluid inter-
faces.41,42,45 The experimental setup shown in Figure 1.12 was constructed45 and used
for studying particle monolayers at vertical oil–water41,42 and air–water42 interfaces.
In these experiments a dilute horizontal monolayer at the fluid interface in the cuvette
was formed by spreading silica particles using 2-propanol. Then the monolayer
was traversed by a circular frame made of glass or PTFE, poly (tetra fluoroethylene).
The glass frame was lifted up from the water into the oil (air) and very thick water
films in oil (air) (thicker than 200 �m) with dilute particle monolayers at their sur-
faces were formed.42,45 Alternatively,41,45 the PTFE frame was immersed from oil
into water forming a very thick oil film in water. The evolution of the monolayer
structure at one of the vertical film surfaces was observed from the side by a micro-
scope. Images were captured by the CCD (charge-coupled device) camera, recorded
by a VCR (video cassette recorder) and processed by a computer. A dramatic effect of
silica particle hydrophobicity on the monolayer structure was observed41,45 (Figure
1.13). It was found that the particles with contact angles �99° sediment giving well-
ordered arrays of close-packed particles at the bottom and a bare octane–water inter-
face at the top (a). In contrast, very hydrophobic silica particles do not sediment
appreciably at vertical octane–water interfaces, (b), and remain very repulsive. The
results were analysed with a simple two particle model considering the sedimentation
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equilibrium as a balance between the long-range electrostatic repulsion through the
oil, the gravity force and the capillary attraction due to deformation of the fluid inter-
face around particles caused by the non-uniform wetting.41 A reasonable value of
14 �C m�2 for the charge density at the particle–octane surface was found for the
most hydrophobic particles with � � 152°. The surface charge density for particles
with contact angles �99° was estimated to be �5 times lower,41 consistent with the
rather sharp order–disorder transition in monolayer structure.40 The same approach has
been used for studying the two-dimensional sedimentation of very hydrophobic silica
particles at vertical air–water and silicone oil–water interfaces.42 It was found that the
charge density at the particle surface in contact with air is about two times smaller than
that in contact with silicone oil, in accord with the results obtained in Ref. [28] for a
similar system using a totally different approach.
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(a)

(b)

Figure 1.11 Images of horizontal silica particle monolayers at the air–water sur-
face at pH equal to (a) 5.6 and (b) 2.0 one h after their formation. Particle diame-
ter is 3 �m and the contact angle measured through the water is 105°. The scale
bar is 50 �m. Taken from Ref. [42]; with permission of Elsevier.
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Figure 1.12 Experimental setup for studying particle monolayers at vertical fluid
interfaces and in thin liquid films: (a) general scheme, (b) side view and (c) front
view cross sections of the frame for water films. The frame for oil films has the
same geometry and size, but the glass ring is replaced by a PTFE ring; the steel
needle is straight and mounted at the upper wall of the ring. Taken from Ref. [45];
with permission of the American Chemical Society.



These findings raise the interesting question as to the origin of the electric charge
at the particle–non-polar fluid surface. It is still enigmatic although mechanisms for
charging of solids in the bulk of non-polar liquids have been proposed in the litera-
ture.46–48 The chemical and topological structure of the silica surface could be import-
ant for charging the solid. Water (which is a major component of the systems studied)
might play a very significant role in charging of the particle surface in contact with the
non-polar fluid (see Refs. [46,47] and Chapter 3). The above results also demonstrate
that studies of vertical monolayers can provide valuable information about the prop-
erties of the colloidal particles and their interactions at fluid interfaces.

1.4 Thin Liquid Films with Particle Monolayers at Their Surfaces

The role of the thin liquid film between colliding emulsion droplets in the presence
of surfactant is well recognised and extensively studied.49,50 Much less is known
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(a) (d)

(b)

(c)

Figure 1.13 Images of silica particle monolayers at a vertical octane–water interface
1 h after their formation in a circular frame with diameter 6.2 mm. The images are
taken: (a) and (d) at the bottom, (b) top and (c) middle of the frame. Particle diam-
eter is 3 �m and their contact angles measured through the water are (a) 65° and
(b)–(d) 152°. The scale bar is 50 �m. Taken from Ref. [41]; with permission of the
American Chemical Society.



about the properties of films with particle monolayers at their surfaces which are
relevant to the stability of particle-stabilised emulsions and foams. Some interesting
but rather restricted studies dealing with emulsion films formed between particle-
laden drops and planar monolayers were recently reported51,52 and are discussed in
Chapter 5. Very recently, a systematic study of emulsion films with silica particle
monolayers at their surfaces was published by Horozov et al.45 where the effect of
particle contact angle and surface coverage on the structure and stability of water
films in oil (o–w–o) and oil films in water (w–o–w) were investigated. The main
findings are very relevant to particle-stabilised emulsions considered in Chapter 6,
and will be briefly summarised here.

The experimental setup used in Ref. [45] was already described in the previous sub-
section (Figure 1.12). The very thick films with particles at their surfaces formed
in the glass frame (for water films) or PTFE frame (for oil films) after crossing the
octane–water interface were forced to thin by sucking liquid out of the meniscus using
the syringes. Monodisperse silica particles (3 �m in diameter) hydrophobised to dif-
ferent extents were used. Their contact angles (through water) at the octane–water
interface, measured on glass slides hydrophobised simultaneously with the particles,
were in the range 65°–152° (see Table 1.1). The experimental results showed some
similarities but also distinct differences in the thinning behaviour of water (o-w-o) and
oil (w-o-w) films with dilute particle monolayers at their surfaces. Stable o-w-o films
were obtained only when particles with � � 90° were used, whereas w-o-w films were
stable only in the case of very hydrophobic particles (� �� 90°). In both cases some of
the particles bridged the film surfaces at the final stages of the film thinning but the par-
ticle behaviour during the film thinning and the structure of the resulting thin films
were remarkably different (Figure 1.14). Hydrophilic particles were expelled out of the
centre of the thinning water film. Some of them were spontaneously attached to both
film surfaces forming a ring of bridging particles at the film periphery, (a). As a result
the central thinnest region of the water film became unprotected and therefore more
vulnerable to rupture. In contrast, very hydrophobic particles were not expelled out of
the oil film centre during its thinning. This was attributed mainly to the strong Coulomb
repulsion between particles opposing the hydrodynamic drag force. A dense bridging
monolayer (crystalline disk) was formed spontaneously in the thinnest central part of
the oil film which strongly increased its stability against rupture, (b). The driving force
bringing particles together to give a dense crystalline disk is the capillary attraction
between adjacent bridging particles caused by the curved menisci of the fluid interface
formed when the particles became attached to both film surfaces13 (see also Chapter 7,
Figure 7.18). Emulsion films with close-packed particle monolayers at their surfaces
were also studied. It was found that both water films with hydrophilic particles and oil
films with very hydrophobic ones were very stable. The results are summarised in
Table 1.1. They are in agreement with the findings described in Chapter 6 in that
hydrophilic particles can give stable oil-in-water (o/w) emulsions (i.e. stable o-w-o
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films), whereas hydrophobic ones give water-in-oil (w/o) emulsions (i.e. stable w-o-w
films). It was hypothesised that the hydrophobic particles could be a more effective
stabiliser than the hydrophilic ones because they can make stable films at lower
surface coverage. The latter was confirmed experimentally by Horozov and Binks
very recently.43
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Table 1.1 Stability of water films in octane and octane films in water stabilised by 
silica particles. Unstable films break during their formation or several seconds later.
Stable films survive for up to �30 min, while those denoted as “very stable” live more
than 1 h. Taken from Ref. [45]; with permission of the American Chemical Society.

Contact 
Film surfaces with dilute monolayers Film surfaces with dense monolayers

angle/° Water films in oil Oil films in water Water films in oil Oil films in water

65 � 3 Stable (ring Unstable Very stable Unstable
formation)

85 � 2 Stable (ring Unstable Stable Unstable
formation)

99 � 2 Unstable Unstable Unstable Unstable
152 � 2 Unstable Very stable Unstable Very stable

(crystallisation)

(a) (b)

Figure 1.14 Images of: (a) a water film in octane with a ring of bridging hydro-
philic particles (� � 65°) and (b) an octane film in water with a disk of bridging
hydrophobic particles (� � 152°) formed spontaneously during film thinning. The
hydrophilic particles outside the ring sediment with time (a) but the hydrophobic
ones outside the disk do not sediment significantly (b). The scale bar is 50 �m.
Taken from Ref. [45]; with permission of the American Chemical Society.



1.5 Particle-Stabilised Curved Liquid–Liquid 
Interfaces Including Emulsions

Since a number of reviews have appeared recently in the areas of emulsions and
foams stabilized solely by solid particles,4,53–56 the purpose of the next two sections
is to highlight some very recent findings and to discuss briefly some other fields not
commonly thought of in terms of having particles at fluid interfaces. The use of
solid particles alone to stabilise mixtures of oil and water in the form of emulsions
seems to be credited to Pickering,6 and the phrase “Pickering emulsions” has been
coined for many years. Pickering published his first work in this area in 1907, and
in the abstract he writes that “the subject had already been investigated by Ramsden
[in 1903], but his work, unfortunately, did not come under the notice of the writer
until that here described had been completed. It is satisfactory to find, however, that
Ramsden, pursuing a different line of enquiry, should have arrived at an explan-
ation of emulsification which is essentially the same as that given here”. Given this
honesty, it is then strange why such emulsions were not termed “Ramsden emul-
sions”. The writer suspects that some of those later scientists did not actually obtain
a copy of Pickering’s paper, relying on previous citations to it, and hence were
unaware of Ramsden’s contribution, as acknowledged by Pickering. It seems appro-
priate to redress the balance here.

It may be that Ramsden’s paper5 is the first which mentions not only the sta-
bilisation of emulsion drops by solids but also that of bubbles (in foams) too. The
paper is entitled “Separation of Solids in the Surface-layers of Solutions and
‘Suspensions’ (Observations on Surface-membranes, Bubbles, Emulsions, and
Mechanical Coagulation).-Preliminary Account”. In an obituary of Ramsden,
Peters57 wrote “the latter work is not as well known as it should be and has a pioneer
relationship to some modern protein film work”. In the paper, a summary of the find-
ings of many experiments is given on the spontaneous formation (by agitation) of
solid or highly viscous coatings on the free surfaces (i.e. air–water) of protein solu-
tions. Similar coatings of solid matter occur on the free surfaces of a large number of
non-protein-containing colloidal dispersions, of fine and coarse suspensions and at
the interfaces of every pair of liquids (i.e. oil–water) capable of forming persistent
emulsions. In one case quoted, “. . .a bubble of air can be seen to pick up the parti-
cles in suspension as it passes through the liquid, and to retain them obstinately when
it reaches the surface and comes to rest, so that the bubble becomes thickly coated
with solid particles, . . .”. It was also mentioned that every solution capable of form-
ing moderately persistent bubbles yielded solid or highly viscous mechanical surface
aggregates. It was demonstrated that “. . .an actual solid membrane forms around the
globules of several persistent emulsions, and at the contact interfaces of several
pairs of liquids capable of forming persistent emulsions”, and that “. . .persistently
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deformed sharply angular and grotesque shapes of the emulsified globules” were
produced. Although the paper contains no figures, it is clear from the text that
Ramsden reported both foam and emulsion stabilisation by solid particles.

Walter Ramsden, M.A., M.D., (Figure 1.15) was born in 1868 in Saddleworth,
Yorkshire (UK) and was the son of a physician. He went to Keble College, Oxford
obtaining 1st Class Honours in Physiology in 1892. He was Radcliffe Travelling
Fellow from 1893 to 1896, during which time he studied at Zurich and Vienna and
finally at Guy’s Hospital (London) taking his final M.D. in 1902. Never married and
never in medical practice, he devoted himself to teaching and research. In 1899 he
was elected at Pembroke College, Oxford to the Sheppard Medical Fellowship
which he held to the end of his life in 1947. He became Lecturer in the Department
of Physiology and held the post until 1914. He was a founder member of the
Biochemical Society. In 1914, Ramsden went to the University of Liverpool to
become Johnston Professor of Biochemistry. Colleagues mentioned the “charm of
his old-world courtesy” and claimed that “at Liverpool, the University and the med-
ical school felt him to be a rare and distinguished possession”.58 He retired from
there in 1931 to devote his remaining years to research in Oxford. There he worked
in the Department of Pathology and, from 1937, in the Department of Biochemistry.
He pursued his research on proteins from the silkworm and on liquid surface phe-
nomena. Those who knew him early in his career, and appreciated his brilliant skill
as an experimenter in the field of surface chemistry, were disappointed that his early
promise did not materialise with sufficient solidity in print. Though he was ever
willing to discuss his work and ideas with friends, a certain fastidiousness and a
wish to obtain more thorough completion, inhibited the published word.

As a tribute to his work, Clayton’s 2nd edition on emulsions in 1928 was dedicated
to Ramsden, who wrote Appendix I (in 1927) entitled “Theory of Emulsions Stabilized
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Figure 1.15 Photograph of Professor W. Ramsden (1868–1947), M.A., M.D.,
Fellow of Pembroke College, University of Oxford and Professor of Biochemistry,
University of Liverpool, taken in 1933. Thanks to Angela Dell of the School of
Biological Sciences, University of Liverpool.



by Solid Particles”.59 In it, characteristically, he stated that with J. Brooks he had
devoted 2 years from 1922 to an experimental test of the theory by determining the
contact angle made against a variety of solids at benzene–water or paraffin–water
interfaces. To the writer’s knowledge, this data has never been published, although it
was communicated by Ramsden at the meeting of the British Association in Liverpool
in 1923.60 On his death, John Betjeman, the Poet Laureate-to-be, wrote a touching
elegy in his poem “A Few Late Chrysanthemums” which is highly regarded by crit-
ics.61 It is doubtful if any other professor of biochemistry anywhere will be so hon-
oured. His name will certainly live on for students of English literature, and hopefully
now for researchers in colloid science. It reads:

“I.M. Walter Ramsden ob. March 26, 1947 Pembroke College, Oxford
Dr. Ramsden cannot read The Times obituary to-day
He’s dead.
Let monographs on silk worms by other people be
Thrown away
Unread
For he who best could understand and criticize them, he
Lies clay
In bed.

The body waits in Pembroke College where the ivy taps the panes
All night;
That old head so full of knowledge, that good heart that kept the brains
All right,
Those old cheeks that faintly flushed as the port suffused the veins,
Drain’d white.

Crocus in the Fellows’ Garden, winter jasmine up the wall
Gleam gold.
Shadows of Victorian chimneys on the sunny grassplot fall
Long, cold.
Master, Bursar, Senior Tutor, these, his three survivors, all
Feel old.”

Four years after Ramsden’s paper was published saw the appearance of the first
paper by Pickering in this area in 1907.6 Spencer Umfreville Pickering (Figure 1.16)
was born in London in 1858 and died in 1920 at the age of 62. He was educated at
Eton School and obtained an M.A. in Natural Sciences at Balliol College, Oxford.62

Even as a school boy he had been devoted to chemistry, and it was while experi-
menting in the laboratory provided for him by his father at his home in London that,
as the result of an explosion, his eye received a serious injury which resulted in its
removal. In 1880, he became Lecturer and then Professor in Chemistry at Bedford
College, a position which he retained until 1887. He continued to work in the pri-
vate laboratory in London where he became interested in the nature of solutions.
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The innumerable determinations of density, freezing point and conductivity were
carried out single-handed with a high degree of accuracy, and the results were
embodied in more than 70 papers between 1887 and 1896. In his obituary, it was
stated that “…he produced work which, although concerned with widely different
branches, was throughout characterised by a disregard of authority and reliance on
his own judgement, based on the results of carefully planned and well-executed
experiments”.62 He was elected a Fellow of The Royal Society in 1890. In 1894 he
became Director of the Woburn Experimental Fruit Farm, a private venture of
Pickering and his college friend, the Duke of Bedford. Consisting of 20 acres, the
farm was established for cultural experiments only and all aspects of fruit growing
were investigated. In 1905, Pickering began extensive work on insecticides and
fungicides, paying particular attention to their composition and use. This study led
to work on emulsification, and he succeeded in obtaining remarkable semi-solid
emulsions containing as much as 99% of paraffin oil dispersed in only 1% of a 1%
soap solution. He also found that insoluble precipitates, such as the basic sulphates
of iron and copper, could replace the soap usually employed as emulsifier, yielding
extremely stable emulsions, admirably adapted for use as insecticides or fungicides.

His paper in 1907 entitled “Emulsions” had a double objective of obtaining an
emulsifying agent which was superior to soap and also of elucidating the nature of
emulsification.6 He found that when copper sulphate (an insecticide) was added to
particulate lime (CaO) in water before emulsification with paraffin oil, the emul-
sion was easier to form and comprised of smaller drops compared with that sta-
bilised by soap molecules. The basic sulphate of copper, precipitated by the action
of lime on copper sulphate, was acting as a solid particulate emulsifier. The emul-
sion behaved as a fungicide and an insecticide, was stable to creaming and showed
no signs of coalescence. Other particulate emulsifiers were mentioned including
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Figure 1.16 Photograph of Professor S.U. Pickering (1858–1920), M.A., FRS,
Professor of Chemistry, Bedford College and Director of Woburn Experimental Fruit
Farm, taken in 1893. Thanks to Christine Woollett of The Royal Society, London.



the basic sulphates of iron and nickel, calcium and lead arsenate, ferrous hydrox-
ide, Oxford clay and ferrous hydrosulphide. Pickering suggested that the success
of emulsification depended solely on the size of the particles, since “…when the oil
is broken up into small globules by being forced through the syringe, and these
globules find themselves in the presence of a number of very much more minute
solid particles, the latter will be attracted by the globules, and will form a coating
or pellicle over the globules, preventing them from coming in contact and coalesc-
ing with their neighbours”.6 Using microscopy, the aggregation of basic iron sul-
phate particles around droplets was evident from the brown ring encircling the
latter. Pickering also hinted at the importance of the wettability of the particles in
oil � water mixtures in obtaining stable emulsions. Thus, in the case of purple of
Cassius (colloidal gold/stannic acid mixture) and ferric ferrocyanide (both of
which contained finely divided particles), paraffin oil was not emulsified at all but
it abstracted the particles from water becoming intensely coloured by them leaving
the water colourless. These particles were thus much more wetted by oil than water
and incapable of stabilising o/w emulsions.

The work of Ramsden5 and Pickering6 initiated a flurry of related work in the
1920s, most notable being the work of Finkle et al.63 on the wettability of solid sur-
faces and that of Briggs64 on the effect of particle flocculation on emulsification.
Apart from a few papers from then on, including a seminal report by Schulman and
Leja65 linking measured contact angles with emulsion stability, it is surprising why
this field lay fallow for nearly 60 years until it was revived again by, inter alia,
Menon et al.66 in connection with their work on extremely stable water-in-crude
oil emulsions and mechanisms of demulsification.

1.5.1 Thermodynamics of emulsification

The formation of particle-stabilised emulsions requires an input of mechanical work.
This is needed to break the disperse phase into drops before the solid particles can
adsorb on the newly formed oil–water interface, accompanied by a gain in adsorption
energy. Such emulsions have a lifetime of years upon storage and, from a ther-
modynamic viewpoint, correspond to a metastable system. Kralchevsky et al.67 have
recently described the thermodynamics of emulsion formation, extending earlier work
by Aveyard et al.38 on the influence of line tension and bending energy on this process.
Assuming that the particles are spherical, monodisperse and are initially dispersed in
phase 2 (continuous phase), the work of formation of monodisperse drops of the emul-
sion 1-in-2, is given by67

(1.34)W
V

r
w1 1

3
�
gow
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where �ow is the bare oil–water interfacial tension, V is the total volume of phase 1
plus phase 2, r is the radius of a particle and w1 is the dimensionless work written as

(1.35)

in which �1 is the volume fraction of phase 1 (volume of phase 1/V), �a is the area
fraction of interface occupied by particles, � is the ratio of the particle radius to the
drop radius, � is the contact angle made by particles at the interface measured into
phase 2, b � (1 – cos �)2, f(�) � (1 – cos �)2(2 � cos �) and O denotes “of the order
of”. Since � �� 1, the leading term in equation (1.35) is �1�(1 – �ab) accounting for
the formation of new oil–water interface and for particle adsorption. The curvature
effects (� �2) give a higher order contribution.

The calculated curves of w1 versus the dimensionless drop curvature, �, are
shown in Figure 1.17(a), for �1 � 0.3 (volume fraction of disperse phase) and
�a � 0.9 (relatively close packed layers).67 The curves correspond to different val-
ues of the contact angle �. For � � 90°, w1 is positive, indicating that energy is
needed to break phase 1 into drops, and increases with decreasing drop size. For
� 
 100° however, w1 is negative meaning that, in principle, the emulsion could
form spontaneously in the absence of kinetic barriers. This is due to the significant
gain in surface energy upon adsorption of particles with � � 90°. Only for � � 93°
is the first term in equation (1.35) small and comparable to the second term. Then, the
dependence of w1 on � is parabolic (not linear) having a minimum at a certain value
of �, Figure 1.17(b). Thermodynamically, such a minimum corresponds to the spon-
taneous formation of drops of the respective size. These minima exist only for a
very narrow range of values of �, and it is unlikely that this situation could be
realised in practice.

A similar equation to equation (1.35) exists for the work of formation of the emul-
sion of 2-in-1, w2, in which the disperse phase is phase 2, again containing the par-
ticles. The calculated curves in this case are shown in Figure 1.18(a) for various values
of the contact angle and for the same volume fraction of dispersed phase (�2 � 0.3).67

Although the curves are almost identical to those in Figure 1.17(a), around � � 93°
the dependence of w2 on � is parabolic displaying in this case a maximum, shown in
Figure 1.18(b). Thermodynamically, this maximum corresponds to a critical drop size
for the emulsions. For � � �crit, it is favourable for the drops formed to increase in size
by coalescence (requiring an input of energy), whereas for � � �crit it is favourable for
the drops to be broken into smaller ones (spontaneous).

When a mixture of oil and water is subjected to homogenisation, it is thought
that both o/w and w/o, emulsions can form simultaneously in different spatial
domains of the vessel.68 Only that which is most stable survives however. In the
case of particle-stabilised emulsions, the gain in surface free energy upon particle

w b f b b O1 1
2 31 1 2� � � � � �f e f e f u f u e( ) { ( )( ) cos } (a a a ))⎡

⎣⎢
⎤
⎦⎥
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Figure 1.17 (a) Plot of the dimensionless work for formation of the emulsion 
1-in-2, w1, versus the dimensionless curvature, �, at �1 � 0.3 and �a � 0.9 for
different contact angles �. (b) The curve for � � 93.4° is shown in an enlarged
scale revealing a minimum, corresponding to spontaneous formation of drops
with the respective size. Taken from Ref. [67]; with permission of the American
Chemical Society.



adsorption is usually much greater than the entropy effects accompanying emulsi-
fication such that the difference between the work of formation of emulsion 1-in-2
and 2-in-1, 
w � w1–w2, provides a thermodynamic criterion implying which
emulsion will remain after agitation. For 
w � 0, emulsion 1-in-2 remains, whereas
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Figure 1.18 (a) Plot of the dimensionless work for formation of the emulsion 
2-in-1, w2, versus the dimensionless curvature, �, at �2 � 0.3 and �a � 0.9 for
different contact angles, �. (b) The curve for � � 92.9° is shown in an enlarged
scale to reveal a maximum, corresponding to the critical drop size. Taken from
Ref. [67]; with permission of the American Chemical Society.



for 
w � 0, emulsion 2-in-1 remains. Figure 1.19 shows plots of �w versus the
dimensionless drop curvature, �, for various values of the contact angle and for 
two volume fractions of phase 1: �1 � 0.3 (Figure 1.19(a)) and �1 � 0.7 (Figure
1.19(b)). For hydrophilic particles with � � 90°, in Figure 1.19(a) 
w � 0 and the
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Figure 1.19 Plot of 
w versus the dimensionless curvature, �, of the emulsion drops
for different contact angles, �, at fixed �a � 0.9. (a) �1 � 0.3, (b) �1 � 0.7. 
w � 0
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Taken from Ref. [67]; with permission of the American Chemical Society.



emulsion 1-in-2 survives. For the same particles, 
w � 0 in Figure 1.19(b) and
emulsion 2-in-1 will be formed. This catastrophic phase inversion, driven by
changes in the oil:water ratio, is predicted to occur at �1 � 0.5, close to that
observed experimentally in some silica particle-stabilised emulsions.69 Likewise,
for hydrophobic particles with � 
 90°, emulsions should invert from 2-in-1 to 
1-in-2 with an increase in �1, as observed experimentally.70,71

In the special case when �1 � �2 � 0.5, for � � 90° then �w � 0 and the system
should show no preference to form an o/w or a w/o emulsion. For � � 90° the pre-
diction is that 
w is always negative, i.e. the formation of emulsion 1-in-2 is ener-
getically favourable, whereas for � � 90° then 
w is always positive implying that
the formation of emulsion 2-in-1 is advantageous. These predictions are in agree-
ment with experimental findings for many different systems. It must be stressed that
the above predictions follow from a thermodynamic model based on several assump-
tions, namely that particles adsorb very quickly to the oil–water interface, that par-
ticles do not subsequently desorb and that the emulsion reaches its thermodynamic
equilibrium state of minimal free energy.67 Various kinetic factors may lead to a dif-
ference between the predictions and experimental facts however.

1.5.2 Catalysis

In heterogeneous liquid-phase reactions involving a solid catalyst and two immiscible
reactants, a co-solvent is normally used to give a homogeneous solution of the two
liquids (biphasic conditions) with the aim of accelerating the interaction of the reac-
tants with the catalyst. However, the co-solvent plays an important role in influencing
both the activity and selectivity of the catalyst. Further, the separation of the product
from the co-solvent/reaction mixture is cumbersome. Regen72 introduced the concept
of triphase catalysis in heterogeneous systems where a solid catalyst and two immis-
cible liquid reactant phases are present. A significant enhancement in the activity and
selectivity was observed under triphasic conditions compared to that under biphasic
conditions, during the hydrolysis of long chain esters by a hydrophobically modified
zeolite catalyst73 and in the oxidation of various alcohols by titanium silicate molecu-
lar sieves.74

As an example, we describe the recent and more complete work of Ikeda et al.75 on
the use of titania impregnated sodium zeolite catalyst particles. Such particles can be
placed at the liquid–liquid phase boundary between aqueous hydrogen peroxide and 
a water-immiscible alkene and act as an efficient catalyst for alkene epoxidation. By
modifying the surface of such particles with octadecyltrichlorosilane (OTS), the effect
of particle hydrophobicity on catalytic behaviour was established. Three types of par-
ticles were studied: as-prepared hydrophilic grade, partially hydrophobic grade (with
OTS) and completely hydrophobic grade (with OTS). The particles (50 mg), alkene
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(4 cm3) and aqueous H2O2 (1 cm3) were placed in a glass tube and reacted for 24 h,
with or without stirring. As expected, the hydrophilic particles partitioned mostly into
the aqueous phase, the most hydrophobic particles likewise into the alkene phase
while those of intermediate hydrophobicity adsorbed to the alkene–water interface.
Table 1.2 summarises the yield of product obtained during this triphasic catalysis for
3 alkenes.75 The hydrophilic particles showed the lowest activity, followed by the
most hydrophobic ones with those in between exhibiting remarkable activity. The
activity of the latter particles was independent of the stirring rate, i.e. this catalyst does
not require the formation of an emulsion to be active (exception is for 1-hexene where
appreciable liberation of by-products occurred when stirred).

In this75 and subsequent papers,76,77 the authors insist that the catalytic activity
of particles of intermediate hydrophobicity is a result of such particles being truly
amphiphilic, i.e. during chemical reaction with OTS, one face of the particles becomes
coated and rendered hydrophobic while the other face remains uncoated and hence
hydrophilic. Such heterogeneously coated particles, frequently called Janus-like after
the Roman god of gates and doors represented with a double-faced head each looking
in opposite directions, are not a pre-requisite for their adsorption to oil–water inter-
faces since homogeneously coated particles of the correct wettability will do so also,
as mentioned earlier. However, the use of amphiphilic particles may be crucial in 
relation to their catalytic behaviour. These particles were also shown to act as efficient
stabilisers of oil-in-water emulsions.78

1.5.3 Emulsions stabilised by stimuli-responsive particles

The majority of studies on particle-stabilised emulsions have employed rela-
tively inert particles like silica or carbon.4,55 Recently, specific particles have been

Particle-Stabilised Curved Liquid–Liquid Interfaces Including Emulsions 33

Table 1.2 Effect of hydrophobicity of the solid particle sodium zeolite/titania catalyst, 
of size 10–40 	m, on the epoxidation of normal alkenes at the alkene–aqueous H2O2
interface. Taken from Ref. [75]; re-drawn with permission of the American Chemical
Society.

1,2-Epoxide yield/�mol

Hydrophilic Partially hydrophobic Completely hydrophobic

Alkene Static Stirring Static Stirring Static Stirring

1-hexene 0 4.5 51.6 16.2 7.2 4.5
1-octene 0.2 2.5 27.0 27.4 3.6 5.9
1-dodecene 0 0 17.7 20.0 0 3.2



deliberately synthesised such that they are responsive to a number of different stim-
uli, e.g. changes in pH, temperature or an applied magnetic field. This sub-section
aims to describe the properties of some of these particles and their ability to act as
stabilisers of emulsions. The ability to influence the behaviour of emulsions
through the effect of these stimuli on the adsorbed particles is clearly of techno-
logical interest.

1.5.3.1 Microgel particles

A microgel particle is a cross-linked latex particle which is swollen by a good solv-
ent.79 Poly(N-isopropylacrylamide) or poly(NIPAM) is the most well-studied water-
swellable microgel system, whereas polystyrene (PS) is the best example of an
organic swellable microgel.80 The latter is swollen by aromatic solvents like toluene.
Ionic microgel particles frequently contain carboxylate groups derived from acrylic or
methacrylic acid (MAA) as co-monomer. This gives scope for variation of the micro-
gel properties by changes in solution conditions like pH.79

Novel emulsions stabilised entirely by microgel particles have been prepared and
characterised recently.81,82 In one, the particles are sensitive to changes in both pH
and temperature.81 Monodisperse poly(NIPAM)-co-MAA microgel particles were
synthesised using surfactant-free precipitation polymerisation based on NIPAM as
monomer, 5 wt.% of MAA as co-monomer and cross-linked with N,N
-methylene
bisacrylamide. In water at high pH � 9.4, the particles exhibit a volume phase tran-
sition upon changes in temperature, with the hydrodynamic diameter falling pro-
gressively from �235 nm at 25°C to �150 nm at 50°C. This is expected since linear
poly(NIPAM) has a lower critical solution temperature of �32°C in water at which
point its conformation changes from a hydrophilic random coil to a more hydropho-
bic globule. In addition, these particles are also sensitive to pH change due to the
presence of the ionic co-monomer. Thus, at 25°C say, the particle size increases pro-
gressively from pH � 3 to pH � 8 after which it levels off. Upon increasing pH,
carboxyl groups in the polymer are ionised so that electrostatic repulsion between
molecules within a particle is enhanced causing it to swell. Thus, by either raising
the temperature or by decreasing the pH, the hydrophobicity of the microgel par-
ticles can be increased ultimately affecting their behaviour as an emulsifier.81

Emulsions of octanol and water stabilised by 1 wt.% of particles are o/w at all tem-
peratures and pH. At 25°C, batch emulsions are completely stable to coalescence over
4 months between pH � 10 and 6. Their stability to coalescence decreases progres-
sively however from pH � 6 to 3, below which complete oil–water phase separation
ensues. Figure 1.20 shows the appearance of the systems at extremes of pH, before
homogenisation and 2 days after.81 At pH � 9.4, charged partially hydrophobic parti-
cles, residing more in water than in oil when adsorbed, coat octanol drops sufficiently
well to provide stability. The inset in Figure 1.20 shows freeze fracture scanning 
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electron microscopy (SEM) images of such a droplet at two magnifications, where it
is clear that particles are densely packed on the interface. Coalescence can also be ini-
tiated in situ by lowering the pH on addition of HCl to the continuous phase, causing
protonation of carboxylate groups in the particles rendering them more hydrophobic.
Partial desorption of particles from drop interfaces occurs reducing their surface con-
centration and promoting coalescence. At pH � 2.1, fast complete phase separation is
triggered and particles, originally dispersed in water, partition into the oil phase which
becomes coloured. It is relevant to note that these particles do not now stabilise w/o
emulsions, either because they are too hydrophobic to remain attached to interfaces or
because the volume fraction of water in these systems is too high (0.7).

At fixed pH � 6.1, raising the temperature from 25 to 60°C results in the stable
emulsion coarsening and liberating oil via coalescence.81 The relatively hydropho-
bic particles are rendered more hydrophobic with increasing temperature, maybe
due to dehydration, followed by their desorption from the interface. At pH � 9.4,
however, the emulsion remains stable at the higher temperature as highly charged,
partially hydrophobic particles remain attached to the interface. A schematic sum-
mary of the effects of temperature and pH on microgel-stabilised o/w emulsions is
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Figure 1.20 Effect of pH on the stability of octanol-in-water emulsions (�o � 0.3)
stabilised by poly(NIPAM)-co-MAA microgel particles (1 wt.%) at 25°C and 48 h
after formation. At pH � 2.1, the oil phase is coloured by the dye-labelled particles,
whereas the particles cause only a faint tint when distributed in the water phase
(middle vessel) or within the stable emulsion (pH 9.4). The inset shows freeze frac-
ture SEM images of particle covered octanol drops at high pH. Taken from Ref. [81];
with permission of the Royal Society of Chemistry.



given in Figure 1.21. It remains to understand the influence of these two stimuli on
the charge and size of the particles independently.

In work undertaken simultaneously with the above, Fujii et al.82 showed the critical
effect of pH at 20°C on o/w emulsions stabilised by another type of microgel particle
for different oils. The latter was those of poly(4-vinylpyridine) (P4VP) co-polymerised
with nanoparticles of silica (20 nm) and lightly cross-linked with ethylene glycol
dimethacrylate. Nanocomposite formation is due to an acid–base interaction between
the nitrogen atoms on pyridine and the silanol groups on silica. Their structure is that
of “currant bun” morphology in which the silica particles are distributed within the
core of the polymer particles and at their surface. The particle surface has dual charac-
ter, i.e. segregated domains of hydrophilic silica and hydrophobic P4VP, promoting
adsorption to the oil–water interface. In water, the particles are of diameter 230 nm at
pH � 8.8 but swell considerably on lowering the pH to a diameter of 550 nm at
pH � 2.5, due to protonation of the 4-vinylpyridine groups imparting cationic charac-
ter. At high pH, emulsions of equal volumes of methyl myristate (or dodecane) and
aqueous dispersion are o/w and stable to coalescence.82 On lowering the pH in situ to
2.0, rapid coalescence is initiated resulting in complete phase separation within 30 s
(Figure 1.22(a)). As schematised in Figure 1.22(b), addition of acid causes protonation
of the vinylpyridine groups with concomitant swelling of the particles. This increase
in their hydrophilicity is sufficient to promote their desorption from drop interfaces
allowing coalescence to take place. A comprehensive study of the effects of changes in
pH and addition of electrolyte (which enhances ionisation) on the emulsion stabilising
properties of these microgel particles has just been completed.83
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Figure 1.21 Schematic showing the effect of pH and temperature on the stabilis-
ing efficiency of poly(NIPAM)-co-MAA microgel particles in octanol-in-water
emulsions. Squares � stable, circles � unstable, diamonds � complete phase sep-
aration. Arrows indicate the transitions studied. Taken from Ref. [81]; with per-
mission of the The Royal Society of Chemistry.



1.5.3.2 Sterically stabilised particles

Charge-stabilised PS latex particles of low charge density, in which the charge
originates from persulphate ions used as initiator in their synthesis, prefer to stabilise
w/o emulsions.84 That is, the hydrophobic character of the particles imparted by PS
dominates their wettability at an oil–water interface. By grafting a co-polymer onto
the PS chains, sterically stabilised latex particles capable of being charged become
sufficiently hydrophilic to stabilise o/w emulsions.85 The steric stabiliser is poly
[2-(dimethylamino)ethyl methacrylate-block-methyl methacrylate] (PDMA-PMMA)
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Figure 1.22 (a) Digital photographs illustrating the rapid macroscopic phase sepa-
ration of a methyl myristate-in-water emulsion prepared at pH � 8.9 using 1 wt.% of
P4VP/SiO2 microgel particles (diameter dried �200 nm). Immediately after adjust-
ing the pH of the continuous phase to 2 using HCl (0 s), minimal agitation (5 s)
resulted in rapid phase separation (30 s). (b) Schematic of pH-induced demulsifica-
tion. Taken from Ref. [82]; with permission of Wiley-VCH.



diblock co-polymer, in which the PMMA block is designed to adsorb onto the
latex surface and the solvated PDMA block acts as the stabiliser.86 The hydrophilic
character of the latter can be adjusted by controlling the solution pH. Above
pH � 8, the PDMA residues are in their neutral, non-protonated form and are
weakly hydrophilic. Emulsions of equal volumes of water and hexadecane are o/w,
stable to coalescence indefinitely but cream with time, Figure 1.23. In acidic solu-
tion, the PDMA residues are fully protonated (charged cationically) at pH � 4. By
lowering the pH progressively, the PDMA chains become increasingly hydrophilic
leading to their gradual desorption from the interface, which in turn destabilises
the emulsion.85 Complete phase separation occurs rapidly by pH � 2.2 (Figure
1.23). This effect is reversible: adjusting the pH from 3.8 to 8.1 allows the original
stable emulsion to be re-formed on re-homogenisation. The latex emulsifier can
thus be reused.

A similar idea to the one above was reported recently in which silica nanoparticles
were modified with an anionic brush of the polyelectrolyte poly(styrenesulphonate).87

The polymer forms a quenched brush whose charge is independent of pH or ionic
strength. These highly charged spherical particles (zeta potential � �77 mV) lower
the oil (trichloroethylene)–water interfacial tension significantly and produce stable,
non-invertable o/w emulsions at particle concentrations as low as 0.04 wt.%. The
vinyl backbone of the polymer is sufficiently non-polar and distant from the charged
sulphonate groups to favour particle adsorption.

In addition to being pH sensitive, particles of PS stabilised by PDMA-PMMA
chains are also temperature sensitive, since PDMA homopolymer exhibits inverse 
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Figure 1.23 Effect of varying the pH (given) on the stability after 24 h of 
hexadecane-in-water emulsions stabilised by sterically stabilised PDMA-PMMA
PS latex particles (diameter � 160 nm). Residual stable emulsion is shaded, o: oil,
w: water. Taken from Ref. [85]; with permission of The Royal Society of
Chemistry.



solubility behaviour between 35°C and 45°C depending on its degree of polymerisa-
tion. The particle surface becomes less hydrophilic at higher temperatures and, as
shown for the first time, emulsions stabilised by such particles at pH � 8.1 (uncharged)
can be inverted from o/w to w/o by a temperature change alone.88 Inversion takes place
between 53°C and 64°C, within which range an emulsion can be of either type which
may co-exist. Based on relevant contact angle measurements, it was argued that the
dominant influence of temperature is in reducing the degree of hydration of the
PDMA chains to such an extent that the particles become preferentially wet by oil.
This ability to invert a particle-stabilised emulsion with temperature in this way is
akin to emulsions of nonionic surfactant. Inversion is important industrially and is
exploited to prepare fine emulsions of increased stability.89

1.5.3.3 Ionisable latex particles

Control of the type of emulsion is important as is the ability to invert from one to the
other. Until now, obtaining both types of emulsion in a particular oil–water–particle
system was only possible by either utilising particles of different wettability71 or by
changing the oil:water ratio70 or by adding surfactant which adsorbs on particle sur-
faces and modifies their wettability in situ.53 These routes may not be suitable in
many cases. A simple strategy to invert emulsions was devised recently using PS
nanoparticles whose surfaces contain carboxylic acid groups.90 By controlling the
degree of charge on particle surfaces, by changes in pH or addition of salt, particles
are made sufficiently more or less hydrophilic for them to stabilise both types of
emulsion in the same system. It was not possible to achieve this degree of control
previously; PS particles containing surface sulphate groups preferred to form w/o
emulsions, i.e. such particles were relatively hydrophobic.84 In contrast, PS par-
ticles with grafted co-polymer molecules containing amine groups stabilised only
o/w emulsions since particles were rendered more hydrophilic.85

Spherical, monodisperse, surfactant-free PS particles can be synthesised with
different densities of carboxylic acid groups on their surfaces. Under conditions
where these groups are predominantly unionised (ˆCOOH), particles are expected
to be more hydrophobic stabilising water drops in oil compared to ionising condi-
tions (ˆCOO�) in which particles are more hydrophilic and should stabilise oil 
drops in water. For particles of 200 nm diameter and high surface charge density
(101 �C cm�2), hexadecane–water emulsions (1:1 by vol.%) were o/w at all pH
between 2 and 11 and all salt (NaCl) concentrations between 0 and 2 M.90 By redu-
cing the charge density however (12.7 �C cm� 2), the same size particles act as
excellent emulsifiers for both emulsion types. Figure 1.24(a) shows the appearance
of the emulsions for different pH at high salt concentration, one year after prepara-
tion. Emulsions are of low conductivity, disperse in oil and are therefore w/o up 
to pH � 9.5. Inversion (dotted line) to highly conducting o/w emulsions which 
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disperse in water occurs just below pH � 10.0. All emulsions were completely stable
to coalescence since no visible separation of the dispersed phase occurred and the
drop size distributions determined by light diffraction were unchanged. Water-in-oil
emulsions sediment over time with a clear oil phase separating above (three vessels
on left) whereas o/w emulsions cream to the top of the vessel as a clear water phase
drains below (three vessels on right). Although the dispersed phase volume fraction
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Figure 1.24 (a) Appearance of vials at 25°C containing hexadecane and 1 M aque-
ous NaCl (1:1) and 2 wt.% carboxyl-coated PS latex particles of 200 nm diameter as
a function of the pH (given). Emulsions are w/o at pH � 9.5 and undergo sedimen-
tation and are o/w at pH � 10.0 and undergo creaming. (b) Optical micrographs 
of a w/o (left) and an o/w (right) emulsion drop in the same system but stabilised 
by 3.2 �m diameter particles. Scale bars � 10 �m. Taken from Ref. [90]; with 
permission of Wiley-VCH.



in both the sedimented and creamed emulsions increases from 0.5 to over 0.75,
emulsion drops remain stable to coalescence due to adsorbed layers of PS particles
acting as a mechanical barrier to fusion. In order to visualise particles around drops,
emulsions were prepared at low and high pH using larger particles (3.2 �m diame-
ter) of approximately the same surface charge density (11.8 �C cm�2). Optical
micrographs of similar sized emulsion drops are seen in Figure 1.24(b).90 The left
image is that of a water drop in oil formed at low pH. The particles cover most of
the oil–water interface but arrange themselves in a liquid-like order with parts of the
interface devoid of particles. We observed that particles in the aqueous dispersions
before emulsification were strongly flocculated at low pH due to the absence of
repulsion between uncharged ˆCOOH surface groups. It appears that some of the
flocs adsorb intact to drop interfaces leaving voids between them. In contrast, the
right image is that of an oil drop in water formed at high pH in which particles
appear hexagonally close packed over the entire interface. At these high pH, disso-
ciation of acid groups occurs and repulsion between like-charged particle surfaces
in bulk causes breakup of the flocs and a dispersion of discrete particles to be sta-
bilised. The hypothesis that raising the pH results in hydrophobic particles becom-
ing increasingly hydrophilic is given some credence from the contact angle data of
water drops under oil on monolayers of a long chain carboxylic acid adsorbed via a
terminal thiol group on gold. For a dilute layer of surface ßCOOH groups, �ow

(through water) decreases from 104° at pH � 2 through 90° to 67° at pH � 13 as
acid groups ionise and become more wettable by water.90 This decrease is in line
with emulsion inversion from w/o to o/w with increasing pH.

Charged particles are also sensitive to the presence of electrolyte. A second way
to effect emulsion inversion is to start with a hydrophilic system forming an o/w
emulsion and reduce the salt concentration rendering the system more hydropho-
bic.90 At pH � 10.6, emulsions were shown to invert from o/w to w/o on lowering
the salt concentration to 0.6 M as predicted. The reason for this change is that the
degree of ionisation of surface acid groups increases not only with pH but also with
salt concentration. A relatively high pH value (10) is required for inversion compared
with the pH for 50% ionisation (pKa) of a short chain carboxylic acid in bulk water
(4.8). Acid dissociation is more energetically unfavourable when such groups are at
an interface (particle or drop) compared with isolated groups in bulk because of the
proximity of other similar charged groups, which generate a surface potential �. For
the particles used here, the area per charged group is �1.25 nm2. Due to the existence
of an electrostatic field around a negatively charged particle, protons are held more
strongly at the surface and the surface pH is lower than that in bulk. Dissociation of
weak acid groups on a surface will therefore only be complete at higher pH in solu-
tion compared with that of a weak acid in bulk. Addition of salt causes a reduction
in � and promotes further dissociation.
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1.5.3.4 Paramagnetic particles

An alternative to controlling the stability of particle-stabilised emulsions through
changes in solution conditions is to apply an external field to the system. This idea has
recently been investigated by employing paramagnetic particles which respond to a
magnetic field.91 The particles of carbonyl iron, of average diameter 1.1 �m, are super-
paramagnetic displaying neither hysteresis nor magnetic remanence in the presence of
a field. Being relatively hydrophilic, emulsions of decane-in-water stabilised by these
particles can be formed either by hand shaking or using a vortex mixer. A magnetic
field is applied using an electromagnet made from insulated copper wire wrapped
around an iron core. This coil is placed beneath the vial containing the emulsion.
Upon application of the field, these emulsions undergo phase separation in two ways.
(i) Oil drops coated with particles diffuse through the aqueous phase downwards with-
out affecting the overall emulsion stability. This is clearly seen in Figure 1.25(a); with
the field turned off (0 s) the emulsion has already creamed yielding a lower water layer
beneath the drops. The drop movement can be controlled externally by the electro-
magnet. When the applied field strength is not strong enough to induce drop move-
ment, a slight elongation of the drops closest to the magnet along the field direction is
observed, Figure 1.25(b). A critical value of the magnetic field strength is identified
above which drops begin to move. This value decreases with a decrease in the size of
the drops, as larger drops are more deformable. (ii) Complete phase separation (i.e.
coalescence) occurs in these emulsions when a strong field is applied. The drops as
a whole are compressed on reaching the bottom of the vessel and the strong field
causes the adsorbed particles to be stripped from the drop interfaces and sediment
at the bottom. This releases the oil drops so that they move upwards due to buoy-
ancy and coalesce with bulk oil at the top of the sample (Figure 1.25(c)). A stronger
field (128.9 kA m�1) destabilises the entire emulsion leading to a completely phase
separated system. By applying a square wave magnetic field (on–off), the reversibility 
of the destruction and re-formation of the emulsion was tested over 100 cycles.
Impressively, the original mean drop diameter of the stable emulsion was obtained
each time meaning that there are no long-lasting effects following destabilisation.91

1.5.3.5 Light-sensitive particles

Directed self-assembly of nanoparticles opens new avenues of technology through
the controlled fabrication of nanoscopic materials with unique optical, magnetic and
electronic properties.92 Ligand-stabilised nanoparticles are ideally suited to hier-
archical self-assembly since the nanoparticle core dictates the particular property
whereas the surface-bound ligand defines the interactions between the particle and its
surroundings. At a curved oil–water interface of high area, particles are highly mobile
and rapidly achieve an equilibrium assembly. For nanoparticles however, their 
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thermal energy which causes rapid spatial fluctuations is comparable to the adsorp-
tion energy.4 This energy balance can result in a weak segregation of the particles at
the interface. The size-dependent adsorption and desorption of nanoparticles from an
interface giving rise to two-dimensional phase separation has been investigated by
Lin et al.93 The particles, of diameter 2.8 and 4.6 nm, were those of cadmium
selenide (CdSe) coated with tri-n-octylphosphine oxide (TOPO). They are only dis-
persible initially in oil (toluene) but adsorb on water drops when shaken with water.

(a)

(b)

(c)

0.00 s 0.56 s 2.17 s 2.90 s

0.0 kA/m 50.3 kA/m

Figure 1.25 (a) Effect of a magnetic field (strength � 29.6 kA m�1) on the move-
ment of oil drops towards the bottom of the vial in an o/w emulsion stabilised by
paramagnetic particles. At 0 s the drops are at rest in the absence of a field. On apply-
ing the field, the drops diffuse downwards without affecting the emulsion stability.
(b) Effect of a magnetic field on the shape deformation of a large (diameter 4.5 mm)
oil drop. (c) Coalescence of oil drops with the bulk oil phase after moving upwards
following application of a high magnetic field (strength � 86 kA m�1). Taken from
Ref. [91]; with permission of the American Chemical Society.
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The corresponding w/o emulsion is stable to coalescence for days as a close packed
monolayer of particles forms at drop interfaces.

By adding a fluorescent dye, sulforhodamine-B, to the water phase the particles
and dye could be examined independently by monitoring their fluorescence at 525
and 585 nm, respectively. No evidence of the presence of particles in the water
phase or dye in the oil phase was seen, as expected from the hydrophobic nature of
the particles and the hydrophilic nature of the dye. The low energy of attachment of
nanoparticles at an interface gives rise to a thermally activated escape process. The
residence time of the nanoparticle at the interface increases with increasing particle
diameter. Thus, unlike larger micrometre-sized particles, it should be possible for
smaller nanoparticles to be preferentially displaced by larger ones. This was shown
to be the case as particles of diameter 2.8 nm, initially stabilising water drops in oil,
were displaced by particles of diameter 4.6 nm retaining drop stability.93

Further, due to an electrostatic interaction between the dye and the particles,
repeated scanning of the emulsion with 488 nm light (excitation) causes the particles
to pass from the interface into the dispersed water phase, i.e. a hydrophobic-
to-hydrophilic conversion is initiated. This is clearly shown in Figure 1.26. In (a), the
time dependent cross-sectional image of a water drop in oil is shown. Channel 1
shows the change in the fluorescence of the nanoparticles, which are initially only at
the interface (black core, fluorescent shell) but which leave the interface with time
and become dispersed inside the water drop (fluorescent core). Channel 2 shows the
decrease in the fluorescence from the dye which is always restricted to within the
drop. The emission intensities inside the drop from either the particles or the dye are
plotted against the number of scans in (b). In (c), two drops are seen within the field
of view in which the upper one was scanned 140 times while the lower one was not
irradiated. In the former, in addition to the particles diffusing into the water core,
some remained at the interface in the same way that they remained as a shell in the
latter. Importantly, this transition in particle wettability did not occur in the absence
of the dye. It is suggested that adsorption of dye molecules onto particle surfaces
takes place in such a way as to increase the particle hydrophilicity and hence their
dispersibility in water. This could be achieved via interaction of the cationic diethyl-
amine groups on the dye to anionic groups on the particles exposing hydrophilic
sulphonate groups (from the dye) on the particle periphery.

1.5.4 Emulsion/dispersion polymerisation (without surfactant)

In the past few years, organic (latex)–inorganic nanocomposite particles have become
the subject of rapidly growing interest. It is thought that combining the properties
of the two particle types may be advantageous, e.g. merging the thermal stability,
mechanical strength or light scattering power of the inorganic particles with the
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Figure 1.26 Light-induced hydrophobic-to-hydrophilic conversion of nanoparti-
cles. (a) A 10 �m water drop in oil stabilised by TOPO-coated CdSe particles
(2.8 nm) observed with confocal fluorescence microscopy with 488 nm excitation.
Channel 1 shows the nanoparticle fluorescence over a period of several minutes
during continuous illumination. Channel 2 shows the fluorescence from the sul-
forhodamine-B dye in water. (b) Average fluorescence intensity inside the water
drop versus time. Dark points – channel 2 (water), light points – channel 1 (par-
ticles). (c) The water drop irradiated with 488 nm light (top left) is compared with
the nearby drop without irradiation (bottom left). Images on the right are fluores-
cence images at 585 nm. Scale bar � 10 �m. Taken from Ref. [93]; with permis-
sion of the American Association for the Advancement of Science.



elasticity of the organic polymer and its ability to form films. Since mixing the two
components from macroscopic samples is tedious, energy inefficient and not very suc-
cessful, hybridisation on a smaller length scale is favoured. Such surfactant-free,
hetero-phase polymerisation techniques are easy and result in polymer nanoparti-
cles with large interfacial areas. The synthesis can be regarded as the stabilisation 
of monomer drops in water by fine inorganic particles followed by subsequent 
polymerisation. Depending on the type of components and prevailing conditions, 
hybrid particles of either core-shell (“raspberry-like”) or “currant bun-like” (inorganic 
particles distributed throughout the polymer core and at the surface) morphology can
be prepared.

For the core-shell synthesis, Tiarks et al.94 described the use of miniemulsion
polymerisation to prepare PS/silica nanocomposites and Chen et al.95 did likewise
in preparing polymethylmethacrylate (PMMA)/silica composites. In one synthesis,
the aqueous hydrophilic silica (diameter 20 nm) and co-monomer (1-vinylimida-
zole) were stirred and the monomer oil phase (methylmethacrylate) was added
slowly while heating to 60°C, followed by addition of the initiator (ammonium per-
sulphate). Only under alkaline conditions and in the presence of co-monomer, e.g.
4-vinylpyridine, could stable, nanodispersions be obtained.95 This is due to the fact
that the cationic co-monomer (with amine groups) interacts with silica (with
silanol groups) by an acid–base interaction. Without such co-monomers, the pure
monomers cannot be stabilised as drops and large polymer particles co-existing
with unattached silica particles resulted. As with a surfactant-stabilised process, the
final particle size depends on the amount of “emulsifier”, i.e. silica. The higher the
silica content, the smaller the nanocomposite particle size (100–500 nm). As an
example, Figure 1.27(a) shows a transmission electron microscope (TEM) image of
the hybrid particles of PMMA/SiO2, in which the raspberry-like morphology was
obtained directly from the polymerisation of silica-stabilised monomer drops.95

In contrast, the currant bun particle morphology has been shown to be present in
particles of P4VP/SiO2 prepared via dispersion polymerisation.96–98 Using electron
spectroscopy imaging enables the spatial location and concentration of the silica
nanoparticles within the composite particles to be determined. As seen in Figure
1.27(b), the spatial distribution of the silica particles is rather uniform. Double-line
densitometric profiles indicated high and constant pixel intensities for cross-sections
through the two selected nanocomposite particles. The morphology identified is
consistent with earlier electrophoresis measurements of these particles which revealed
an isoelectric point of pH � 6, i.e. the basic 4-vinylpyridine component contributed
to the mobility and was therefore located at or very near to the particle surface shear
plane along with a fraction of the silica particles. Moreover, X-ray photoelectron
studies revealed that the surface Si/N ratio was comparable to the corresponding
bulk ratio calculated from gravimetric analysis.
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The surfactant-free emulsion approach has been utilised very recently by He in the
synthesis of both polyaniline/CeO2 composite particles and ZnO microspheres in
aqueous solution.99 In the latter, the solid-stabilised emulsion separated the dimethyl
oxalate in oil from the zinc acetate in water, confined the precipitation reaction at the
oil–water interface and supplied the drops as templates for the formation of zinc
oxalate, the pre-cursor of zinc oxide.

1.5.5 Naturally occurring particles

1.5.5.1 Emulsification using bacterial cells

Emulsions are commonly observed when hydrocarbons and water are mixed during
bioremediation or fermentation.100 While bacteria can produce surfactants that sta-
bilise emulsions, some micro-organisms can emulsify hydrocarbons even in the
absence of cell growth. This suggests that emulsification may be associated with the
surface properties of the cells, i.e. bacterial cells may behave as solid particles at
interfaces. The ability of certain intact bacterial cells to stabilise both types of emul-
sion has been demonstrated recently by Dorobantu et al.101 Using a micropipette
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(a) (b)

Figure 1.27 (a) TEM image of the nanocomposite particles comprising
poly(methylmethacrylate), 1-vinylimidazole and silica particles (diameter 20 nm)
of “raspberry-like” morphology prepared via surfactant-free emulsion polymerisa-
tion. Scale bar � 100 nm. Taken from Ref. [95]; with permission of the American
Chemical Society. (b) TEM-electron spectroscopy image of nanocomposite particles
comprising P4VP and silica particles (diameter 20 nm) of “currant bun-like” morph-
ology prepared via dispersion polymerisation. Scale bar � 100 nm. Taken from
Ref. [98]; with permission of the American Chemical Society.



technique in which the pipette is filled with oil and placed in a small volume of
aqueous cell suspension, the oil–water interfacial tension can be determined. None
of the four bacterial types affected the hexadecane–water tension. In order to inves-
tigate the mechanism of emulsion stabilisation, two oil drops in water stabilised by
bacteria were pushed together. As seen in Figure 1.28(a), despite attempts to induce
coalescence through forced contact, the drops remained stable. To demonstrate that
the interfacial bacteria interact to form a surface film, a clean oil drop was formed
in an aqueous suspension of Rhodococcus erythropolis and then slowly withdrawn
after several minutes thereby reducing the interfacial area. Figures 1.28(b) and (c)
clearly show the formation of a rigid film due to the bacteria at the interface that
resisted the area reduction and eventually form a crumpled surface.

Four different strains of bacteria (size �2 � 1 �m) displayed varying abilities
to stabilise emulsions of hexadecane and water.101 The most hydrophilic
(Pseudomonas fluorescents), judged by the contact angle of a water drop under oil
on a lawn of bacterial cells, produced no stable emulsion, while the most
hydrophobic (Rhodococcus erythropolis) gave more stable emulsions apparently
of both types. This system separated within 24 h to yield an upper oil phase, a mid-
dle stable emulsion phase and a lower aqueous phase. In Figure 1.29(a), drops of
oil in water are visible from a sample of the middle phase with cells adhering to
their interfaces and dispersed in the aqueous phase. Figure 1.29(b) shows a drop of
water in oil (left) taken from the upper phase. Cells are seen at the interface and
cluster in the oil phase (right). The most stable emulsions of o/w type are those
with Acinetobacter venetianus where contact angles are intermediate between
those for the two bacteria mentioned above. Here deformed oil drops surrounded
by bacteria (dark) are separated by thin aqueous films (light), Figure 1.29(c). Such
a concentrated emulsion did not flow unless shaken, indicating a yield stress like
that of a gel. This change in emulsion type and stability with the inherent wettabil-
ity of the bacterial cells at the oil–water interface is reminiscent of that seen for
systems stabilised by fine silica particles.71,102

1.5.5.2 Demulsification using bacteria particles

In addition to bacteria acting as emulsion stabilisers, they have also been reported to
act as demulsifiers of otherwise stable emulsions of surfactant, sometimes more effect-
ively than conventional surfactant demulsifiers.103–105 Thus, hydrophobic bacteria
induce demulsification of petroleum or alkane o/w emulsions104 whereas hydrophilic
bacteria can demulsify water-in-petroleum oil emulsions.103 In both cases involving
petroleum oil, the hydrophobicity of the bacterial cells of Nocardia amarae is con-
trolled by the age of the bacterial culture – the more aged the culture, the more
hydrophobic and less charged were the cell surfaces. This particular bacterium can
withstand organic chemical extractions, pH changes, high levels of alkalinity and high
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(a)

(b)

(c)

Figure 1.28 Oil drops in water stabilised by bacteria particles. (a) Two drops of
hexadecane extruded into an aqueous suspension of Acinetobacter venetianus RAG-
1 (tip diameter � 14 �m). (b) Deformation of the oil–water interface, after partial
withdrawal of the oil drop, caused by Rhodococcus erythropolis 20S-E1-c adhering
to it. (c) Appearance after complete withdrawal of the oil drop in (b). Taken from 
Ref. [101]; with permission of the American Society for Microbiology.



temperatures (�120°C), so allowing for possible application in industry. Table 1.3
illustrates the links between bacteria age, their hydrophobicity/hydrophilicity and the
extent of demulsification they produce. Thus, o/w emulsions are best demulsified with
older, hydrophobic cells, whereas w/o emulsions are best demulsified with younger,
hydrophilic cells.

It is likely that the mechanism by which bacterial cells cause coalescence and even-
tual phase separation of emulsions is similar to that put forward by Aveyard et al. for
the demulsifying ability of commercial or pure surfactant demulsifiers of brine-
in-crude oil (w/o) emulsions.106,107 The resolution can be explained in terms of simple
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10 µm

10 µm

Figure 1.29 Confocal laser scanning microscope images of emulsion drops sta-
bilised by bacterial cells. (a) Oil drops in water with Rhodococcus erythropolis
20S-E1-c; note excess cells in the continuous phase, scale bar � 10 �m. (b) Water
drop in oil with Rhodococcus erythropolis 20S-E1-c. (c) Concentrated oil drops
(dark) in water (light) with Acinetobacter venetianus RAG-1. Taken from Ref. [101];
with permission of the American Society for Microbiology.



hydrophilie–lipophile balance (HLB) concepts, if the demulsifier can be thought of 
as a traditional surfactant. At low concentrations, the demulsifier is thought to first 
displace the indigeneous stabilising layers around water drops. As the concentration
increases, the adsorbed demulsifier layer becomes more concentrated until the layer
becomes close packed. The system HLB, and hence preferred emulsion type, is now
dictated by the particular properties of the demulsifier. In the case of an initial o/w
emulsion, hydrophobic particles once adsorbed prefer to stabilise w/o emulsions and
hence, when added, will break the o/w emulsion. Likewise, hydrophilic particles tend
to stabilise o/w emulsions and so will break the original w/o emulsion.

1.5.5.3 Spore particles

Similarities between the structural organisation within spore walls and the floccula-
tion of synthetic colloidal particle systems was recognised by Hemsley et al.108 The
potential use of naturally occurring spore particles in stabilising emulsions, in add-
ition to investigating their behaviour in spread monolayers at fluid–fluid planar inter-
faces, has been explored by Binks et al.109 The spores were those of Lycopodium
clavatum from the evergreen club moss which are harvested in September and
have been used for centuries for many different things. These include pyrotechnics,
herbal remedies and the more familiar school demonstration of employing it as a
very hydrophobic powder which floats on the surface of water such that one’s hand
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Table 1.3 Correlation between age of bacterial culture of
Nocardia amarae, contact angle of bacteria at air–water
surface and the extent of demulsification (after 24 hrs.) of
either o/w or w/o emulsions involving a different petroleum
on adding 500 ppm of cells. Taken from Refs. [103] and
[104]; re-drawn with permission of Springer-Verlag.

Demulsification (%)

Culture (age/days) �aw/° o/w w/o

1.0 20 15 97
2.0 18 44 97
2.5 27a – 97
3.5 46 30 –
5.0 52a – 97
7.5 60 41 96

12.0 62 89 90
18.5 63a – 80
20.0 63 94 –

aEstimated.



remains dry when immersed in it! Architecturally, spores (and pollen grains) are
made up of an internal sac containing cytoplasm and an external wall.110 The wall
consists of two main layers: an inner layer known as the intine, made of cellulose
and polysaccharides, and an outer, exine layer composed of a substance known as
sporopollenin. Spore and pollen grains are the most ubiquitous of fossils and more
widely distributed in time and space than any other representative of living matter.
During the processes which occur after deposition, many spore grains uniquely pre-
serve their characteristic morphological structure by virtue of the great resistance of
their exine to both biological decay and chemical attack; intact spores have been
found in sedimentary rock up to 500 million years old.110

The spores of Lycopodium clavatum shown in Figure 1.30(a) are approximately
30 �m in diameter, monodisperse and have rough surfaces.109 The 3-fold marking
(Y shape) originates from cell division in which the spore is in contact with three
other cells in a tetrahedral arrangement. Starting from dispersions of the particles in
oil, o/w emulsions are preferred on mixing with water for a range of oils of differ-
ent polarity. Increasing the concentration of particles results in a decrease in the
average size of oil drops and an increase in their stability to coalescence. As seen in
Figure 1.30(b) showing the arrangement of spore particles adsorbed to interfaces of
millimetre-sized emulsion drops, it is remarkable that only a fraction of the inter-
face is covered by particles, despite such emulsions being stable to coalescence for
more than a year.109 The apparent coverage by particles is no more than 20%, as
mentioned earlier for other systems.111,112 In obtaining this image, drops were in
motion and it was noticed that upon approach, interfacial particles diffused toward
the area of contact increasing the particle density. It was difficult to reliably distin-
guish between a bilayer of particles or a bridging monolayer however. Particle 
re-distribution may play an important role in stabilising sparsely coated drops against
coalescence.112

As discussed earlier and published recently, the structure of particle layers at a pla-
nar oil–water interface is preserved at a curved interface surrounding drops impact-
ing on the long-term stability of emulsions.43 On either the free surface of water or at
planar oil–water interface, the spore particles tend to be predominantly aggregated
forming clusters and chains, Figure 1.30(c). This suggests the presence of attractive
forces between particles. The fact that particles mainly attach at the end of a chain
rather than forming branches along it signifies repulsion between them also. The
attraction is due to the presence of capillary forces caused by deformation of the fluid
interface due to the effect of gravity (particle weight and buoyancy force). In com-
parison with silica particle monolayers, the aggregation of the spore particles is con-
sistent with them being relatively hydrophilic and thus preferentially stabilising o/w
emulsions. The ability of nanoparticles of cowpea mosaic virus to stabilise o/w emul-
sions has also been recently shown.113
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1.5.6 Immiscible polymer blends

Most chemically different polymers are immiscible and their blending is an econom-
ically attractive route to develop new materials that combine the desirable properties of
more than one polymer.114 The conversion of the immiscible blend to a useful poly-
meric product requires some manipulation of the interface. The final properties of
the blend are influenced by the size scale of the microstructure. One of the classical
routes to ensure adhesion between the phases is the use of a third component, or com-
patibiliser, which is miscible with both phases.114 Such a compatibiliser may be a
homopolymer or a block, graft or star co-polymer. The compatibilisation engenders
the desired blend morphology by controlling the interfacial properties and the size of
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(a) (b)

(c)

Figure 1.30 (a) SEM image of dry spore particles of Lycopodium clavatum of diam-
eter �30 �m. Note the rough surface structure and the Y-shaped marking. (b)
Optical microscopy image of isopropyl myristate-in-water emulsion drops stabilised
by the spore particles above; scale bar � 200 �m. (c) Microscopy image of planar
monolayer of spore particles at the toluene–water interface; scale bar � 100 �m.
Taken from Ref. [109]; with permission of the American Chemical Society.



the dispersed drops. It also stabilises the blend against coalescence during subsequent
processing as well as ensuring adhesion between the phases in the solid state, thus
improving the mechanical properties. Although these systems share several features with
oil–water mixtures emulsified by surfactant, two important differences exist. Firstly, due
to the low diffusion of polymeric compatibilisers compared with low molecular weight
surfactants, non-equilibrium phenomena are more likely to occur; the compatibiliser may
be regarded as insoluble in the bulk phases and hence its total amount at the interface is
constant regardless of the interfacial deformation. Secondly, macromolecular compat-
ibilisers can entangle with the bulk polymers, a feature absent in surfactant-stabilised
emulsions.

A second, less explored compatibilisation method is to add solid particles capable of
adsorbing at the polymer–polymer interface providing a mechanical barrier to coales-
cence. Ideally, particles of high surface area per unit weight should be used, a require-
ment met by nanoparticles of clay or silica. The possibility exists that either polymer
or both polymers adsorb on particle surfaces in situ modifying their wettability at the
interface. Two recent studies are noteworthy in this context.115,116 Vermant et al.115

investigated the effects of using fumed silica particles (primary diameter �32 nm) to
blend the immiscible polymers polyisobutylene (PIB, viscosity 91 Pa s) and polydi-
methylsiloxane (PDMS, viscosity 206 Pa s), whose bare interfacial tension is only
2.3 mN m�1. The particles were partially hydrophobic and added as a powder to a
hand-mixed blend of the two polymers. For emulsions of PIB-in-PDMS, rheology
was used to investigate coalescence. The flow protocol involved applying shear flow
at a high shear rate (dynamic equilibrium between drop breakup and coalescence)
followed by a decrease in shear rate to induce coalescence. In the absence of particles,
the drop radius increased continuously with time due to coarsening. On addition of
0.5 wt.% of particles however, this growth was drastically slowed down, and suppressed
completely for the blend containing 1 wt.% of particles. Cryo-freeze fracture SEM
images of emulsion samples are given in Figure 1.31 for the no particle case (a) and
the 1 wt.% particle case (b). Without particles, a deformed microstructure is seen in
which PIB drops are pulled out of the continuous PDMS phase. By contrast, clear evi-
dence is seen for the accumulation of a rigid layer of particles at the interface of PIB
drops, and as observed in oil–water emulsions, excess particles are present in the con-
tinuous phase.115 The thickness of the stabilising particle layer (200 nm) implies that
the nanoparticles are aggregated at the interface. By varying the volume ratio of the
two polymers, the same particles were shown to stabilise the opposite emulsion type,
i.e. PDMS-in-PIB, the stability of which was predictably much less.

In a similar study, Ray et al.116 have used hydrophobically modified clay particles
(diameter �100 nm) to prepare stable emulsions of PS and polypropylene (PP). The
initially hydrophilic layered silicate particles, incompatible with the polymers, were
rendered hydrophobic by cation exchange between the silicate ions and a di-chain
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dimethylammonium salt. Drops of PS-in-PP decreased in size upon increasing the
concentration of particles. The authors attributed this to a concomitant decrease in
interfacial tension from 5.1 mN m�1 for the virgin polymer pair to 3.4 mN m�1 with
0.5 wt.% particles. Bright field TEM images of these emulsions revealed the sili-
cate layers of the clay particles in the interfacial region. Although both polymers 
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(a)

2 µm

(b)

Figure 1.31 Cryo-freeze fracture SEM images of a blend of 30 vol.% PIB-in-
PDMS with (a) no particles: scale bar � 10 �m, (b) 1 wt.% partially hydrophobic
nanoparticles of silica: scale bar � 2 �m. Taken from Ref. [115]; with permission
of Springer-Verlag.



separately have no strong interaction with such particles, both were intercalated into
the silicate layers when blended together. X-ray diffraction data confirmed the shar-
ing of the layered silicates by the two polymers with the particles acting as a true
compatibiliser. It is likely that research of this kind will continue using a range of par-
ticle types with a view to establishing the benefits of incorporating particles in the
final polymer product.

1.5.7 Flotation using oil

1.5.7.1 Oil agglomeration

Spherical agglomeration, the selective formation of aggregates of particles held
together by liquid bridges, is a promising method for the recovery and separation of
particles including minerals.117 The separation method is based on differences in
surface chemistry. The agglomerates are formed by agitating the particles in a
liquid suspension to which a second liquid is added which acts as a binding agent.
This second liquid should be immiscible in the suspending medium but capable of
cementing the particles to be agglomerated. If there is a mixture of solid substances
present and only one is wetted by the bridging liquid then virtually pure agglomer-
ates of that solid can be produced at high recovery and with a high degree of select-
ivity. The strength of an agglomerate depends on the interfacial tension between the
two liquids, the three-phase contact angle �ow and the ratio of the volumes of the
bridging liquid and solid particles.

The method has been applied most notably in the processing of fine coals
(�5 �m).118 Preferential wetting of hydrophobic coal particles by oils forms the
basis for the separation of coal from aqueous suspensions. This allows coal to be
wetted by oil while oxide mineral matter remains in suspension. In the presence of
an adequate amount of oil and sufficient mechanical agitation, the oil-coated coal
particles collide with each other forming agglomerates which can be separated.
Although a number of studies have revealed much about the nature of the process,
it is still not well understood since much of the work has been carried out with com-
plex materials such as coal and fuel oil. A simpler, model system was investigated by
Drzymala et al.119 in which agglomeration experiments were conducted with rela-
tively pure graphite, hand-picked coal of low ash content, iron pyrite (FeS2), quartz
and kaolin (clay). Graphite was chosen because its surface properties are similar to
those of some types of coal, while the inorganic minerals were selected because
they represent some of the most common impurities in coal. The materials, ground
to ultrafine size, were suspended in water individually and agglomerated with hept-
ane. Information about the structure of the resulting agglomerates was obtained by
microscopic examination and by measuring the stability to sedimentation of the sus-
pension. The agglomerated solids were recovered by screening and the weight yield
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was measured. In addition, the three-phase contact angle was determined on pol-
ished surfaces of the mineral samples. As seen in Table 1.4, a clear correlation exists
between the hydrophobicity of the particles and their recovery by oil.

Using relatively hydrophobic materials such as graphite or coal, the agglomerate
structure depends on the amount of oil added. At low volumes, loose flocs form which
are held together by pendular bridges of oil between the solid particles. With
larger amounts, more compact aggregates are formed which involve funicular bridg-
ing, Figure 1.32(a). Some water can be trapped within the agglomerates. The specific
recovery was high in both mineral cases. For iron pyrite which is less hydrophobic, the
particles tended to adsorb on oil drops preventing their coalescence. Some particles
even formed bridges between drops, Figure 1.32(b). The recovery is reduced. Finally,
very hydrophilic quartz or kaolin particles remained entirely within the water phase
and did not attach themselves to oil drops. Instead, they collected around the drops,
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Table 1.4 Correlation between the recovery of various solids from water using heptane
and the contact angle of the solid at the oil–water interface (measured through water).
Taken from Ref. [119]; re-drawn with permission of Pergamon Press.

Solid �ow/° Specific recovery (g solid/g oil)

Kaolin �5 0
Quartz 20 0
Iron pyrite 85 0.6
Coal 105 7.2
Graphite 113 14.5
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Graphite or coal
very hydrophobic

funicular agglomerates

Iron pyrite
less hydrophobic

stable drops with particle bridges

Quartz or kaolin
hydrophilic

unstable drops

Figure 1.32 Schematic structures following agglomeration of particles (shaded)
in water (w) on addition of oil (o) for particles of different hydrophobicity. Taken
from Ref. [119]; re-drawn with permission of Pergamon Press.



Figure 1.32(c), serving as links between them. Such agglomerates were very weak
and easily broken so that they were not recovered by screening. These examples serve
to illustrate the importance of particle wettability on particle recovery and, as seen in
this case, particles of intermediate wettability producing stable o/w emulsions are
detrimental to recovery.119

1.5.7.2 Emulsion flotation

There is ongoing interest in developing methods for the recovery of particles of size
less than 1 �m from disseminated ores. One such method is the extraction of fine 
particulate solids from aqueous suspensions into an oil phase (liquid–liquid extrac-
tion),120 and one example of a successful industrial process based on oil–water distri-
bution phenomena is emulsion flotation used in concentrating manganese ore.121 The
basis of the process is directly related to the stabilisation of emulsions by solid parti-
cles. As an example, we describe the work of Lai and Fuerstenau122 on the oil flotation
of initially hydrophilic alumina (Al2O3) particles of average diameter 0.1 �m after
separating an oil–water emulsion into its two phases. Alkyl sulphonate surfactants of
different chain lengths were used to change the wettability of the particles and to
effect emulsification of the oil–water mixture. The effects of the oil:water ratio, sur-
factant adsorption on particles and pH on the recovery of alumina were investigated.
Although an old study now, it is very thorough and illustrates several points of inter-
est. A similar approach was used simultaneously by Shergold and Mellgren123 and
later by Kusaka et al.124 for the liquid–liquid extraction of hematite (Fe2O3) using
sodium dodecyl sulphate (SDS), and silica (�ve) using hexadecyltrimethylammo-
nium chloride (�ve), respectively.

Oxide particles are hydrophilic but can be made hydrophobic through the adsorp-
tion of a suitable collector. In the case of alumina, which is positively charged below
pH � 9, such a collector is an anionic surfactant, e.g. sodium alkyl sulphonate, and
adsorption proceeds via electrostatic attraction between surfactant head groups and
particle surfaces.122 In order to ascertain how the degree of hydrophobicity affected the
extraction of such particles into oil, sulphonates of different alkyl chain length were
used. Since the wettability of alumina in aqueous surfactant solution is determined by
the adsorption of sulphonate onto its surface, adsorption isotherms were obtained at
pH � 7.4. The isotherms are shown in Figure 1.33(a) for the octyl and tetradecyl sur-
factants (left ordinate). They show that the adsorbed amount increases with both an
increase in surfactant concentration and in the surfactant chain length. This adsorption
modifies the wettability of the particles at the oil–water interface, as judged from the
contact angle of an isooctane drop under water (measured through water) on a single
crystal of sapphire also shown in Figure 1.33(a) (right ordinate). The angles increase,
i.e. particles become more hydrophobic, with increasing surfactant concentration and
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increasing chain length. The value of �ow never exceeds 80° with the octyl sulphonate
whereas it approaches 140° with the tetradecyl sulphonate.122

In order to attain high recovery of alumina, it is necessary to make the solid par-
ticles as hydrophobic as possible and to disperse the oil phase as much as possible so as
to provide a large oil–water interfacial area for collection of the fine particles. The first
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Figure 1.33 (a) Adsorbed amount of surfactant on alumina particles (diam-
eter � 0.1 �m) at pH � 7.4 versus equilibrium [surfactant] in water (left ordinate)
for C8 (�) and C14 (�) sodium alkyl sulphonate, and isooctane-water-solid contact
angle (through water, right ordinate) versus initial [surfactant] in water for C8 (�) and
C14 (�) surfactant. (b) Recovery of alumina in isooctane versus initial [surfactant] in
water at pH � 7.4 for C8 (�) and C14 (�) sodium alkyl sulphonate. Taken from 
Ref. [122]; re-drawn with permission of American Institute of Mining Engineers.



step in the extraction procedure was to equilibrate the particles with the aqueous sur-
factant solution. Then, the oil phase was added (15 vol.%) and the mixture stirred in a
separatory funnel, during which time the oil was broken down into small globules.122

After the stirring period, a two phase system evolved consisting of a layer of oil glob-
ules on top (sizes 0.01–5 mm) and aqueous surfactant solution below. The two phases
were dried separately, after which the solid content was weighed and the recovery of
particles in the oil phase determined. The recovery of alumina in oil at pH � 7.4 is
shown in Figure 1.33(b) as a function of the initial concentration of surfactant in water
for the two chain lengths. When the collector is octyl sulphonate, limited recovery
occurs (� 20%), whereas the recovery reaches 100% for the tetradecyl sulphonate by
6 � 10�4M. Comparing the contact angle data with the recovery data, it is clear that
particles become sufficiently hydrophobic (�ow � 90°) with the long chain surfactant
enabling transfer to oil but not hydrophobic enough (�ow � 90°) with the shorter chain
analogue such that particles remain essentially in water. The size and number of oil
drops produced are also important since particles are concentrated at drop interfaces.
The presence of free surfactant lowers the interfacial tension resulting in the formation
of smaller drops of higher area. For the octyl surfactant, an increase in concentration
leads to a decrease in drop size of the o/w emulsions. For the tetradecyl surfactant, the
drop size in o/w emulsions decreases initially as before and, at a certain surfactant
concentration, the emulsion inverts to w/o as particles become more hydrophobic.
Under these conditions, recovery is at its maximum value and the measured zeta
potential of the coated particles is zero. The wettability of particles, modified by sur-
factant addition, is therefore a crucial parameter in liquid–liquid extraction.122

1.5.7.3 Collectorless liquid–liquid extraction

In the above sub-section, surfactant was deliberately added as a collector in 
order to enhance the probablility of transfer of particles from water to oil during
extraction. This complicates the system since surfactant can adsorb simultaneously at
the solid–liquid and liquid–liquid interfaces. A simpler scenario is extraction in the
absence of surfactant, so-called collectorless extraction, allowing a better understand-
ing of the mechanism of adhesion between oil drops and solid particles. Kusaka 
et al.125,126 have worked on many aspects of this process recently, using electrolyte addi-
tion or changes in pH to modify the wettability of particles by influencing their charge
properties. Hydrophilic quartz particles in water, of average diameter 0.24 �m, were
equilibrated gently with isooctane and the mixture allowed to stand. A dense emulsion
phase containing some of the particles separated from the aqueous phase. After drying
and weighing, the recovery of particles into the emulsion phase was determined. In
addition, separate electrokinetic measurements were conducted on both the oil drops
and particles in water under the same conditions as those used in the extraction 
experiments. In the case of CaCl2 as electrolyte and at pH � 5.5, the effect of salt 
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concentration on the zeta potential of oil drops and quartz particles is shown in Figure
1.34 (left ordinate). Oil drops in water at this pH are negatively charged (probably due
to preferential adsorption of OH� from water) as are the quartz particles (due to ioni-
sation of surface silanol groups). The magnitude of the zeta potential decreases in both
cases with salt concentration, reaching values around �10 mV at 10�2M CaCl2, as
Ca2� ions adsorb on surfaces. Also shown is the recovery of particles into the emulsion
phase (right ordinate), which increases from 10% to 100% upon increasing the salt
concentration to 10�2M. Comparison of the three data sets indicates that the increase
in recovery of particles correlates with the decrease in the zeta potentials, and therefore
with the decrease in the electrostatic repulsion between oil drops and solid particles.
The same correlation was recorded for NaCl and LaCl3 as electrolytes, where the 
concentration of salt required to achieve maximum recovery decreased with an
increase in the valency of the cation. Similarly, a reduction in pH towards 2 (isoelectric
point for silica) increased the recovery markedly at low salt concentration.126

The particle–oil coagulation occurring during extraction is an example of hetero-
coagulation in which the total potential energy of interaction VT can be calculated
using DLVO (Derjaguin–Landau–Verwy–Overbeek) theory, i.e. by summing up the
energy of interaction due to the overlap of electrical double layers and that due to
van der Waals forces. Since the quartz particles (�1 �m) are much smaller than the
oil drops (few mm), the energy can be approximated by an expression for the inter-
action between a sphere and an infinite flat plate (in water). The results of the 
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at pH � 5.5 (left ordinate) as a function of the concentration of CaCl2. Also shown is
the recovery (�) of the particles into the emulsion phase during liquid–liquid extrac-
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calculations of VT as a function of the distance of separation between the surfaces
revealed that, for [CaCl2] of 10�4 and 10�3M, the energy was repulsive at large dis-
tances (�5 nm) and attractive at close approach (1 nm), with the energy barrier
falling with salt concentration. At 6 � 10�3M CaCl2, however, the energy barrier
disappeared and VT was negative (attractive) at all separations. This is the same salt
concentration at which recovery is maximum, i.e. the particles readily concentrate
at the oil–water interface.126

1.6 Particle-Stabilised Bubbles and Foams

Solid particles have been incorporated into surfactant-stabilised aqueous foams 
for many years, and their influence on the formation and stability of the foam is
very dependent on the surfactant type, particle size and concentration. If particles
are reasonably hydrophilic, foam stability is enhanced since particles collect in the
Plateau borders slowing down film drainage. Hydrophobic particles however can
enter the air–water surfaces of the foam and cause destabilisation via the bridging–
dewetting or bridging–stretching mechanisms. This is discussed in more detail in
Chapter 10.

The literature concerned with the ability of particles to act as foam stabilisers in
the absence of any other surface-active material is very sparse,4,127–133 although
much is known in the area of flotation,120 reviewed in Chapter 9, in which particles
attach to air bubbles in the presence of surfactant. Very recently, particles alone
have been shown to be effective in stabilising metal foams, i.e. air bubbles in
molten metal.133 These attempts and the properties of the porous solid formed after
cooling are discussed in Chapter 11. In aqueous systems, different particle types,
sizes and protocols have been reported with varying degrees of success in stabilis-
ing large volumes of foam. Related to foam formation is the ability to transport
particles from water to air–water surfaces. Unlike oil–water interfaces, Okubo134

and Dong and Johnson135 have shown that the surface tension of colloidal disper-
sions of purified charged particles (PS, silica, titania) can be lowered from the
value for pure water upon increasing the particle concentration in bulk. The lower-
ing, by as much as 20 mN m�1, depends on particle type and size and whether the
particles form crystal-like or liquid-like structures in bulk. As pointed out by
Paunov et al.,136 an energy barrier exists between charged particles in bulk water
and the charged air–water surface which must be surmounted if particles are to
adsorb. The height of this barrier can be reduced by addition of salt or by changing
the pH, such that when the kinetic energy of the particles exceeds the barrier
height, they adsorb to the surface and become trapped. This has been demonstrated
very clearly by Wan and Tokunaga137 for sub-micrometre-sized clay particles (by
tuning pH) and by Hu et al.138 for silver nanoparticles (by adding KCl).
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An alternative method of overcoming the energy barrier to the growth of surface
crystals of particles involves targeted delivery of the particles through hydrodynamic
flows.139 The method allows an unprecedented degree of control over the surface
composition, bubble size and stability. Using a three-channel hydrodynamic focusing
device, an aqueous dispersion of colloidal particles is driven through the outer chan-
nels with the inner channel carrying the dispersed gas phase. The surface between the
continuous and dispersed phases thus serves as the substrate for particle assembly.139

The curved bubble surface is held stationary relative to the motion of the particles in
the continuous phase in order to allow sufficient time for the particles to adsorb. For a
particle concentration of 0.1%, armoured bubbles can be ejected at a rate of 10 s�1.
The shear-driven ejection of the jammed particle shells makes the geometry of the
outlet channel the main determinant of the size of the bubbles and the continuous
one-step assembly produces monodisperse-coated bubbles. Jammed particle shells
are only reproducibly formed when particles approach the surface with high veloc-
ity (10 cm s�1), suggesting that each capture event resulting in a particle becoming
adsorbed to the surface occurs in a timescale of tens of microseconds. The shear experi-
enced by the particles from the continuous phase liquid is insufficient to detach the
adsorbed particles. Instead, the particles are transported by the flow to the anterior of
the curved air–water surface. Repeated capture and transport events result in a rapid
buildup of particles in a close-packed crystallite on bubble surfaces. The thermal
motion of the particles is arrested in the tightly packed shell, so that bubbles resist not
only the possibility of spontaneous coalescence due to surface area minimisation but
also that of shear-induced coalescence. In going a step further, new kinds of particle
shells around bubbles can be tailored. Thus, by loading PS particles labelled with rho-
damine (yellow) in one channel and PS particles of a different size labelled with fluor-
escein (green) in the other channel, bubbles coated with hemi-shells of the two particle
types could be produced. These Janus-like bubbles may have use for targeting or sort-
ing purposes.139

In addition to coalescence, the other major mechanism by which foams collapse is
disproportionation, in which gas diffuses from smaller to larger bubbles due to the
higher Laplace pressure within the former. Although theory suggests that films around
bubbles with high mechanical rigidity should be able to prevent this and bubble shrink-
age, experimental measurements reveal that even the most viscoelastic protein films
cannot halt disproportionation. It was therefore of interest to see if surface-active par-
ticles, associated with high adsorption energies, could generate a sufficiently rigid shell
to prevent bubble shrinkage by this route. Du et al.140 showed that this was possible
using fumed silica nanoparticles which were partially hydrophobic (40% residual
SiOH). Various methods were employed to generate air bubbles in an aqueous particle
dispersion beneath a planar air–water surface, including direct injection of bubbles 
and a sudden reduction of pressure within the cell containing the dispersion causing
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bubble nucleation. Although some large bubbles (radius 250 �m) were unstable to dis-
proportionation, smaller bubbles (radius 50–100 �m) were stable from their formation
over a period of several days. Bubbles of intermediate size shrank to a certain extent
and then remained stable subsequently. This is in contrast to bubbles stabilised by
either gelatin or �-lactoglobulin proteins which shrank rapidly and disappeared com-
pletely in 1–2 h.

In a follow-up paper, Dickinson et al.141 demonstrated that stable bubbles could
be formed from an aqueous dispersion of fumed silica nanoparticles of lower inher-
ent hydrophobicity (67% and 80% SiOH) by adding salt (NaCl) to the water. Their
stability increased with increasing particle concentration and increasing salt con-
centration. Since it is known that the hydrophobicity of silica surfaces increases on
addition of electrolyte as their charge is neutralised, this method is an easy way to
encourage otherwise too hydrophilic particles to adsorb at bubble surfaces. At the
highest particle concentration of 1 wt.%, the aqueous dispersion was gel-like due to
a particle network obtained via silanol–silanol bonds and it was proven that the
adsorbed particle layer on bubbles was contiguous with the excess particle network
in the bulk aqueous phase (see Chapter 8 for more discussion). Some of these find-
ings equally apply to the stability of emulsion drops as discussed earlier.

Theoretically, Kam and Rossen142 offer an explanation for the great stability to
disproportionation of particle-coated bubbles using a two-dimensional model. The
stability of small bubbles to mass transfer of gas requires a mechanism whereby, as a
bubble shrinks, its Laplace pressure falls (rather than rises) closing down gas dissolu-
tion. Suppose a single particle is attached to a bubble surface, with its position dictated
by the contact angle, �aw. As more particles become adsorbed, the bubble radius
increases by an amount of the submerged portion of the particles because the bubble
volume is held constant. This increase in radius continues until the bubble surface is
completely coated with particles. If the bubble then shrinks, the reduction in bubble
volume requires that the bare air–water surfaces (between particles), originally con-
vex, move along particle surfaces inwards toward the bubble centre. The shape of
the surfaces and their curvature change while maintaining the same contact angle
on the particle surfaces. These surfaces can be flattened, i.e. become planar, or
even concave depending on the extent of bubble volume reduction. During this
process, the Laplace pressure no longer balances the surface tension and there is a
net inward force which may be balanced by the stress between particles in the
adsorbed layer. Shrinkage reaches a limit when the air–water surfaces on either
side of a particle meet on the solid surface, representing the minimum bubble vol-
ume possible before the bubble detaches from at least one solid particle. It is shown
that, for typical values of �aw (�20°), a small decrease in bubble volume from the
unstressed state causes the Laplace pressure to decrease to zero and then to nega-
tive values. When it is zero, the bubble is in equilibrium with liquid saturated with
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gas. Thus, when negative, gas in the bubble can be in equilibrium with liquid
unsaturated with gas, and this equilibrium is stable to mass transfer. An estimate
of the stress on the adsorbed particles, i.e. the solid–solid force, was made and,
for particles of density 2.5 g cm�3 of radius 0.31 �m around bubbles of radius
10 �m with a surface tension equal to 70 mN m�1, this force is 970,000 times the
force of gravity on the particles! These stresses might drive dissolution and pre-
cipitation of solid around the points of particle contact, sintering the solids into a
rigid continuous framework142 and halt completely disproportionation as observed
experimentally.140

Two recent studies on bulk foams stabilised entirely by solid particles are worthy
of comment. In the first, Alargova et al.129 describe the use of rod-shaped microparti-
cles of the photoresist polymer SU-8 in hand-shaken systems. The particles were
polydisperse of average length 23.5 �m and average diameter 0.6 �m, shown in
Figure 1.35(a). The polymer is an epoxy-containing material with methyl side groups
and the likely reason it is an efficient foam former is that it is relatively hydrophobic
exhibiting a contact angle at the air–water surface, �aw, of �80°. Aqueous dispersions
of the particles foamed readily, with air bubbles initially distributed throughout the
entire volume of the samples making them milky in appearance. After several min-
utes, most of the bubbles rose to the top of the sample leaving a less turbid phase of
particles dispersed in water below. The initial foam volume increased with particle
concentration (0.2–2.2 wt.%), and for all samples decreased slightly in the first few
minutes and then remained constant for more than 3 weeks. This is to be compared

Particle-Stabilised Bubbles and Foams 65
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Figure 1.35 (a) SEM image of the SU-8 polymer rod particles used to stabilise aque-
ous foams; scale bar � 5 �m. (b) Optical microscope image of a single air bubble in
water coated with a hairy layer of SU-8 polymer rod particles; scale bar � 50 �m.
Taken from Ref. [129]; with permission of the American Chemical Society.



with a popular foam-forming surfactant like SDS just above its critical micelle con-
centration for which the foam collapses completely within 24 h.

A more stringent test of foam stability is its resistance to drying which normally
destroys any surfactant-stabilised foam.129 In the particle-stabilised foam left open to
air, its volume remained constant for more than 1 week even though the water below
it slowly evaporated through the foam layer. Attempts to destroy the remaining foam
by fast drying and expansion in a vacuum resulted in an increase in foam volume by
a factor of two and continued stability. The micro-rods adsorbed on bubble surfaces
result in this extraordinary “super-stabilisation” effect. Interestingly, mixtures of par-
ticles and SDS surfactant produced foams which were as unstable as pure surfactant
ones, with SDS thus acting as a defoamer and suppressing the stabilising effect of the
particles. The authors hypothesised that the likely cause of this is due to adsorption
of surfactant monomer onto particle surfaces rendering them more hydrophilic so
that the coated particles lose their affinity for air–water surfaces.

Microscopic examination of the particle-stabilised foam revealed that it was com-
posed of small (10–100 �m) spherical bubbles. As seen in Figure 1.35(b), each bubble
is covered with a dense shell of adsorbed entangled particles which extend into the
aqueous phase. The particles appear to be flexible and adsorb parallel to the curved 
liquid surface. The thickness of a single foam film (air–water–air) corresponds to at
least two layers of rods, �1–2 �m, which is significantly much thicker than that of a
surfactant, 10–100 nm. The steric repulsion between the adsorbed particle layers thus
keeps the films very thick, reducing their probability of rupture and retarding gas dif-
fusion. The other contributor to the remarkable stability of these foams is the mechan-
ical rigidity of the continuous network of overlapping entangled rod particles at bubble
surfaces; particles were immobile and effectively jammed.

In the second recent study, Binks and Horozov132 investigated the influence of
particle hydrophobicity on foams stabilised by fumed silica nanoparticles. These
particles, of primary diameter �30 nm, are the same as those used in the bubble
experiments of Refs. [140 and 141]. Hydrophilic silica particles possess surface
silanol groups which react with silanising agents to impart hydrophobicity. The lat-
ter is quantified in terms of the residual SiOH content, varying here from 100% to
14%. Acknowledging the fact that more hydrophobic particles are required to
adsorb for foam stabilisation, foams were prepared either with particles initially in
air or by dispersing them in water with the aid of ethanol, which is then removed
before the foaming tests.

Figure 1.36 shows the volume of foam produced as a function of the hydropho-
bicity of the nanoparticles for different conditions.132 In the absence of salt and for
hand-shaken systems (3 w/v% particles initially in air, curve 1), no foam is formed
for hydrophilic (
70% SiOH) or very hydrophobic particles (14% SiOH, dry 
powder remained on water surface) but the foamability increases progressively for
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particles of intermediate hydrophobicity. These foams contain �30% water when
formed and are subsequently very stable to collapse. An alternative method is to dis-
perse the particles in a water–ethanol solution, allowing the more hydrophobic ones
to become wetted, remove the ethanol by repeated sedimentation-redispersion cycles
in pure water and aerate the dispersion using an Ultra Turrax homogeniser. The ini-
tial volume of foam in this case (0.86 w/v% particles, curve 2) shows a more pro-
nounced maximum with respect to particle hydrophobicity, with those possessing
32% SiOH being the most effective. The foams obtained with 32% and 20% SiOH
are wet and even at long time contain �60% water. They are very stable to collapse.
The reduction in their volume is due to water drainage and bubble compaction, but
not to loss of air (curve 3, 27 h.). Particles with surface SiOH 
 42% reside mainly
in the water phase (cloudy) with little foam whereas particles with 32% and 20%
SiOH are located entirely within the white, creamy foam enveloping air bubbles. The
bubble size falls progressively with an increase in particle hydrophobicity.

Using the recently developed Dispersion Stability Analyser 24,143 the destruc-
tive processes occurring in the foam can be detected and monitored well before it
is possible by naked eye observations. The vertical profiles of the scattered light
intensity were determined for the silica-stabilised foam and an SDS-stabilised one
at different times since foam formation. In both cases, the light intensity close to
the sample bottom decreases with time, while the light intensity maximum shifts
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Figure 1.36 Volume of foam produced at room temperature from 7 cm3 of water in
the presence of fumed silica nanoparticles of different hydrophobicity (given as %
SiOH on their surfaces) at 3 w/v% (hand shaken, 1) and 0.86 w/v% (homogenised,
2–4). The systems and times since foam formation are: (1) no salt, 0 and 1 h, (2) no
salt, 10 s, (3) no salt, 27 h, (4) 8.5 mM NaCl, 13.5 h. The inset shows schematically
the position of a particle at an air–water surface if hydrophilic (high % SiOH, left)
or more hydrophobic (low % SiOH, right). Taken from Ref. [132]; with permission
of Wiley-VCH.



upwards. These changes are a result of the drainage of water from between bubbles
in the foam, with a clear serum appearing at the bottom in contact with a concen-
trated foam at the top. In the particle case, this takes place relatively slowly and is
over after several hours. By contrast, the fast drainage of water out of the foam in
the SDS case (few minutes) leads to a significant shift of the intensity maximum
upwards and to a drastic decrease in the intensity in the upper part of the profile.
The foam collapse is accompanied by the appearance of local maxima and minima.
Such changes in the light intensity are a direct consequence of foam coarsening
due to both bubble coalescence and disproportionation. Adsorbed particles clearly
prevent both of these occurring.

Optical microscope images of bubbles in foams stabilised by particles with 32%
SiOH are given in Figure 1.37(a)–(c), with and without salt.132 Distinct non-spherical
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Figure 1.37 Optical microscopy images of aqueous foams stabilised by silica
nanoparticles possessing 32% SiOH on their surfaces. Systems and time after for-
mation by homogenisation are: (a) no salt, 3 w/v% particles, 40 h, (b) 8.5 mM NaCl,
0.86 w/v% particles, 5 min, (c) 1 M NaCl, 0.37 w/v% particles, 5 min. Also shown in
(d) is the image of a planar monolayer of silica nanoparticles (with 50% SiOH) at
the air–water surface after compression to a surface pressure of 70 mN m�1. The
corrugations are parallel to the trough barriers. All scale bars � 50 �m. Taken from
Ref. [132]; with permission of Wiley-VCH.



bubbles, of size 5–50 �m, are a feature of these systems. Their surfaces are rough due
to ripples.144 Similar ripples have been observed in the case of a planar air–water sil-
ica particle monolayer after compression (d), suggesting that the bubbles are covered
with dense particle layers compressed to a high surface pressure close to the surface
tension of water. Stable bubbles are probably formed by coalescence between smaller
bubbles covered with dilute particle layers during homogenisation. As the bubble area
decreases, excess particles cannot be released since irreversibly adsorbed and so the
surface corrugates to increase in area. Since silica particles in water and bare air–water
surfaces are negatively charged, it is anticipated that addition of salt to water should
enhance the transfer of particles to the surface by reducing the energy barrier to
adsorption. It may also increase their contact angle as hydrophobicity increases, with
both leading to improved foam stabilisation. That this is the case is seen in the data in
Figure 1.36 (curve 4) and particles initially relatively hydrophilic (42% and 51%
SiOH) can now stabilise foams to a higher extent than in the absence of salt.
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Structure and Formation of Particle 
Monolayers at Liquid Interfaces

Lennart Bergström
Department of Physical, Inorganic and Structural 

Chemistry, Stockholm University, SE-106 91 Stockholm, Sweden

2.1 Introduction

The structure displayed by assemblies of colloidal particles, whether in three dimen-
sions (3-D) or in two dimensions (2-D), is an important aspect in many industrial
processes and products, e.g. waste-water treatment, paints and ceramics, but also for
the assembly of new materials.1–4 Colloidal particles can be made to organise into
ordered arrays or to attain heterogeneous structures with different degrees of disor-
der. The control of colloidal structure formation starts with the particle interactions
(attractive or repulsive) and colloidal dynamics. These interactions balance against
thermal forces and external influences such as gravity and applied force fields to
determine what configurations the particles will adopt, e.g. network-like, random or
ordered configurations (see Figure 2.1).

These colloidal structures acquire interesting and useful properties not only from
their constituent materials, but also from the spontaneous emergence of mesoscopic
order that characterises their internal structure.5 Ordered arrays of colloidal particles
with lattice constants ranging from a few nanometres to a few microns have potential
applications as optical computing elements and chemical sensors, and templates for
fabricating quantum electronic systems. Restricting the colloidal array to 2-D has
particular relevance to sensor and membrane applications. Disordered systems can
be used as ceramic membranes.

The construction of photonic crystals emphasises the importance of the correlation
between structural features and the material properties. Photonic crystals are assem-
blies of colloidal particles, packed into mesoscopic, periodic arrays. Their ability to
diffract light in the ultraviolet, visible and near-infrared part of the spectrum6 requires
a well-ordered structure without structural defects. This property makes them the 
ideal material for optical applications, such as rejection filters. Carefully designed pho-
tonic crystals may be used as sensors being responsive to light, temperature and 
chemicals.7,8 Photonic crystals, in both 2-D and 3-D, with a controlled defect forma-
tion have shown promise as optical band gap materials and wave guides.9
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(a)

(b)

(c)

Figure 2.1 Examples of colloidal structures produced by spherical silica particles
with a diameter of 1.97 �m trapped at an air–liquid surface; (a) disordered network
of octyl-coated silica that aggregate at the air–toluene surface; (b) low density
ordered structure caused by a temporal long-range repulsion between the silica par-
ticles; (c) dense particle monolayer of octadecyl-coated particles that have been
forced to close pack by an increasing surface fraction. (a) and (b) taken from Ref.
[45]; with permission of Academic Press; (c) taken from Ref. [22]; with permission
of the American Chemical Society.



Different processes have been proposed to produce 2-D colloidal films with vary-
ing degrees of homogeneity. The most common method is controlled drying of 
colloidal suspensions. This method is based on the convective assembling technique,
controlled by the evaporation rate of the solvent.3 Another possibility is to form col-
loidal films by the self-assembly of particles attached at liquid interfaces. Figure 2.2
gives an example of how particles can be spread and assembled at the liquid–air sur-
face. The particles are well dispersed in a spreading solvent (commonly methanol 
or ethanol) and a droplet is applied to the liquid surface with a syringe. The droplet
spreads over the liquid surface, forming a thin film. As the alcohol evaporates, the
particles are trapped at the liquid–air surface, and the particle assembly is mainly
controlled by the range and magnitude of the inter-particle interactions.

This chapter deals mainly with the formation and characterisation of particle
monolayers at planar liquid interfaces and intends to give an introduction to the rela-
tion between the structure of colloidal particles assembled at interfaces and their
interactions. The chapter starts with a brief description of how the structure of both
disordered and ordered particle monolayers can be characterised. This is followed
by a presentation of investigations of colloidal aggregation, formation of ordered
colloidal films and various types of structures with a mesoscopic order at air–
liquid and liquid–liquid interfaces.
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(b)

u

(a)

Figure 2.2 A schematic view of the spreading of a dispersion droplet on a liquid
surface. (a) illustrates the lateral spreading that is facilitated by the very low inter-
facial tension between the dispersion medium and the liquid; (b) illustrates the
evaporation of the dispersion medium and the trapping of the particles at the
air–liquid surface. The assembled particle network can be transferred onto a sub-
strate that is slowly raised through the liquid phase, schematically illustrated at the
bottom of (b).



2.2 Structural Characterisation of Particle Monolayers

The structural characterisation of particle monolayers is related to the degree of
order, or disorder, of the colloidal building blocks. For tenuous, disordered systems,
a fractal approach is commonly adopted.10 The fractal length scale is negligible in
very dense colloidal films consisting of highly ordered domains. The characteristics
of the films are then more appropriately described by the average size of the ordered
domains and the distribution of pores embedded in the domain boundaries.

2.2.1 Measurement of fractal dimensions

Fractal objects are self-similar and commonly described by the Hausdorff–Besicovitch
dimension, defined as the dimension in which the object has a non-diverging 
measure.11 A strict self-similar object can be broken into arbitrary small pieces,
each of which is a small replica of the entire object. The structure of colloidal
aggregates, as well as gels and percolated structures, may display a statistical self-
similar nature. That is, the average structure of an aggregate is self-similar with the
average structure of a smaller part. Aggregates and gels are mass fractals in the
sense that the fractal description indicates how the mass of n colloidal particles fills
the space occupied by the aggregate. Mass fractals display a power law scaling
between the mass n(R) within a certain length scale R, and the length scale itself,
according to

(2.1)

where Df is the fractal dimension of the cluster.
The statistical self-similarity of colloidal aggregates applies to a limited length

scale. The lower cut-off is determined by the size of the basic building unit, which
can be a sub-cluster or the particle itself. A cluster of s particles can have any dimen-
sion between one (a line) and the value for a closed packed structure. It is possible
to express how the number of particles in a cluster n(r), (cluster mass), scales with
the radius, r, of the cluster 12

(2.2)

with the basic building unit consisting of no particles with a mean radius of ro. This
equation may be re-written to include the volume fraction of the basic building unit,
�o, and the radius of a single particle, a, which is the smallest possible building unit.
The resulting expression reads
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(2.3)

which shows that it is possible to define two fractal dimensions if the basic build-
ing unit itself is a self-similar cluster with a fractal dimension, D.

The fractal dimension is often measured as an exponent in a power law expression
relating cluster mass and a measure of length scale. Hence, the resulting fractal
dimension depends upon the choice of length scale and on the choice of method used
to relate mass to length scale. A complete fractal description of the structure requires
knowledge of the pre-factors ro and no.

12 When the pre-factors are known it is pos-
sible to relate the fractal dimensions obtained with different methods. However, with-
out the pre-factors, the fractal dimension is still a good discriminator of structural
changes. Comparison between different methods gives a qualitative description of
structural changes in a system of aggregating colloids. Below, two of the most com-
mon methods used to determine the fractal dimensions are described.

2.2.1.1 Radius of gyration

This method exploits the scaling relation between the mass and one length scale in
a set of clusters.11 The number of primary particles in an aggregate, s, represents
the mass of the aggregate if the particles are monodisperse. Furthermore, the radius
of gyration, Rg, is the characteristic length scale with

(2.4)

This method results in a fractal dimension, Dfs, that corresponds to the self-
similarity between clusters of different mass. The radius of gyration, Rg, is defined as

(2.5)

where ri is the position of particle i in the aggregate and �r� is the mean position of
all particles. The latter is also equal to the centre of mass of the cluster. Figure 2.3
gives an example of how the fractal dimension of an assembly of clusters is obtained
with the radius of gyration method.

The scaling between mass and radius of gyration results in a fractal dimension
which should be treated with care, since particles far from the centre obtain a greater
weight in equation (2.5). Consequently, the method is most suitable for symmetric
clusters, which grow in the radial direction, e.g. classical clusters simulated by parti-
cle–cluster aggregation.13,14 Hence, clusters that grow asymmetrically will be given
a lower value of fractal dimension compared to clusters that grow symmetrically.
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2.2.1.2 Box counting

The fractal dimension obtained from box counting, Dfb, is an estimate of the
Hausdorff–Besicovitch dimension. The original method to identify Dfb (in 2-D) is
to enclose the structure in a square of side length Lm. This square is further divided
into smaller squares of side length l, such that (Lm/l)2 squares are obtained. The
number of small boxes, which contain sections of the cluster N(Lm,l), scales as15

(2.6)

For constant Lm, a � l � Lm and Lm/l �{1,2,3, …}, the linear part of �log N(Lm, l)/
log l identifies Dfb. This approach is appropriate for structures filling up the available
space, e.g. a gel, such that Lm/a � 100. However, if the structure is small compared to
the size of the primary particle, a, the number of possible values of l becomes very lim-
ited, which may result in a large error in Dfb. This problem is minimized when the val-
ues of l are controlled and the length scale of the grid, Lm, is adjusted to contain a whole
number of small boxes. Hence, a larger set of box sizes becomes available, resulting
in more data points in the scaling of the cluster, and improvement of the Dfb estimate.

The box count dimension Dfb is fundamentally different from Dfs, in that the
former identifies a scaling between mass and length scale within one object. The

N L l L l D( , ) ( / )m m fb�
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Figure 2.3 Double logarithmic plot of the radius of gyration, �Rg�, as a function
of the number of particles in the cluster, s, for octyl-coated (�) and octadecyl-
coated (�) silica particles that have aggregated at the air–toluene surface. The
octadecyl-coated system has been offset by a factor of 10 for clarity. The lines are
least square fits and yield Dfs (�) �1.57 � 0.04 and Dfs (�) �1.63 � 0.04.
Taken from Ref. [45]; with permission of Elsevier.



self-similarity dimension Dfs identifies a scaling relation between objects of differ-
ent mass and length scale. However, the two measures are equal in many cases,
especially for deterministic self-similar fractals.

2.2.2 Structural characterisation of ordered colloidal monolayers

The structural characterisation of ordered colloidal monolayers has traditionally
focused on a determination of the degree of order. Various characterisation param-
eters, e.g. surface coverage, inter-particle distances, diffraction properties and Fourier
space analysis have been used to evaluate the quality of colloidal films.3,16–20 The
characterisation method usually relies on an accurate determination of the position of
each particle in the dense monolayer films, commonly obtained from processed
images. Grier and Murray,21 in a seminal work that was developed further by Hansen
et al.,22 showed how the degree of order of colloidal films can be characterised by
analysing the dampening of the pair-distribution functions. The pair distribution,
g(r), can be determined by counting the number of particles covered by a ring with
the radius, r, and thickness, �r, centred at particle i and normalised to the number
density of particles within the ring, � (�1/Ao). Averaging over the total number of
particles, N, yields the pair-distribution function:

(2.7)

The radial distance r is represented in a discrete form, r � mdr (m � 1, 2, …) with dr
smaller than the particle diameter. Comparison of the experimental pair-distribution
function, g(r)exp, obtained from the information in many images of a specific col-
loidal film, with an empirically modified pair-distribution function, based on a struc-
ture of an ideal triangular lattice, g(r)triang, allows for a determination of the degree of
order in the colloidal monolayers. By broadening the peaks in g(r)triang with a normal
distribution, the statistical fluctuations of particle positions around the ideal lattice
point can be accounted for. As the size of the ordered domains in an ideal lattice is
infinite, an exponentially decaying function is introduced to account for the finite
size of ordered domains in experimental particle films. The final expression is

(2.8)

where x is the distance from the position a particle would have in a lattice of per-
fect triangular order, �(r) is the standard deviation of particle positions and 
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g r g r x
r

r

x

r
( ) ( )

( ) ( ) ( )/
� � �triang exp∫

�

� � �2 21 2

2

2

⎛⎛

⎝
⎜⎜⎜⎜

⎞

⎠
⎟⎟⎟⎟

⎡

⎣

⎢
⎢
⎢

⎤

⎦

⎥
⎥
⎥

⎛

⎝
⎜⎜⎜⎜

⎞

⎠
⎟⎟d expx

r
� �1

� ⎟⎟⎟
� 1

g r
N

A n r

r r ri
N( )

( )
�

�
�

1

221
o i

p d d( )∑

Structural Characterisation of Particle Monolayers 83



measure of the correlation length, which is an estimate of the average size of the
ordered domains.

Although this method gives a good estimate of the degree of order in a colloidal
film, it is difficult to estimate the presence of irregularities in the structure and the
method cannot distinguish between the different defect types in the ordered arrays.
In a recent study, Hansen et al. proposed a complementary method for a quantita-
tive analysis of the defect size distribution of 2-D crystal structures that is based
upon a Delaunay triangulation procedure.22 The method is based on tessellation of
the space between the particles for characterising the pore sizes. The utility of a
similar procedure has been demonstrated in investigations on the phase transitions
of one-component liquids in 2-D.21,23 Dual tessellations, i.e. a combination of
Delaunay triangulation and Voronoi diagrams, have also been applied to obtain the
volume, the area and the connectivity of pores in a medium.24

The combination of analysis of the pair-correlation function and the Delaunay
triangulation procedure yields a complementary set of parameters that characterises
an ordered structure, e.g. the size of ordered domains, the pore size distribution and
the size distribution of a specific pore. The Delaunay triangulation procedure, in
which all particle positions in an image are connected into a triangular lattice, is
generated in such a way that no point in the lattice lies within any circle connecting
the three corners of the triangle. Once the Delaunay triangulated lattice has been
made, it is possible to identify different pores in the structure by the number of tri-
angles enveloping one pore. Examples of different pores are shown in Figure 2.4. At
hexagonal close packing, the triangles are equilateral with an inter-particle distance
of two particle radii, 2a, and one triangle will be sufficient to cover the pore between
the particles. Defect triangles will have a centre-to-centre distance exceeding 2a�,
where � is an error tolerance of the particle positions. Structural defects, such as
stacking faults or larger pores, are identified by two or more linked defect triangles;
two triangles corresponds to particles arranged in a square or rhombic geometry,
and together with pores enveloped by three triangles, they constitute stacking faults
in the film structure. A pore covered by four triangles corresponds most often to a
missing particle in the film and is a point defect of the structure.

2.3 Colloidal Aggregation at Liquid Interfaces

Colloidal particles will aggregate when the effective interaction between the particles
allows bonds to be formed when the particles collide. Aggregation is a non-equilibrium
process where the aggregation rate and the structure of the aggregates are closely
related.2,14 Aggregation, also known by the terms coagulation, flocculation, clustering
and agglomeration, is a process of large importance for numerous industrial applica-
tions in the chemical, environmental, electronics, mineral and biological sectors. Most
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“real world” systems, involving aggregation of polydisperse, non-spherical particles
with heterogeneous surface chemistry, are very complex and cannot be described in
sufficient detail to enable a complete analysis. Model studies, providing systematic
information on well-defined systems, e.g. experimental studies involving monodis-
perse latex or silica particles, can allow a more detailed analysis. The use of a 2-D sys-
tem with the colloidal particles trapped at a liquid interface simplifies the observation
of the temporal evolution of the clusters and also provides wider tests of theoretical
predictions than are possible in 3-D alone.
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(a)

(b)

Three triangles/pore
stacking fault

Ap � 0.69

Four triangles/pore
missing particle

Ap � 1.30

One triangle/pore
triangular phase

Ap � 0.0501

Two triangles/pore
quadrilateral phase
0.1 � Ap � 0.27

Two triangles/pore
quadrilateral phase

Ap � 0.27

Figure 2.4 (a) Examples of the geometry of different particle arrangements
together with the associated number of Delaunay triangles. The pores are shaded
gray and the normalized pore area, Ap, is included. (b) A section of a triangulated
particle network, with examples of different pores, characterised by the number of
triangles that envelope them (highlighted). (a) taken from Ref. [22]; with permis-
sion of the American Chemical Society.



2.3.1 The aggregation process

Aggregation is essentially controlled by the collision frequency and the probabil-
ity that particles will stick to each other. These two processes, transport and attach-
ment, are usually treated independently, which is a good approximation when the
colloidal interactions are short ranged, i.e. less than the particle size. Computer simu-
lations were the basis for much of the early understanding on how cluster transport
and collision efficiency affects the aggregation process and the aggregate struc-
ture.25,26 The introduction of the concept of sticking probability, Pij, which models
how colloidal interactions affect the likelihood that two clusters of size i and j attach
when moved into contact, clarified the fundamental difference between diffusion-
limited cluster-aggregation (DLCA) and reaction-limited cluster-aggregation,
(RLCA). Experiments with gold colloids, performed by Weitz et al.,27,28 confirmed
the theoretical predictions with a fractal dimension of 1.44 for DLCA and 1.55 for
RLCA.* The early work concerned very dilute dispersions. However, the structure
depends upon the volume fraction of particles � (or area fraction for 2-D aggrega-
tion) in the system. Aggregates may grow into each other at high fractions of par-
ticles and form a particle gel, which is a homogenous structure (with a certain pore
size distribution) even though the sub-units are fractal.

There are several different approaches to describe the aggregation kinetics, of
which the Smoluchowski approach and the dynamic scaling approach are described
in some detail below. The fundamental assumption in the Smoluchowski treatment
is that aggregation is a second-order rate process, i.e. the rate of collision is propor-
tional to the product of the concentrations of the two colliding species.29,30 The
model considers the population balance of the number concentration, ns, of aggre-
gates formed by s primary particles. The rate of change of concentration of s-fold
aggregates for irreversible aggregation may be written as

(2.9)

where kij is the second-order rate constant. The time evolution of the total distribu-
tion of clusters with different sizes can be described as a set of coupled differential
equations. The rate constants are often referred to as the reaction kernels, which
include expressions relating to the transport mechanism. The structure of the clus-
ter and the sticking probability was not incorporated in the classical treatment, but
has received increasing attention in later years. The accuracy of the Smoluchowski
approach to describe the aggregation process relies on the choice of an appropriate
expression for the reaction kernels.
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* Please note that RCLA has been changed to RLCA as per the abbreviation (reaction-limited cluster-aggregation).



The Smoluchowski approach characterises the aggregation process by the evolution
of each cluster size. An alternative is to study the evolution of the distribution of clus-
ter masses rather than the evolution of the individual sizes. The cluster–mass distribu-
tion, n(s, t) is defined as the number of clusters of mass s at time t, normalized with the
total volume or area, for 3-D and 2-D systems, respectively. The analysis of n(s, t)
builds on the statistics of the cluster-mass distribution31 and allows a few parameters to
describe the aggregation process without assumptions from underlying models.

There is a direct relation between n(s, t) and the number fraction of particles,
�n(t), given by

�n(t) � �ssn(s, t) (2.10)

Furthermore, the number–average cluster mass, N(t), defined as

(2.11)

is inversely proportional to the total number of clusters nT formed by the total num-
ber of particles in the analysis. In simulations, the total number of particles is con-
stant and N(t) reflects the aggregation rate. The weight–average cluster mass, S(t),
is obtained from

(2.12)

and reflects the population change towards large clusters. A comparison between
S(t) and N(t) gives a qualitative picture of the aggregation process.32

A more quantitative description of the aggregation kinetics is also available from
the scaling properties of the cluster–mass distribution.14 In the dynamic scaling the-
ory, a few exponents describe the distribution of cluster masses around a character-
istic cluster mass. In the limit of a low-area fraction of particles and large s and t,
Vicsek and Family33 showed by computer simulations that n(s, t) is an algebraically
decaying function of s for every t as well as an algebraically decaying function of
t for every s. They proposed a dynamic scaling for the cluster–mass distribution of
the form

n(s, t) � t�ws��f (s/tz) (2.13)

where the cut–off function f(x) limits the region where the scaling applies: f (x) � 1 for
x �� 1 and f (x) �� 1 for x �� 1. The relation (2.13) includes two exponents, w and
z, describing the dynamic behaviour in addition to the static exponent �. The term t�w

expresses the power law decay of n(s, t) with time for every s. This is a specific feature
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of the cluster–cluster aggregation process, because at large t small clusters have been
absorbed in the formation of larger clusters. The characteristic cluster size is deter-
mined by tz, where the exponent z depends on the nature of the aggregation process.

2.3.2 2-D aggregation studies

The simple geometry of a 2-D system allows studies with imaging techniques, and
has inspired thorough investigations of colloidal aggregation at air–liquid and 
liquid–liquid interfaces. The majority of the early work concerned the aggregation
of latex and silica particles trapped at the air–water surface.34–44 Hurd and Schaefer
presented the first paper where small silica particles floating on the surface of an
electrolyte solution of high ionic strength aggregated and formed strong, tenuous
clusters.35 Robinson and Earnshaw presented a sequence of papers36–39,43 where
they investigated the aggregation of colloidal particles trapped at the air–liquid sur-
face and were the first to describe both the structural and kinetic aspects of the
aggregation process in detail. Their procedure for studying charged particles at the
air–water surface was based on spreading latex spheres from a dilute methanol dis-
persion onto the surface of a dilute electrolyte solution (see Figure 2.2) and aggre-
gation was induced by increasing the ionic strength by addition of electrolyte into
the sub-phase.36–39 The addition of electrolyte reduces the electrostatic repulsive
forces, allowing the particles to stick to each other due to the ubiquitous van der
Waals attraction. Robinson and Earnshaw found that the fractal dimension of the
clusters varied with the molarity of electrolyte in the sub-phase.37 The clusters were
more dense at low sub-phase molarities while the clusters became more tenuous
when the molarity of the sub-phase was increased above 0.5 M CaCl2. The meas-
ured values of the fractal dimension suggested that the particles aggregate accord-
ing to an RLCA process at low sub-phase molarities, thus indicating the presence of
some type of repulsion even at these relatively high ionic strengths. Analysis of the
kinetics showed that the aggregation process obeyed the scaling laws outlined
above and can thus be interpreted within the dynamic scaling concept.38

The unexpected complexity of particle systems trapped at air–water surfaces motiv-
ated Bergström and co-workers to design interfacial systems where hydrophobic
alkoxylated silica particles are spread and trapped on the surface of various organic
liquids.41,45 The main advantage of these systems is that the magnitude of the attrac-
tive interactions can be controlled. The total interaction energy is essentially con-
trolled by the degree of particle immersion and the range of the steric repulsion. This
results in a model system that is very flexible. It allows independent control of both the
attractive and repulsive interactions through the choice of the organic liquid, which
controls the degree of immersion, and the length of the grafted alkyl chains, which
controls the range of the steric repulsion.
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Hansen and Bergström used alkoxylated silica particles (diameter 2 �m) trapped
at the air–toluene surface to study the cluster structures and the kinetics of the 2-D
aggregation process.45 Figure 2.5 gives one example of the evolution of the forma-
tion of 2-D clusters, with the clusters continuously growing in size and where even-
tually a large particle network is formed. The aggregation kinetics was analysed
using dynamic scaling theory where the cluster-mass distribution was represented
in a reduced form

n(s, t)s2 � F(s/S(t)) (2.14)

where the shape of the cut-off function characterises the aggregation behaviour.
Figure 2.6 shows that the reduced cluster-mass distributions are somewhat scat-
tered, but collapse into a master curve, F(x). The bell shape with a clear peak in the

Colloidal Aggregation at Liquid Interfaces 89

(d)

(b)(a)

(c)

Figure 2.5 Images from the different stages of the aggregation process of octyl-
coated silica particles floating on the air–toluene surface. (a) initial stage, t � 4 min,
where an ordered film characterized by a long-range repulsion has formed; (b) early
clustering stage, t � 90 min, where small clusters coexist with a substantial amount
of discrete particles; (c) later clustering stage, t � 270 min, where the cluster sizes
have grown, but the size distribution is very wide; (d) final stage, t � 400 min,
where almost all clusters have joined into one large cluster or a particle network.
Taken from Ref. [45]; with permission of Elsevier.
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Figure 2.6 Reduced cluster–mass distribution, n(s, t)s2, as a function of the reduced
cluster mass, s/S(t), at different times (given) for monolayers of octyl-coated silica
particles at the air–toluene surface. The data shows clusters in the range 1 � s � 30.
Taken from Ref. [45]; with permission of Elsevier.

master curve indicates that small–small cluster attachments dominate the aggrega-
tion process. The cluster mass evolution, Figure 2.7, shows that the aggregation
process is divided into two régimes; an initial régime where aggregation is slow, fol-
lowed by a fast aggregating régime. The power law exponent, z, has a value below
0.5 in the slow aggregation region, which corresponds well with theoretical predic-
tions, while the sudden increase in the aggregation and cluster growth rate by a fac-
tor of 10 in the fast aggregation régime does not agree with the classical theory of
perikinetic aggregation. A simple analysis of the Péclet number, which identifies the
importance of diffusion relative to convection for transport of particles and clusters,
suggested that the second, fast aggregating régime, may be related to convection-
limited aggregation of large clusters (CLCA).45 Convection enhances the mobility
of the large clusters and the overall collision frequency, thus the cluster growth rate
increases because large clusters become more involved in the aggregation process.
Recent work has shown that careful experimental design can avoid convective
effects and yield kinetic exponents that vary between 0.3 and 0.6, which relates to
RLCA and DLCA dominated aggregation processes, respectively.46

The need to add a significant amount of salt to the aqueous sub-phase to induce
the aggregation cannot be explained by simply invoking a DLVO-type interaction
force model. Earnshaw and Robinson suggested that the presence of dipoles at the
particle surfaces can induce a dipole–dipole repulsion through the air phase that



can explain the enhanced stability for particles trapped at air–liquid surfaces com-
pared to particles in a bulk liquid.43 Recent work has tried to explain the aggrega-
tion behaviour of particles trapped at aqueous surfaces by relating experimental
observations to simulations or theoretical calculations. The issue that has gathered
most attention is the origin and the scaling of the long-range repulsion that controls
the colloidal stability and the aggregation behaviour at air–water surfaces.
Hidalgo-Alvarez and co-workers have presented a model where they combine
dipole–dipole and Coulombic (monopole– monopole) interactions between the
particles to explain the 2-D aggregation behaviour.46,47 A simple sketch of the
complex nature of particle interactions is shown in Figure 2.8. Brownian dynamics
simulation results showed that the dipolar interaction controls aggregation at high
sub-phase salt concentrations while it is the Coulombic interaction that controls
the aggregation at low salt concentrations. Their results also suggest that it is 
the fraction of charged groups at the particle surface in contact with air that essen-
tially controls the 2-D aggregation kinetics, and that the surface critical coagula-
tion concentration is defined by the salt concentration where this fraction becomes
negligible.47

2.4 Ordered Colloidal Systems

Colloidal crystals can be produced with different methods, ranging from the
evaporation-driven convective assembling technique3 to various techniques to form
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Figure 2.7 The weight–average cluster mass, S(t), plotted against time for octyl-
(�) and octadecyl- (�) coated silica particles at the air–toluene surface. Taken
from Ref. [45]; with permission of Elsevier.



colloidal films by self-assembly of particles attached at liquid interfaces. The gen-
eral features of the different techniques will be described with some details on the
importance of the inter-particle forces on the structural order.

2.4.1 Deposition on a substrate

The most common method to produce 2-D colloidal films with long-range order is
by depositing colloidal particles on a substrate. Extensive experimental and the-
oretical studies (see Ref. [3] for a thorough description) have established a good
understanding of the formation of the colloidal monolayer by the identification of
two distinct stages: nucleation and crystal growth. The nucleus, which is a small,
hexagonally ordered colloidal monolayer, forms when the thickness of the suspen-
sion film becomes sufficiently thin so that the particles start to protrude from the
suspension film surface, see Figure 2.9. At this point, the particles are subjected to
a strong and long-range attractive force, commonly called the immersion capillary
force, Fca, that originates from the deformation of the liquid surface. When drying
proceeds, there is a convective flow of particles to the nucleus and the size of the 
2-D colloidal crystal grows with time.

Denkov et al.48 showed that the evaporation rate is an important factor controlling
the structural quality of 2-D crystals. It has also been suggested that the 2-D
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Figure 2.8 Sketch of two particles located at the air–water surface. The immersed
parts of the particles interact through Derjaguin–Landau–Verwy–Overbeek (DLVO)
and hydrophobic forces and the emergent parts interact through van der Waals, dipo-
lar and monopolar interactions. Taken from Ref. [47]; with permission of the
American Chemical Society.



crystal structure is affected by the particle–particle interactions, FI, and the interactions
between the substrate and the particles, Fa.

3,17,49 Changing the electrolyte concentra-
tion is a convenient way of controlling the inter-particle forces and the stability of an
electrostatically stabilised colloidal dispersion. Rödner et al.50 investigated the effect
of added NaCl on the structural features when forming colloidal monolayers by drying
dilute silica particle dispersions on a glass substrate. They observed that the colloidal
structures are highly sensitive to the amount of added salt, ranging from network-like
to well-ordered, see Figure 2.10. At the highest amount of added salt, Figure 2.10(a),
the dried film does not display any long-range order, reflected by a pair-distribution
function that decays within a couple of particle diameters. The system with no added
salt, Figure 2.10(b), yields a 2-D colloidal crystal, with the g(r) decaying slowly, cor-
responding to large ordered domains. Analysis of the pore size distribution using the
Delaunay triangulation approach described previously showed that the concentration
of larger defects, missing particles and large holes, increase significantly with increas-
ing amount of added salt.50 Hence, an increased adhesion between particles and sub-
strate with increasing salt addition not only reduces the size of the ordered domains,
but also results in a greater number of large defects.

2.4.2 Attractive colloidal systems

In a similar study on the assembly on a liquid interface, Hansen et al. varied the mag-
nitude of the attractive inter-particle forces and studied the effect on the structural
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Figure 2.9 A schematic overview of the monolayer formation process when a
dilute colloidal suspension is allowed to dry on a substrate. The dominating forces
in the suspension are also denoted; immersion capillary force (Fca), convection to
the growing crystal (Fco), inter-particle forces (Fi) and the interaction with the sub-
strate (Fa). The assembled 2-D colloidal crystal with typical defects is also shown.



properties of monolayers of hydrophobic silica particles.22 The inter-particle
forces are mainly determined by the degree of immersion, i.e. the three-phase con-
tact angle; a high contact angle results in a low degree of immersion, hence the van
der Waals attraction is strong. The contact angles of silica particles, surface treated
with octyltrichlorosilane (OcTS) and octadecyltrichlorosilane (OTS) were controlled
by spreading them on different solvents, with increasing dielectric constants. The
interaction energy, Vmin, between the particles was calculated using the Williams
and Berg model42 for spheres at an air–liquid surface.

It was found, Figure 2.11, that the average size of the hexagonally ordered domains,
estimated from the size of the ordered domains 
, decreased exponentially with
increasing inter-particle bond strength for the alkoxylated silica systems. Deviating
values were seen for systems in which these particles were immersed in water, which
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Figure 2.10 Representative images (139 � 105 �m) with the corresponding pair-
correlation function, g(r)exp, of colloidal monolayers formed when drying dilute
silica dispersions. (a) Added salt (2.9% NaCl/silica ratio), (b) no added salt. The
dimensionless distance in the pair-correlation functions is the radial distance, r,
divided by the particle diameter, d. Taken from Ref. [50]; with permission of the
American Chemical Society.



was attributed to the very high contact angles. Hence, reducing the magnitude of the
attractive interactions allows the particles to rearrange and attain a more favourable,
densely packed structure. Onoda observed similar phenomena in his early work on 
2-D clustering and ordering of polystyrene particles of variable size trapped at the
air–water surface.34 He found that large particles undergo a process of slow cluster
growth where dense, ordered domains or clusters were formed by rearrangement
of the particles in the cluster. Smaller particles did not order permanently, but
formed relatively large, temporarily ordered domains by clustering and subsequent
rearrangement and/or attachment/detachment. Onoda attributed the reversible
dynamics to a delicate balance, with the attractive interactions being of a similar
magnitude to the Brownian motion.

Hansen et al. also analysed the defect structure using the Delaunay approach.22

Figure 2.12 shows that there is an exponential decrease in the number of pores with
increasing nt, which represents an increasing pore size as more triangles are needed to
envelope a pore the larger the pore is. We find that there appears to be an increase in
the number of large pores (represented by high nt) with increasing bond strength, most
pronounced for the aqueous system where the inter-particle bond strength is very high.

2.4.3 Repulsive colloidal systems

It was recognised early that a long-range repulsive interaction between particles
trapped at a liquid interface can induce ordering and even lead to the formation of
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Figure 2.11 The normalised correlation length, 
/d, plotted against the modulus of
the particle interaction energy, Vmin, for particle monolayers at the air–liquid surface
formed from silica particles coated with alkyl chains of length 18 (x) and 8 (o) carbon
atoms. Taken from Ref. [22]; with permission of the American Chemical Society.



2-D colloidal crystals.51 Pieranski found that small latex particles spread on a low
ionic strength aqueous medium form ordered structures (at the air–water surface)
with a particle separation of up to 10 �m, i.e. more than 30 particle diameters.51 As
was already mentioned, much work has been devoted to understand the nature of the
unusually long-range repulsion that occurs between colloidal particles trapped at
liquid interfaces. The early realisation that the asymmetric nature of the colloidal
system can result in dipole–dipole repulsion was complemented with the introduc-
tion of a Coulombic repulsion between particles through the non-aqueous phase
(being either air or oil).52 As discussed earlier, a combination of dipole–dipole and
Coulombic repulsion (see Figure 2.8) was successfully used to explain the 2-D
aggregation behaviour.46,47

Aveyard and co-workers have recently determined the distance dependence of
the inter-particle repulsion between charged particles at an oil–water interface using
a laser tweezer method.53 They showed that a Coulombic repulsion, originating from
dissociated groups on the particle surface that remain charged also in the oil phase,
can explain the observed distance scaling and absence of any electrolyte depend-
ence. Interestingly, it appears that the Coulombic repulsion may depend on the
nature of the non-aqueous phase (being air or an oil) and also on the contact angle
that the particles make with the interface.52,54 Particles spread at an air–water sur-
face form ordered structures at low ionic strength, but collapse into clusters when the
ionic strength is increased. However, particles trapped at the octane–water interface
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remain highly ordered even at an ionic strength as high as 1 M, see Figure 2.13.
Aveyard and co-workers attributed this striking difference in stability to a higher
charge density at the particle–octane surface compared to the particle–air surface.52

They also studied the compression and structure of latex particle monolayers
assembled at the air–water and octane–water interfaces using a Langmuir trough.52

The external pressure can result in structural transitions, e.g. from a hexagonal to a
rhombohedral structure, for particles assembled at an octane–water interface, and
the particle monolayers fold and corrugate when the pressure is increased beyond a
critical pressure equal to the bare interfacial tension.55

The wettability of the particles, as quantified by the contact angle, can also have
a profound effect on the formation and stability of ordered particle monolayers at
an oil–water interface.54 Figure 2.14 shows that very hydrophobic silica particles,
with a contact angle measured into water of above 130°, resulted in well-ordered
monolayers with large separation distances, while less hydrophobic particles form
large aggregates. Horozov et al. explained this striking effect by assuming that the
Coulombic repulsion of particles through the oil phase increases with the hydropho-
bicity of the particles.54

2.4.4 2-D colloidal foams and cellular systems

There have been a number of papers reporting the formation of complex colloidal
structures, e.g. foams, cellular structures, ordered aggregates, striations, loops and
voids, from particles spread at the air–water surface.56–60 The spontaneous formation
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(a) (b)

Figure 2.13 Comparison of the structure of monolayers of 2.6 �m diameter latex
particles on 1 M aqueous NaCl in contact with (a) air and (b) octane. Scale bars rep-
resent 50 �m. Taken from Ref. [52]; with permission of the American Chemical
Society.



of these mesostructures at low surface coverage and the observations of the stabil-
ity and dynamics of ordered colloidal monolayers with particles separated by dis-
tances up to several particle diameters suggest that the particles also may experience
a long-range attraction in addition to the long-range repulsion discussed earlier.
Hansen et al. reported that unconfined temporal ordered domains formed when
hydrophobised silica particles had been spread from an ethanol dispersion onto the
surface of a organic liquid.22 Nikolaides et al. showed that unconfined small col-
loidal crystallites that are stable for an extended period of time can form when like-
charged particles are spread at an oil–water interface.61 They suggested that the
fluid interface around small charged particles is deformed and that an electric-field-
induced capillary force can induce a long-range attraction of sufficient strength to
stabilise particles at large separation distances.61,62 Stamou et al. however intro-
duced an attractive capillary force that originates from a non-uniform wetting of
the particles causing an irregular shape of the meniscus.59 This is discussed in more
detail in Chapter 3.

Recently, Hidalgo-Alvarez and co-workers questioned these explanations and
showed in a series of experiments that the appearance of the mesostructures shown in
Figure 2.15 could be explained by contamination of the air–liquid surface by silicone
oil, which stems from the coating of needles and syringes used to deposit and spread
the particle solutions at the air–water surface.60 The early experiments, corresponding
to a negligible release of silicone oil, resulted in the stable featureless particle mono-
layers, Figure 2.15(b), while repeated use of the syringe and needle resulted in the
spontaneous formation of mesostructures, Figure 2.15(a). Control experiments with
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(a) (b)

Figure 2.14 Monolayers of silica particles of diameter 3 �m with contact angles
(through water) of (a) 118° and (b) 148° at the octane–water interface. The scale bar
represents 25 �m. Taken from Ref. [54]; with permission of the American Chemical
Society.



varying amounts of silicone oil at the air–water surface resulted in a rich plethora of
structures, including voids, loops, striations and foam structures.

2.5 Directed Self-assembly at Liquid Interfaces

The need to find viable routes for the production of multi-functional nanomaterials
with sensing, self-healing and “smart” properties has spurred an increasing interest
in using the self-assembly of particles to direct the formation of different structures.63
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(a)

(b)

Figure 2.15 Different morphologies of colloidal monolayers made from 0.6 �m
particles spread at an air–water surface from a dilute dispersion in a syringe: 
(a) mesostructured colloidal phases; (b) stable featureless colloidal monolayer.
Taken from Ref. [60]; with permission of the American Chemical Society.



Directed self-assembly relies on balancing the attractive and repulsive interactions
with the influence of external force fields to allow the particles or other components
to attain interesting patterns. Self-assembly on liquid interfaces has attracted a great
deal of attention because the components that are the basic building blocks can move
freely and the interactions can be tailored by a variety of methods. Here a few recent
examples of systems with relevance to the scope of this chapter will be described.

Whitesides and co-workers have, in a series of papers, shown how hexagonal poly-
meric plates (polydimethylsiloxane, PDMS) with faces patterned into hydrophobic
and hydrophilic regions self-assemble on an oil (perfluorodecalin, PFD) – water 
interface.64–66 The buoyancy of the relatively large hexagonal plates and/or the non-
uniform wetting of the faces causes the interface to bend and thus induces a lateral cap-
illary force. Capillary interactions have already been used extensively to self-assemble
colloidal particles, e.g. in the evaporation-driven self-assembly of particles from dry-
ing a dispersion on a substrate.3 What is new in the work on the functionalised hex-
agonal plates is that both the magnitude and the sign of the capillary force can be
manipulated by the functionalisation of the faces into hydrophilic and hydrophobic
regions.64 Figure 2.16 illustrates how the wetting of the PFD on the hydrophobic and
hydrophilic faces can create positive or negative menisci. Two positive or two nega-
tive menisci will attract each other and try to force the faces together as decreasing the
area of the PFD–H2O interface is energetically favourable. The interaction between a
hydrophobic face, with a positive meniscus, with a hydrophilic face with a negative
meniscus, is repulsive. When these objects move toward one another, the area of the
PFD–H2O interface and thus the energy of the system increases.

It was shown that tuning of the capillary interactions provides a method of form-
ing ordered aggregates of millimetre-sized objects.64 The process in which these
ordered aggregates formed is partially or completely reversible where agitation is
used to force the system to reach steady state within a reasonable time. The mag-
nitude of the interactions depended on the position of the hexagons relative to the
mean plane of the interface. Figure 2.17 shows how the density difference between
the PDMS hexagons and the liquids controls the magnitude of the capillary attrac-
tion and results in different patterns of the arrays. More complex patterns were
obtained when the faces of the hexagons were functionalised in combinations that
create a large number of possible assemblies with varying energy.64–66

It has been shown that calcium carbonate crystals precipitated from a calcium
hydroxide solution may assemble and self-organise at the air–liquid surface.67 The
nucleation and growth of the calcite crystallites appears to result in the formation
of hydrophobic facets that trap the particles at the air–water surface. Small crystal-
lites aggregate into a fractal gel while larger crystals precipitated from aged solu-
tions that organise into a lattice with an average separation distance exceeding
100 �m. Wickman and Korley attributed the self-organisation of the precipitated
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(a) (b)

(c) (d)

Figure 2.16 (a) Hexagons are pulled into the interface by the capillary forces on the
hydrophobic faces. Dashed lines indicate the level of the oil (PFD, lower phase)-H2O
(upper phase) interface far from the objects. Hexagons where these forces are bal-
anced float evenly at the interface; hexagons with an unbalanced distribution of
forces are tilted at the interface. (b), (c) and (d) Three types of capillary interactions
between hydrophobic and hydrophilic objects at the oil–H2O interface. In (b), the oil
wets the hydrophobic faces and forms positive menisci which pulls the hexagons
together. In (c), the objects are hydrophilic and sink slightly into the oil–H2O inter-
face; this sinking creates a small negative meniscus which creates a weak attraction.
In (d), a hydrophobic face with a positive meniscus is repelled by a hydrophilic face
with a negative meniscus. Thick lines and thin lines indicate hydrophobic and
hydrophilic faces, respectively. Taken from Ref. [64]; with permission of the
American Chemical Society.

large crystals to a balance of attractive capillary forces, originating from the 
bending of the liquid interface by the weight of the large crystals, and repulsive
electrostatic forces stemming from a charge at the surface of the particles exposed
to air.67

Whitesides, Grzybowski and co-workers have used a system composed of
millimetre-sized magnetised disks floating on a liquid interface to study the dynamics
of the self-assembly process when the system is subjected to a rotating external
magnetic field.68–70 Figure 2.18 outlines the system where a permanent bar magnet
rotates below a dish filled with a 3:1 by volume solution of ethylene glycol (EG)
and water. The millimetre-sized polymeric disks (50–100 �m thick) are made of
epoxy resin doped with 10–25% by weight of magnetite. Under the influence of
the magnetic field produced by the rotating magnet, all of the disks floating on the
EG/water–air surface experience a centro-symmetric force Fm directed towards the
axis of rotation of the magnet. As the magnetic moments of the disks interact with
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Figure 2.17 Effect of density difference and thus the magnitude of the attractive
capillary forces on the patterns self-assembling hexagons form at PFD–H2O inter-
faces. In (a), the hexagons sink into the PFD–H2O interface and form a close-
packed array. (b) Hexagons are only slightly denser than the water and barely
perturb the interface, resulting in weak aggregates. (c) Densities of the PDMS and
water are matched and the objects float on the interface without menisci. (d) PDMS
is less dense than the water, and a positive meniscus forms at the interface. (e)
Hexagons with a rough intersection between the bottom face and the side faces;
micro-menisci form that cause the hexagons to assemble even when �PDMS � �H2O
(all � in g cm�3). The density of PFD is 1.91 g cm�3. Taken from Ref. [64]; with
permission of the American Chemical Society.



the magnetic moment of the external rotating magnet, the disks spin around their
axes at an angular velocity equal to that of the magnet. The fluid motion associated
with spinning results in repulsive hydrodynamic interactions Fh between the disks.
The interplay of the attractive and repulsive interactions between the disks floating
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Figure 2.18 (a) Illustrates the experimental arrangement used in the dynamic
self-assembly of rotating magnetic disks floating on a liquid interface. The mag-
netic force Fm attracts the disks towards the axis of rotation of the magnet, and the
vortices these disks create in a surrounding liquid give rise to repulsive, pair-wise
hydrodynamic forces Fh between them. The graph below the scheme has the pro-
file of the average radial component of the magnetic induction, proportional to the
energy of the magnetic field, in the plane of the interface. The photograph in (b)
shows an aggregate formed by 37 rotating disks, 1.57 mm in diameter. Taken from
Ref. [70]; with permission of Elsevier.



on the same interface leads to the formation of patterns with the spacing between
the disks depending sensitively on their rotational speed.

2.6 Concluding Remarks

The substantial amount of work on the structure and formation of particle clusters and
monolayers at liquid interfaces has not only given a good understanding on the con-
trolling parameters for the build-up of various structures, but also provided important
new insights into the fundamentals of colloidal aggregation and self-assembly. Impor-
tant development of new and improved structural characterisation tools have been com-
bined with systematic studies where the cluster dynamics has been studied in detail.

The future of this relatively mature research area will probably involve a combin-
ation of fundamental and more applied work. The experimental work has almost
exclusively involved monodisperse spheres. Effects from anisotropic shape and
multi-modality needs to be studied, but this will involve major challenges regarding
quantitative structure characterisation. It is clear that the particle interactions have a
profound effect on the structure formation. We will probably see many studies where
colloidal systems are designed to allow a systematic control of the range and magni-
tude of the interactions. Optical tweezers have already been used in pioneering work
by Aveyard and co-workers,53 providing fundamental knowledge on the nature of
long-range pair interaction sometimes acquired by partially immersed colloids. This
method could also be used to measure the adhesion or contact energy between the
particles and also to distribute the particles in periodic patterns.
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3.1 Introduction

Particle monolayers are formed when small colloidal solid particles adsorb at 
liquid–vapour or liquid–liquid interfaces. Typical examples are latex monolayers at
the air–aqueous salt solution1 and oil–water interfaces.2,3 The interaction between par-
ticles within the monolayer is dependent on both the properties of the fluids that make
up the interface and on the nature of the adsorbed particles. Therefore, a detailed
analysis of the interactions in colloidal monolayers is quite complex and distinctions
must be made to take into account the different components of the monolayer.

The total interaction between particles in the monolayer determines their stabil-
ity behaviour. Thus, examples of stable monolayer systems with particles that remain
independent for a long time have been reported,4 in spite of the fact that in a thermo-
dynamic sense, colloidal particles are not stable because of their great surface to vol-
ume ratio. Some monolayer systems showed a triangular structure suggesting the
existence of long-ranged particle interactions. In other reported systems, however, it
was found that particles are unstable and aggregate to form fractal structures5 or even
became organized to form the so-called mesostructures.6,7 When fractal structures
appear, the particle interaction potential is short ranged and has a minimum at very
short distances. In the other cases, the formation of mesostructures can be explained if
the interaction energy between the particles has a minimum at a typical average dis-
tance between particles of the order of a few times the particle diameter.8

The different colloidal stability behaviour shown experimentally by particle mono-
layers has fundamental importance in a wide set of industrial applications. Typical
examples are the manufacture of emulsion polymers in stirred-tank reactors9 and
separation processes such as froth and solvent extraction. In these cases, it is found
that 2-D colloidal aggregation can occur with different consequences. When 
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manufacturing emulsion polymers, it is important to prevent aggregation because
it has a negative effect on the characteristics of the synthesized particles, increas-
ing the particle polydispersity. However, in separation processes, the aggregation of
the colloidal particles is accelerated by the re-dispersion of aggregates formed at
the bubble surfaces. This foaming action10 of colloidal particles at the bubble sur-
faces is dependent on the degree of surface aggregation11 and finally on the inter-
facial properties of the particles.

Thus, a correct description of interactions between colloidal particles in mono-
layers is of great interest and enables us to understand these kinds of processes and
to improve their use for industrial applications. In this chapter, a detailed discus-
sion of the theory of interactions in colloidal monolayers is presented. The theory
considers Derjaguin–Landau–Verwey–Overbeek (DLVO), capillary, hydrophobic,
monopolar and dipolar interactions between the particles. The contribution of these
terms to the total interaction energy has been computed numerically using typical
values for most of the parameters included in the theory.

3.2 Theoretical Model

As stated in the introduction, the interaction between particles forming mono-
layers is dependent on the particle characteristics and on the properties of the flu-
ids defining the interface where colloidal particles are trapped. But also, the whole
procedure of particle accommodation at the interface must be taken into account
because this can affect the properties of the interfacial particles, as could their
charge and type of surface groups. This fact might be important in explaining the
different stability behaviour that has been observed experimentally for latex par-
ticles.12,13 However, until now, it was never treated in scientific works. Here, we use
a model that only considers particle and fluid properties to compute the total inter-
action between particles. It neglects history effects as previously mentioned.

3.2.1 Model of the colloidal particles

The shape, size, chemical composition and internal and surface structural proper-
ties of the particles must be given in order to have a complete model of them.
Although it is not infrequent to find works reporting experimental results using
ellipsoidal particles, here we only consider spherical particles with radius a. This
does not represent an important limitation as most applications make use of spher-
ical particles since they are easily synthesized.14

Due to their surface properties, colloidal particles are strongly trapped at an
interface due to capillary and electrostatic potentials.15 Thus, the contact angle u is
the parameter that determines the position of the particles at the interface, i.e. the
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immersed fraction of the particles. Its value is given by Young’s law equation

(3.1)

Here, g is the interfacial tension between the fluid phases, and g1 and g2 are the
interfacial energies between the colloidal particle and phases 1 and 2, respectively.
Usually, ionic surface groups of colloidal particles can dissociate when they are in
polar media and then produce dipoles or even monopoles that give rise to long-ranged
interactions. The formed dipoles originate, at least in part, from the counterions in the
polar phase and they can become exposed to the non-polar phase because of thermal
fluctuations that are able to rotate the colloidal particles. For example, this is the case
of colloidal latex particles at the air–water surface. As the dipole number depends on
the number of ionic surface groups on the particles, it is expected that their maxi-
mum amount is not directly dependent on the ionic strength of the polar phase. The
monopoles, like the dipoles, originate from the dissociated surface groups of the
particles and they can be exposed to the non-polar phase across the interface; how-
ever, it is not so clear how they can remain stable without attaching counter charges
as some experimental works report.16

Internal properties of the colloidal particles, i.e. chemical composition and struc-
ture, affect their interaction both in dispersions and at the interface when they form
monolayers. The chemical composition and structure of the particles determine the
significance of the dispersion forces and even the existence of a dipolar type inter-
action, as might be the case for magnetic particles. There is also the possibility that
particles do not have a smooth surface but a surface that can be structured or rough.
This fact can affect the particle arrangement at the interface and the inter-particle
interactions and consequently the colloidal stability. Despite the number of possi-
ble choices, the particle model considers spherical particles with radius a, contact
angle u, with a uniform chemical composition and carrying some dipoles and
monopoles on their surfaces.

3.2.2 The model of the fluid phases

The simplest model for the fluid phases assumes a uniform continuous polar or
non-polar medium characterized by some physical average properties like the mass
density, r and the dielectric constant, �.

3.3 The Interaction Energy

The calculation of the total pair energy is quite difficult and it is mainly determined
by the particle accommodation at the interface. Thermodynamics limits the form

cos �
�

u
g g

g

2 1



that the interface makes with the particle surface, in such a way that the interface
near the particle surface forms a curved meniscus contacting the surface of the par-
ticle at a well-defined angle, the contact angle u; u depends on the properties of the
particle surface and on the nature of the fluids that form the interface as indicated
by Young’s equation. Nevertheless, for colloidal particles whose size ranges from
a few nanometres to some micrometres, the meniscus can be considered approxi-
mately flat. This is true because the Bond number (�
rga2/g) for these systems 
is very small,17 usually of the order of 10�8 for colloidal particles of many hundred
nanometres radius at the air–water surface. Here 
r is the difference of densities
between the two fluid phases and g is the gravity constant. The flat meniscus approx-
imation helps us to simplify the computation of the immersed part of the particle. It
also implies that capillary interaction is practically negligible for particles of col-
loidal size.

3.3.1 Terms of the interaction energy

There are different terms in the interaction energy that must be taken into account for
interfacial particles in order to explain their stability properties. Usually, the DLVO
theory18,19 allows studying the stability behaviour of colloidal particles in bulk (3-D
stability). However, this is not the case for colloidal particles at an interface (2-D sta-
bility). Furthermore, in two dimensions there are new elements like capillary attrac-
tion, intrinsic to interfacial phenomena, which have no analogy in bulk aggregation.
Besides, the DLVO expressions for the double layer and dispersion interactions have
to be corrected in order to account for the presence of the interface that reduces the
degrees of freedom for the movement of the colloidal particles.

The different terms of the inter-particle interaction energy that we will consider
here are: double layer and dispersion interactions (2-D DLVO), capillary inter-
action, hydrophobic interaction and monopolar and dipolar interactions. These terms
have a different order of contribution to the total interaction energy, which depends
on the specific values of the parameters included in the theoretical model. Here,
typical values from the literature have been assigned to the parameters in order to
account for most of the experimentally reported situations and to have as correct as
possible weighting of the different energetic contributions.

3.3.2 Considerations and approximations in the calculation
of the interaction energy

The numerical results presented here have been obtained using different approxi-
mations and considerations. In order to allow the reader to assess clearly the limi-
tations and applicability of the results, they are indicated below. First, the addition
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of the different terms of the interaction energy has been assumed so that the total
energy of interaction is the sum of all the contribution terms previously mentioned.
Some interaction terms have been computed using the approximation of a flat menis-
cus as for colloidal particles where the Bond number is very small. This is the case
of the dispersion and double-layer interactions. The flat meniscus approximation
does not imply that capillary interaction is neglected in the global analysis of the
interactions but that the meniscus deformation does not change considerably other
interaction terms so there is no need to modify their computation procedure.

For the sake of simplicity, some of the interaction terms between particles at 
the interface have been computed with the assumption that interaction occurs only
between their emergent parts and between their immersed parts, respectively, and
that the interaction between the emergent part of one particle and the immersed part
of another one can be neglected. This is also the case of the dispersion and double
layer interaction (DLVO interaction) and of the dipolar and monopolar interactions.

As the model considers spherical colloidal particles, the computation of their
potential of interaction, Vsph�sph, can be done in some cases using the Derjaguin
approximation20

(3.2)

which makes use of the corresponding interaction potential per unit area between
infinite half spaces, Vflat. The integration must be done over the particle surface.
Here ho is the minimum distance between the particles and h is the local distance
between the different surface elements. The Derjaguin approximation is useful to
estimate the total interaction when the range of interaction is small compared to the
radius of curvature of the particle.

To compute the pair interaction potential by using the Derjaguin approximation
presents two main problems. The first one is related to the determination of the par-
ticle surface fraction above and below the interface which must be taken into account
to calculate the interaction. The second one relates to the specific expression of the
interaction potential per unit area between half spaces, Vflat, that depends on the
kind of the interaction. The first problem is solved with the help of the flat menis-
cus approximation. With this assumption, the calculation of the particle surface
fraction becomes easier. Figure 3.1 sketches the variables used to calculate both
emergent and immersed parts of the particle. The relative amount of both parts
depends on the value of the contact angle u. Indeed, the immersed part increases as
the contact angle decreases. For u � p/2 (90°) the emergent part of the particle is
larger than the immersed one (a) while for u � p/2 the inverse occurs (b). This
dependence with the contact angle will have a great importance on the value of the
different terms of the interaction.

V h V h S hsph sph o flat d� �( ) ( ) ( )∫



The Interaction Energy 113

2

1

2

1

l

l

l

l

d � r

d � r

dr

dr

b

b

h

h

s

a

a

ho

ho

u � 90°

u � 90°

(i) u � 90° (ii) u � 90°

s � l

s

(a)

(b)

(c)

Figure 3.1 Sketch of the colloidal particle arrangement at the interface between
phases 1 and 2 for (a) u � 90° and (b) u � 90°. The particle surface fraction
included into each phase depends on the particle hydrophobicity, i.e. the contact
angle u. The immersed part is indicated in (c) by a thick black line for s � l.
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3.3.3 The DLVO approximation at the interface

The DLVO approximation for colloidal interaction at the interface considers only
two energetic terms: the electrical double layer interaction between that part of the
particles in the polar phase and the dispersion van der Waals interaction that, in our
approximation, takes place between the immersed parts and between the emergent
parts of the particles through the different fluid media, i.e. with a different Hamaker
constant for each fluid.

3.3.3.1 Electrostatic interaction between the double layers of the particles

In order to determine the electrostatic interaction between the double layers of 
the colloidal particles at the interface, the Poisson–Boltzmann (PB) equation for
the polar phase should be solved simultaneously with the Laplace equation in the
dielectric non-polar phase. This was done by Lyne21 and Levine and Lyne22 who
demonstrated the accuracy of the Derjaguin approximation for the case of thin to
moderate double layers (ka � 5), where k is the inverse Debye screening length.
Thus, the potential of interaction between half spaces can be obtained for symmet-
ric electrolytes using the PB equation and the assumption that the double layers do
not overlap significantly.19 Within these approximations the electrostatic inter-
action potential per unit area between half spaces separated a distance h is

(3.3)

where (Z � tanh (ve�0/4kBT), n0 is the salt concentration, kB the Boltzmann con-
stant, T the temperature, e the electron charge.

where e is the dielectric constant of the polar phase, v is the ionic valence and �0

the potential at the particle surface.

3.3.3.2 Dispersion van der Waals interaction

The van der Waals interaction is completely understood under quantum mechanics
formalism. It originates from the fluctuations of the electron clouds around the
atomic nucleus. These fluctuations produce temporary dipoles that are able to
induce the formation of new dipoles in the neighbouring atoms, giving rise to an
attraction between them. To calculate the van der Waals interaction energy we have
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used the Derjaguin approximation. The expression for the interaction potential per
unit area between half spaces separated a distance h was obtained from Gregory23

and Overbeek24

(3.4)

It takes into account the retardation effect due to the limit on the speed of light. In this
expression, the constants b and l have values 5.32 and 100 nm, respectively. Further-
more, the Hamaker constant A was assigned different values for both fluid phases. For
the case of polystyrene particles at the air–water surface the values of the Hamaker
constants were taken to be Aair � 6.6 � 10�20J and Awater � 0.95 � 10�20J.

3.3.4 The hydrophobic interaction

The interaction of the colloidal particles with the surrounding fluid molecules is
the origin of the so-called structural forces. This interaction affects the structure of the
fluid near the particle surface, giving rise to an increase or decrease of its order as
compared with the fluid structure far away from the particles surface. Therefore,
structural forces can be regarded as entropic interactions. The character of this inter-
action allows solid particles to be classified as lyophilic or lyophobic depending on
whether they have or do not have affinity for the liquid in which they are dispersed,
respectively. When the fluid is water, the colloidal particles are designated as
hydrophilic or hydrophobic.

Hydrophobic particles repel water from their surface so when dispersed in water
they experience an attraction. However, the interaction of hydrophilic particles with
the fluid produces a layered arrangement of the nearest fluid molecules that prevent
the approach of the colloidal hydrophilic particles, i.e. they feel a net repulsion.
Besides the dependence of the structural forces on the chemical properties of the
particles surface and the fluid, they are also affected by the surface roughness25 and
the wetting degree of the particles. For example, colloidal particles at the air–water
surface that are partially wetted will experience less interaction than fully wetted
ones. As our model for the particles considers that they have smooth surfaces, the
effect of roughness will not be explicitly taken into account, although the effect of
the wetting degree is considered through the contact angle.

Experimentally, the hydrophobic attraction is detectable when the contact angle
is greater than 64°,26 while the hydrophilic repulsion is important when the contact
angle is lower than 15°.27 For contact angle values ranging from 15° to 64° the
hydrophobic interaction is negligible and the DLVO theory is sufficient to explain
the colloidal stability in solution. Christenson and Claesson28 have shown that the
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hydrophobic interaction decays exponentially for plane surfaces. Thus, because of
the short range of this interaction, the Derjaguin approximation is useful to esti-
mate the hydrophobic interaction between two partially immersed particles.

The expression used for the hydrophobic interaction potential per unit area between
half spaces separated by a distance h is

V(h) � Wo exp(�h/lo) (3.5)

where Wo and lo are constants related to the strength and range of the interaction.
Typical values for these parameters obtained from Ref. [29] are given in Table 3.1.

3.3.5 The monopolar and dipolar interactions

The proposed model for the particle at the interface includes the possibility of
some kind of charges, monopoles and dipoles, in the non-polar fluid phase. The
most important question now is to understand how these dipoles and residual charges
can arise in this part of the particle surface. The origin of this charge and dipoles
can be understood if one takes into account the rough character of the particles at
a molecular level and the process of monolayer formation, i.e. the so-called spread-
ing process.

Usually, particle monolayers are formed from a particle suspension using a
spreading agent like methanol, which helps the formation of a uniform surface dis-
tribution of colloidal particles at the interface. The spreading process is rather tur-
bulent because of the spreading agent effect that allows the colloidal particles to
rotate and even penetrate into the sub-phase, i.e. the polar fluid phase that is most
frequently water. This process is so vigorous that particles can trap traces of polar
fluid at their surfaces around the hydrophilic surface charged groups.2,13,30

Therefore, there is not a complete dewetting of the part of the particle lying above
the water level. This water could be in the form of either small droplets or as a thin
layer of water around the particle surface in the non-polar medium (air, oil, etc.).
The presence of the polar liquid at this part of the particle surface can affect the

Table 3.1 Typical parameter values for the hydrophobic interaction 
potential between half spaces. Taken from Ref. [29]; with permission of
Academic Press.

Parameter Hydrophilic particles Hydrophobic particles

lo (nm) 0.6–1.1 1–2
Wo (mJ m�2) 3–30 �20 to �100
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configuration of their surface chemical groups, which can be found in the follow-
ing three possible configurations in the non-polar phase (see Figure 3.2):

1. Non-dissociated: Most of the surface groups remain neutral and do not contribute to the
interaction potential.

2. Forming dipoles: Some wetted surface groups, even though dissociated, can form dipoles
together with the counterions from the polar phase. These dipoles are effectively screened
in the polar phase as a cloud of ions is formed around the particle. However, this does
not occur in the non-polar phase, as usually it has no dissolved salt. Hence, the dipoles
at the surface of particles can give rise to a total dipole moment and to quite strong
dipole–dipole repulsion between particles that is mediated through the non-polar phase.
To account for the number of dissociated groups on the particle surface we define the
fraction of dipoles, fd, as the percentage of them forming dipoles in relation to the total
surface groups above the polar liquid (water) level.

3. Totally dissociated: Only a few of the total surface groups acquire a net charge and
form monopoles. Analogously to fd, the fraction of monopoles, fc, is defined as the
percentage of dissociated groups forming monopoles. Since the non-polar phase has
generally a low dielectric constant, these charges generate a monopole Coulombic

Dipoles Neutral groups

Polar phase

Charges

Charge–charge

Dipole–dipole

Non-polar phase

DLVO

Figure 3.2 Illustration of the particle–particle interactions through the non-polar
phase (charge–charge and dipole–dipole) and the polar phase (DLVO forces) for
particles at a liquid interface.
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repulsive potential which is very intense and long ranged, even for very small monopole
fraction values fc.

Since the number of initially dissociated ionic surface groups above the water
level is expected to be small, most of the groups will be neutral, i.e. fc, fd �� 1. The
exact location of these dipoles and charges is still unclear. However, because of the
turbulent nature of the spreading process, it is usually assumed that they are homo-
geneously distributed at the part of the particles exposed to the non-polar fluid
phase. The presence of dipoles and monopoles on the upper surface of the particle
causes the appearance of three contributions to the total potential energy: the
monopole charge–charge (Vcc(r)), the monopole–dipole (Vcd(r)) and the
dipole–dipole (Vdd(r)) potentials.

However, in a first approximation, the monopole–dipole interaction has an
asymptotic behaviour that can be written as

(3.6)

where k� includes the monopole charge and some constants and r̂ � r�/r where r� is the
position vector of the charge taken from the net dipole moment of the particle P

�
and

r is its module. If the particle has a homogeneous surface dipole distribution, P
� 

is
always normal to the interface and also to the vector r�. Therefore, under this
approximation, the monopole–dipole interaction potential term is zero and does
not contribute to the total energy. Thus we will only consider the contribution of
the dipole–dipole interaction, Vdd(r), and monopole–monopole interaction, Vcc(r).

It should be emphasized that the total surface area exposed to the non-aqueous
phase depends on the contact angle (see equation (3.4)). Therefore, the dipole–dipole
and charge–charge repulsions change if the particle hydrophobicity is varied. This
effect has been experimentally observed in colloidal monolayers formed by poly-
styrene spheres trapped at the air–water surface, where adding small amounts of 
surfactant to the aqueous phase (around 10�5M) leads to a reduction of the stability
of the monolayer, inducing aggregation.13 At the oil–water interface, the particle
hydrophobicity has also a significant role in the spatial distribution of the colloidal
particles.31 Very hydrophobic particles with large contact angles (above 129°) lead
to well-ordered hexagonal monolayers. On the contrary, the monolayers of less
hydrophobic particles with contact angles below 115° are completely disordered or
aggregated. Between 115° and 129°, a disorder–order coexistence region occurs. Of
course, these intervals can be different if we change the non-polar medium or the
surface density of charged groups in the colloidal particles.

The repulsion produced by the charge–charge and dipole–dipole pair interactions
is in general very strong, and dominates over the other energetic contributions even
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for very small values of fc and fd. Consequently, the stability of colloidal monolayers
for a given contact angle will be essentially ruled by the surface charge and surface
dipole percentages fc and fd, respectively.

3.3.5.1 Dipolar electrostatic interaction between the emergent 
parts of the particles

To estimate numerically this dipolar interaction we have supposed that the part of
the particle exposed to the non-polar phase has a uniform distribution of dipoles.
As the dipoles are originated from the surface groups of the particles and the coun-
terions from the solution, we can consider them as two unit charges with opposite
sign separated by a distance, ddip, equal to the sum of the radius of typical anions
and cations, i.e. of the order of 0.3 nm. This parameter can be changed in the cal-
culation but there is no apparent reason to do it.

To calculate the dipolar interaction energy the emergent surface has been divided
into different parts with a surface dS and charge fds dS, where s is the surface charge
density and fd is the fraction of the surface groups forming dipoles, as was indicated
above. At a distance d, equal to the dipole length from these surface elements, we
have considered the existence of a charge of equal magnitude and opposite sign
that forms part of the dipole. Therefore, the total charge on the emergent dipole is
zero. The interaction between these pairs of charges for two particles allows the
dipolar interaction energy to be determined. This calculation implies a 4-D inte-
gration given by

(3.7)

where V(u1, u2, f1, f2) depends on the particle radius a, the distance between par-
ticles ho, the spherical coordinates u1, u2, f1 and f2, taken with origin at each par-
ticle, the surface charge density s, the dipole fraction fd and the dipole length ddip.
The expression for V(u1, u2, f1, f2), obtained using Coulomb’s law, has the form

(3.8)

where

(3.9)
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and the function F reads

(3.10)

where

X � A sin u1 cosf1 � B sin u2 cosf2 � 2a � ho

Y � A sin u1 sinf1 � B sin u2 sinf2 (3.11)
Z � A cos u1 � B cos u2

Here e is the dielectric constant of air and eo is the permittivity of a vacuum.

3.3.5.2 Monopole–monopole interaction

The dipole–dipole interactions arising between colloidal particles trapped at interfaces
account for the higher electrolyte concentrations needed to induce aggregation in such
a kind of 2-D system, as compared to colloidal systems in bulk dispersion. For large
surface packing fractions of particles, the dipole–dipole interactions seems to give a
fair description of the spatial ordering and the experimental surface pressure–area
curves obtained by compressing the colloidal monolayers at the air–water and
oil–water interfaces. However, for dilute systems, i.e. large inter-particle distances, the
particle monolayers exhibit a long-range repulsion, which cannot be explained assum-
ing dipole repulsive interactions between the emergent parts of the particles.2,30

In this respect, Sun and Stirner32 performed molecular dynamic simulations
including charge–charge interactions besides the dipole–dipole contribution in order
to account for the experimental results obtained by Aveyard et al.2,33 in colloidal
monolayers of polystyrene particles trapped at the octane–water interface. The net
dipole moment and total charge densities were taken as fitting parameters. They
observed that each mechanism gives rise to a specific surface pressure–area behav-
iour. The dipole–dipole interactions were only able to reproduce the experimental data
for high coverage (above 0.45) but not for more dilute regimes. Analogously, they
showed that the charge–charge interactions could describe the data for low particle
densities. Clearly, all these results point out that the short-range repulsion between
colloidal particles is mainly mediated by dipole–dipole interactions, depending asymp-
totically on the inter-particle distance r as Vdd(r) � 1/r3. Analogously, they found
that the long-range repulsion is governed by charge–charge Coulombic interactions
through the oil phase,Vcc(r) � 1/r. According to their calculations, about 0.4% of the
maximum charge on the upper part of the particle is sufficient to explain the long-
range repulsion through the oil phase.

The existence of Coulombic long-range forces between colloids at interfaces has
also been supported by other experiments in stable polystyrene particle monolayers
at the air–water surface, even at quite low particle surface packing fractions (around

F A B X Y Z( , ) � � �2 2 2
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0.01). The effective colloid–colloid interaction potential was calculated by Quesada-
Pérez et al.16 by means of the inversion of the experimentally measured radial dis-
tribution function g(r) through the Ornstein–Zernike equations34

(3.12)

where rp is the particle number density, h(r) � g(r) � 1 and c(r) is the so-called
direct correlation function. c(r) is linked to g(r) and the interaction potential V(r)
through a closure relationship. The inversion process was performed assuming the
hypernetted chain (HNC) approximation as the closure, which has been proved to
be very accurate for long-range repulsive interactions34

bV(r) � h(r) � c(r) � ln [h(r) � 1] (3.13)

They reported a long-range repulsive effective potential that accounted for the great
stability observed for the colloidal particles.16 Although the dipolar interaction could
contribute to the total repulsion, it did not explain these results alone. Indeed, even with
the assumption that all the surface charged groups at the upper part of the colloidal
particle are forming dipoles, the resulting pair potential is not long ranged enough
in order to explain the experimental radial distribution function. The electrostatic
forces between the immersed parts of the particles could not even justify this strong
inter-particle interaction. In fact, some of these experiments were done at moderate
sub-phase ionic strength (1 mM), where the electric double layers are sufficiently
screened by the counterions to avoid long-range interactions.35 Moreover, these inter-
actions propagating through the aqueous phase decay exponentially. In conclusion,
charge–charge interactions through the non-aqueous medium seem to be again the
only reasonable explanation for such high stability observed in this kind of 2-D sys-
tem, irrespective of the ionic strength of the sub-phase.

The dipole–dipole interaction energy dominates at short distances, and it has to be
calculated integrating numerically over the whole distribution of dipoles. In principle,
Vcc(r) should also be determined in the same way. However, since this potential has a
longer range than the dipole–dipole contribution, it is worth simplifying the calcula-
tions assuming that the total charge of the upper part of the spherical particle is con-
centrated in its center. This approximation fails at short inter-particle distances, where
the specific details of the surface charge and dipole distributions have to be considered
in order to obtain accurate values for the interaction potentials. Nevertheless, for such
small distances, Vdd(r) dominates over the other terms and the correction introduced
by the exact calculation of Vcc(r) becomes negligible. According to this, the charge–
charge interaction between two colloidal particles reads2
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Here, r is the distance between the centers of the particles, er is the relative dielec-
tric constant of the non-polar phase, and z� a(1 � cos u)/2. The net charge of the
particle above the water level, q, is given by

q � Asfc � 2pa2[1 � cos u]sfc (3.15)

Here, A is the area of the particle exposed to the non-polar medium and s is the max-
imal surface charge density. The first term in equation (3.14) is the usual Coulombic
interaction energy through the non-aqueous phase between two identical point
charges of value q, separated by a distance of r. The second term corresponds to the
interaction between the second particle and the image charge of the first one,
located at a distance �

——
4z2 ——

� r2 from the second one, symmetrically with respect
to the interface that divides both media. For large inter-particle distances, equation
(3.14) takes the form

(3.16)

One of the most important experimental results that support the presence of unscreened
Coulombic pair inter-particle interactions acting through the non-polar phase is
that obtained using optical tweezers.3 In such experiments, a couple of particles at
the interface are originally entrapped inside two laser beams well removed from
each other. Then, the inter-particle distance is decreased until one of the particles
is released from the beam. At this point, the inter-particle force is equal to the trap-
ping force of the laser. By repeating the same procedure for several laser powers,
the force can be determined as a function of the particle separation. The experimen-
tal data showed that colloidal particles at the oil–water interface interact with a
long-range repulsive force that scales with the inter-particle distance as F(r) � r�4,
but does not depend on the ionic strength in the water phase. These results agree
with the interaction potential given in equation (3.16) and points out the fact that
charge–charge interactions are involved in the stability of the colloidal monolayers
at the oil–water interface.

3.3.5.3 Influence of Vcc and Vdd on the aggregation process

In contrast to the above-mentioned observations at the oil–water interface (where
the inter-particle Coulombic interactions are insensitive to the ionic strength of the
aqueous phase), it is still possible to provoke coagulation processes for high-enough
concentrations of salt at the air–water surface.2,13 This difference between both
interfaces was explained in terms of the smaller contact angle of the particles at the
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air–water interface, causing a decrease of the net charge at the particle–air surface.2

However, this justification does not answer the question of why the electrolyte con-
centration reduces the effective repulsion between colloidal particles. Obviously,
the total number of dissociated surface charges and dipoles placed in the air phase
has to be influenced somehow by the amount of salt in the water. In order to give an
explanation for this effect, the aggregation has been studied and interpreted using
the above-proposed model for the interaction energy.

The dipole and charge contributions influence the critical coagulation concen-
tration, CCC (defined as the salt concentration where the initial aggregation rate
reaches the maximum value) so that it is usually two orders of magnitude above the
one in bulk dispersions. It is not just the CCC which is affected by these contribu-
tions, but also the kinetic and structural properties of the clusters formed during the
aggregation process. The kinetic behaviour is featured by means of the time evolu-
tion of the so-called cluster-size distribution,{ni(t)}

�
i�1, defined as the number of

clusters of size i, i.e. containing i particles, at time t. For dilute systems, this time
evolution is well described by the Smoluchowski equation36

(3.17)

The first term on the right-hand side of equation (3.17) refers to the formation of 
i-size clusters due to aggregation of smaller entities. The second term accounts for
the disappearance of i-size clusters after coagulation with another one. The aggre-
gation kernel kij quantifies the mean rate at which two smaller clusters of size i and
j combine and form a cluster of size i � j. It contains all the physical information
about the coagulation mechanism. Of course, kij has to be understood as an orien-
tational and configurational average of the exact aggregation rate for two clusters
colliding under a specific orientation.

For large clusters and long aggregation times, the solution of the Smoluchowski
equation can be expressed in terms of a time-independent scaling function, f(x),
as37,38

ni(t) � Sw(t)2f(i/Sw(t)) (3.18)

where Sw(t) is the weight average cluster size at time t, given by
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This phenomenon is called dynamic scaling and it has been observed in both
experiments and computer simulations for 2- and 3-D systems. When the colloidal
system undergoes aggregation, it finally reaches the long-time scaling behaviour,
where the average cluster size adopts a power law dependence on the aggregation
time given by

Sw(t) � tz (3.20)

where z is the kinetic exponent and gives an estimate of the global aggregation rate.
The aggregation between two clusters occurs as soon as they come closer and over-
come the repulsive barrier of the interaction potential. Consequently, z is strongly
sensitive to the main aspects of the inter-particle interaction potential, i.e. the
height and range of the repulsive barrier. It is a well-known result that for reaction
limited cluster aggregation (RLCA) the kinetic exponent z increases as the repul-
sive barrier is raised. The range of the interaction also plays an important role in
the aggregation kinetics. Indeed, for long-range particle–particle interactions, one
particle in a cluster “feels” the repulsion between all the particles in the other approach-
ing cluster. Therefore, long-range interactions make large clusters less reactive than
small ones, and therefore

zlong-range � zshort-range (3.21)

In conclusion, the global aspects of the aggregation process can be described by
means of the CCC and the kinetic exponent z. The exact value of these parameters
is a function of the particle characteristics (size, surface charge density, hydropho-
bicity, contact angle) and the nature of the interface (oil–water or air–water). However,
the two key parameters that play the main role in the control of the aggregation kinet-
ics for a fixed contact angle are the fraction of surface charges and surface dipoles in
the non-aqueous phase, fc and fd.

Experimental observations of polystyrene particles trapped at the air–water sur-
face show that the electrolyte concentration in the sub-phase significantly affects
the aggregation rate.39 Figure 3.3 shows the value of z as a function of the salt con-
centration [KBr]. For electrolyte concentrations above the CCC ([KBr] � 1 M), z
does not depend on the ionic strength and is given by z � 0.6. However, for [KBr]
below 1 M, the exponent z decreases continuously from 0.6 to 0.3 as the salt con-
centration is reduced. These changes in the kinetic and structural properties of the
coagulation process suggest that fc and fd are in fact dependent on the electrolyte
concentration in the aqueous phase. Indeed, the decrease in z at low ionic strength
indicates that the total interaction potential is now long ranged (see equation (3.21)),
which could be due to the increase of the surface charge fraction fc on the air-
exposed part of the colloidal particles perhaps at the expense of a reduction in fd.
In the limit of very low electrolyte concentrations, these surface charge repulsive
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interactions prevent the coagulation, and are the main reason responsible for the
high-ordered spatial ordering observed in such systems.

The physical explanation of the increase in fc with decreasing salt concentration
lies again in the initial preparation of the monolayer. A high salt concentration in
the aqueous phase emphasizes the trapping of counterions by the dissociated charged
groups and the subsequent formation of surface dipoles on the upper part of the
particle during the initial spreading and rotation of the colloidal particles. Above
the CCC, the counterion concentration is so high that all dissociated groups in the
air phase have a corresponding counterion inside the hydration water layer. Hence,
in this configuration, the percentage of charges is zero (fc � 0) and the inter-particle
repulsion is mainly due to the dipole–dipole interactionVdd. However, for counte-
rion concentrations below the CCC, this mechanism becomes less effective and the
dissociated surface groups above the water level have more chance of losing their
counterions completely. In turn, this gives rise to some degree of ionization of the
surface groups, fc. The long-range charge–charge interaction Vcc then becomes the
one that controls the reactivity between the colloidal clusters as the aggregation
proceeds.

Since all experimental data depicted in Figure 3.3 involve relatively large 
salt concentrations, the number of dipoles that turn into single charges is expected
to be small. Therefore, fd may be considered nearly constant for the whole set of

0.7

0.6

0.5

0.4

0.3

z

0.0 0.2 0.4 0.6 0.8 1.0 1.2 1.4 1.6 1.8 2.0 2.2

[KBr] (M)

Figure 3.3 Kinetic exponent, z, as a function of the salt concentration in the water
phase for the aggregation of polystyrene particles (diameter � 0.6 �m) at the
air–water surface.
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experiments. However, even though the increase of the surface charge fraction fc is
small, the extra repulsion coming from the Coulombic repulsive potential is as
important as to account for the reduction of the kinetic exponent z at low salt con-
centrations and to control the monolayer stability. According to this model, the
CCC is just defined as the electrolyte concentration at which the percentage of sur-
face charges above the water level becomes zero

(3.22)

In the case of the experiments shown in Figure 3.3, it is given by CCC � 1 M. This
conclusion also explains the relationship between the CCC and the counterion
valence, v, found in aggregation experiments1

(3.23)

Indeed, if the counterion valence is, e.g. 3, then the number of total ions we need to
counterbalance the entire dissociated surface groups in the non-polar phase would
be three times less. Consequently, the CCC is reduced to one third.

In conclusion, the dipole–dipole repulsive interaction, Vdd, controls the aggrega-
tion process at high salt concentrations (above the CCC). For low ionic strength, the
charge–charge term, Vcc, is the one that dominates and rules the stability and the
kinetics of the coagulation. fc and fd were obtained by fitting the above-mentioned
experiments using Brownian dynamic simulations. The best agreement between
experiment and simulation was found for a surface dipole concentration of fd �
3.1%, which leads to a repulsive barrier with a height close to the thermal energy
kBT. The percentage of surface charges changes from 0.0011% to zero as the salt
concentration increases from 0.1 to 1 M. It should be noted that the dipolar and
monopolar interaction energies used in these simulations were obtained assuming
that the particles were located in one dielectric medium. That is, any effect on the
electrostatic interactions coming from the existence of an interface was neglected,
which represents a simplification of the real problem. Therefore, the real values for
fc and fd can differ from the ones determined through the previous comparison,
although the differences are expected to be small. In any case, the percentage of
charges at the air–water surface is small compared to the values obtained for the
oil–water interface, which explains why it is easier to induce coagulation at the
air–water surface.

3.3.5.4 Contact angle dependence of the interaction potential

As stated previously, the contact angle value is the main parameter controlling the
behaviour of colloidal particles at the interface. So, as a practical application, we study

CCC
v

≈
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c 0
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Figure 3.4 Retarded van der Waals interaction energy between particles at the
air–water surface as a function of the inter-particle distance for three values of the
contact angle (given in degrees) and particle radius a � 300 nm.

the different terms of the interaction and the total pair energy for the case of colloidal
particles with different hydrophobic properties and the same radius (300 nm) at the
air–water surface. For the sake of simplicity, we have not included the monopolar
interaction, analysed in detail in the previous sub-section.

The theoretical conditions of the computed potential values correspond with
experimental systems for which it is hoped that no monopoles appear; i.e. for high
salt concentration. In the computation we have used standard constant values as
those already indicated. In this section we will not consider the capillary interac-
tion because it is negligible for colloidal particles, as will be shown in Section
3.3.6.

The first analysed interaction is the van der Waals interaction. In Figure 3.4 we
show the dependence of the van der Waals interaction energy on the separation dis-
tance between particles for different contact angles taking into account the retard-
ation effect. The effect of the contact angle on the van der Waals interaction for
different fixed values of the separation distance is shown in Figure 3.5. This inter-
action potential changes abruptly at short distances when the contact angle goes
from values lower than 90° to values greater than 90°, contrary to the predicted
soft dependence reported by Williams.12

The dependence of the double layer electrostatic interaction between the immersed
parts of the particles on the contact angle at fixed separation is shown in Figure 3.6.
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Figure 3.5 van der Waals interaction energy between particles at the air–water
surface as a function of contact angle for different inter-particle separation values
ho (given). It should be noted that this interaction is a very sensitive function of the
contact angle.
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loidal particles as a function of contact angle for different inter-particle distances
(given). The dependence on the contact angle has a similar critical behaviour to
that of the van der Waals interaction at u � 90°.
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Figure 3.7 Hydrophobic interaction versus inter-particle distance for two values
of Wo (given) with lo � 1 nm. The interaction range extends to a few nanometres.

In this case, there is also a critical dependence with the contact angle value. The
interaction strength is considerable for contact angles below 90°, while for values
above 90° it is negligible. This energetic term decays strongly with the separation
between the particles (compare 0.4 and 6.4 nm).

The decaying behaviour of the hydrophobic interaction with the separation
between particles is shown in Figure 3.7. This behaviour is similar to that of the elec-
trostatic interaction in the sub-phase as could be expected, since both interactions
have the same dependence on the inter-particle distance. The dipolar repulsion is
shown in Figures 3.8 and 3.9 as a function of the contact angle at different distances
and as a function of the separation between particles for different contact angles,
respectively. As a general behaviour, the curves have a maximum near u� 90°.

For partially immersed particles at the air–liquid surface, the van der Waals inter-
action between colloidal particles is enhanced due to the partial particle exposure
to the air phase. The increase of the van der Waals attraction coupled with the decrease
of the electrostatic repulsion due to the electrical double layer overlapping does not
account for the great stability experimentally observed in colloidal monolayers.
The sum of these terms, i.e. electrostatic interaction between the sub-phase double
layers and van der Waals interaction that constitute the DLVO approximation, is
shown in Figure 3.10. As can be seen, the change of the contact angle can drastically
reduce the repulsive energy barrier of the interaction potential between colloidal
particles at the interface. This reduction is so important that increasing the surface
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Figure 3.8 Dependence of the dipolar interaction energy on the contact angle u
for different inter-particle distances (given). A typical maximum near u � 90° is
found in all cases. The values used in the computation were s� 0.6 e�nm�2,
fd � 1 and ddip � 0.3 nm.
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Figure 3.9 Dipolar interaction energy as a function of the inter-particle distance for
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behaviour as ho

�3 is observed at long distances. The values used in the computation
were s� 0.6 e�nm�2, fd � 1 and ddip � 0.3 nm.
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potential and decreasing the Hamaker constant values in the DLVO interaction poten-
tial are not enough to justify the great stability of colloidal particles at the interface
even for 1 M salt concentration.

This difficulty is overcome by adding the hydrophobic and dipolar interaction
terms to the DLVO interaction. Figures 3.11(a) and (b) show this total contribution for
both hydrophobic and hydrophilic particles, respectively. As expected, the hydropho-
bic interaction gives a potential with a minimum and repulsion at short distances
for hydrophilic particles while there is a stronger attraction at short distances for
hydrophobic ones. When the dipolar repulsion term is included, the interaction
pair energy shows a repulsive barrier that prevents the aggregation of the colloidal
particles. The dipolar interaction strength can be changed by varying the dipole
fraction that gives the interaction. This effect is shown in Figure 3.12 where the
dependence of the total pair energy on the dipole fraction is indicated for hydropho-
bic particles. The number of dipoles is indicated as a percentage of the maximum
quantity that corresponds with all the surface groups forming dipoles. For 100% of
dipoles, it is practically impossible that the potential barrier could be overcome by
the particles and so they remain stable without aggregating. Thus, it can be concluded
that the dipolar interaction is the most important contribution to the stability of col-
loidal particles at the air–liquid surface for high salt concentration in the sub-phase.
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Figure 3.10 Dependence of the DLVO interaction energy between interfacial
particles on the inter-particle distance for different values of the contact angle
(given in degrees). When changing u from 0 to 180°, the repulsive barrier disap-
pears. The plotted data were obtained for a 1 mM salt concentration and
wo � �40 mV. The Hamaker constants were those indicated in Section 3.3.3.2.
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Figure 3.11 Addition of the hydrophobic and dipolar interactions to the DLVO
interaction energy for (a) hydrophobic and (b) hydrophilic particles respectively.
The parameters used were: (a) u� 82°, salt concentration � 1 M of 1:1 electrolyte,
wo � �40 mV, surface density of dipoles � 0.18 dipoles nm�2. Hydrophobic char-
acter is characterized by Wo � �60 mJ m�2 and lo � 1 nm. (b) u� 50°, salt con-
centration � 1 M of 1:1 electrolyte, wo � �56 mV, surface density of dipoles �
0.18 dipoles nm�2. Hydrophobic character is characterized by Wo � 3 mJ m�2 and
lo � 1 nm.
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The dipolar interaction allows us to explain quantitatively why the CCC, i.e. the
lower salt concentration for which fast colloidal aggregation occurs, is much lower
for colloidal particles in dispersion than for aggregation at the interface. Thus, this term
justifies the great stability found for colloidal particles at the air–liquid interface.

The form of the pair interaction potential curves is different for hydrophobic and
hydrophilic particles (Figure 3.11). Hydrophobic particles can aggregate at a pri-
mary minimum while for hydrophilic ones aggregation occurs at a secondary min-
imum. This difference could explain the re-structuring phenomena observed by
Hórvölgyi et al. for glass beads of lower hydrophobicity,40 which aggregate at
larger distances. The aggregates formed by these particles are re-structured and
become more compact.

3.3.6 The capillary interaction

The capillary interaction has no equivalent in bulk aggregation. When a particle or
other body contacts the boundary between two fluid phases their different inter-
action with both phases causes the perturbation of the interface from its original
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Figure 3.12 Effect of the dipole fraction on the total pair potential for hydropho-
bic particles at the air–water surface. The values given of 100, 75, 30 and 10 cor-
respond to the percentages of the groups forming dipoles at the surface. The
contact angle used and the surface potential were 90° and �40 mV, respectively.
The salt concentration corresponds to 1 M of a 1:1 electrolyte. Full coverage cor-
responds to s � 0.6 e�nm�2 forming dipoles in the air phase.
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form. Usually, the interface is flat and the effect of the body is to depress or elevate
the interface around it and to form the so-called meniscus. When two bodies or
particles placed at one interface approach each other, their menisci overlap gener-
ating an interaction that can allow or impede their further approach.

The capillary interaction can be classified in two different categories: flotation
and immersion capillary forces, depending on whether the interfacial deformation
is produced by the weight of the particle or by the wetting properties of the particle
surface that, in turn, are functions of the position of the contact line and the value
of the contact angle rather than gravity. A theoretical description of lateral capillary
forces requires one to solve the Laplace equation of capillarity and to determine the
meniscus profile around the particle. This can be done by means of an energy approach
that accounts for the contributions due to the increase of the meniscus area, gravita-
tional energy and/or energy of wetting. Flotation and immersion forces have a simi-
lar behaviour on the inter-particle separation but very different dependencies on the
particle radius and the surface tension of the interface. The flotation capillary forces
appear in systems formed by particles trapped at a liquid–fluid interface. This is a
long-range interaction and is negligible for particles of small size (radius below
10 �m). Immersion forces arise when particles are trapped at a liquid interface over
a substrate or in a thin liquid film, and they are long-range interactions that can be
very important even for small particles (radius between few nanometres to
micrometres). Recent studies have shown that immersion forces can also arise in
floating particles when these particles display an irregular meniscus over their sur-
face41,42 or when there is an external electric field that pushes the particle into the
liquid sub-phase, so-called electrodipping.43–46 These immersion interactions
between particles trapped at interfaces were used to explain the unexpected long
range attractive interaction reported in recent experiments of colloidal particles
spread on interfaces.6–8,41,43,47,48

3.3.6.1 Calculation of the capillary interaction potential

The thermodynamic approach to calculate the capillary interaction potential, Vmen,
between particles at an interface uses the change of free energy that occurs when
the colloidal particles approach each other. Its value is given by

(3.24)

where F̂ is the free energy of the equilibrium configuration for the two colloidal par-
ticle system and F1 (�F2) is the single particle equilibrium free energy. In order to
calculate the pairwise capillary potential, the terms F1 (due to the presence of one
particle alone at the interface) and F̂ have to be determined. These three contributions
depend, in turn, on the interface profile near the particles, characterized through the

V dmen 2 1F F F F 2F( ) ˆ ˆ� � � � �1
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distortion of the meniscus, z(r). z(r) is defined as the difference between the real pro-
file z(r) and the profile of a flat meniscus, zref: z(r) � z(r) � zref, where r is the dis-
tance between any point of the interface and the center of the particle. We detail the
calculations of these three contributions for the free energy below.

3.3.6.1.1 One particle at the interface To compute the capillary free energy of a
colloidal particle at the interface it is necessary to consider a reference state, with
respect to which changes in free energy will be measured. Usually, the reference
state has a planar meniscus with the colloidal particle at such a height href that
Young’s law is satisfied (Figure 3.13), i.e. the contact angle u formed by the planar
interface and the single particle surface is given by Young’s law in the equilibrium
state: cos u � (�2 � �1)/�.

The capillary free energy, F1, of a single particle at a liquid interface will depend
on the meniscus profile z(r), i.e. on the distortion of this meniscus from the 
reference state. According to Ref. [46], the free energy may be separated into the
following terms

F1 � Fcont � Fmen � Fgrav � F� � Fcoll (3.25)

Next, we analyse each of these five contributions separately.
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Figure 3.13 (a) Description of the reference state for a colloidal particle confined
at an interface where uref is the equilibrium contact angle. (b) Description for the
deviations from the reference state where z is the meniscus profile and h is the
height from the particle center to the interface.
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(i) Fcont is the free energy due to the change of the areas of the particle exposed to each
phase

Fcont � g1A1 � g2A2 � (g1A1,ref � g2A2,ref) (3.26)

Here, Ai is the surface area of the particle that is in contact with the phase i, and Ai,ref is
the same area but for the reference case. By using the fact that A1,2 � 2pa2(1 � cos a)
and A1,2,ref � 2pa2(1 � cosu) together with Young’s law (equation (3.1)), equation
(3.26) becomes

Fcont � �pa2g[(cos u � cosa)2 � sin2a � sin2u] (3.27)

This expression can be written in terms of the deformation of the interface at contact z(r0)
by replacing sina� r0/a, cosa� (z(r0) � h)/a, sinu� r0,ref/a and cosu��href/a.
Assuming that the distortion of the meniscus is small, we can approximate the real
deformation z(r0) by the one corresponding to the reference system z(r0) � z(r0,ref)
(see Figure 3.13)

(3.28)

where 
h � h � href.

(ii) Fmen is the free energy contribution due to the change of the meniscus area, given by

(3.29)

where Smen and Smen,ref are the meniscus areas (excluding the area occupied by the par-
ticle) in the perturbed and the reference system, respectively. For small slopes of the
meniscus deformation z(r), i.e. for |�� (r)|2 << 1, and with the approximation Smen �
Smen,ref, we have

(3.30)

(iii) Fgrav represents the changes in the gravitation potential energy with respect to the ref-
erence state due to displacements of the volumes of the fluid phases

(3.31)

Here, q�1 symbolizes the characteristic capillary length which determines the range of
action of the capillary forces. The capillary length has the typical value q�1 � 2.7 mm
for the air–water surface (and it is higher than any other characteristic longitude of 
the system) and 
r� r1 � r2 is the difference between the densities of the phases 1
and 2.
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(iv) F� accounts for the presence of external fields acting perpendicularly to the fluid inter-
face. Its origin can be diverse. It can be produced by the disjoining pressure between
two adjacent phases across the liquid film, by the electrostatic pressure caused by an
electric external field, etc. By defining �(r) as the force per unit area, this energetic
contribution reads

(3.32)

(v) Fcoll is the free energy change due to the vertical displacement of the particles

Fcoll � �F 
h (3.33)

where F is the total force acting on the particle perpendicularly to the interface.

By adding these five terms, we finally obtain the total free energy F1, calculated
with the approximation of small slope of the meniscus (	��	2 �� 1) and assuming
Smen � Smen,ref

(3.34)

We can find the shape of the meniscus that minimizes the free energy by solving
the so-called linearized Young–Laplace equation49

(3.35)

The last expression is the key equation giving a theoretical description of the capi-
llary interactions. This equation governs the meniscus shape for a given configura-
tion of particles at an interface. In order to solve this differential equation, two
boundary conditions are necessary. First, the slope of the meniscus height just at
the contact line r � r0 � r0,ref has to be46

(3.36)

The second requirement comes from the fact that the meniscus has to be asymp-
totically flat at sufficiently large distances from the particle surface
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The solution of the differential equation (3.35) with the boundary conditions (equa-
tions (3.36) and (3.37)) may be expressed in the following general form46

(3.38)

where K0(x) and I0(x) are the modified Bessel functions of zero order of first and 
second kind, respectively,50 and C is an integration constant which can be obtained
with the boundary condition given by equation (3.36). By replacing the explicit form
for z(r) into equation (3.25) we finally obtain the free energy of one particle, F1.

3.3.6.1.2 Two particles at the interface In order to calculate the effective pairwise
interaction potential, Vmen(d), between two identical particles at a liquid interface
at a fixed lateral distance d in equilibrium, it is necessary to find out the free energy
of this configuration. According to Oettel et al.46 this free energy may be approxi-
mated as

(3.39)

Here, �̂(r) is the meniscus shape in the presence of two particles, �ĥ� are the cor-
responding heights of each particle, �̂ is the vertical force per unit area acting on
the interface due to external fields and F̂a is the force acting perpendicularly to the
interface over each particle. Sa is the area of the circular disk defined by the con-
tact line around each particle while �Sa are the contact lines (counter-clockwise).
In this context, the area of the meniscus in the reference system (flat interface) is
defined as Smen,ref � R2 � (S1 ∪ S2).

By minimizing F̂ with respect to z as in equation (3.35) the following second
order partial differential equation is found

(3.40)

This equation has to be solved again imposing two boundary conditions. The first
one is transversality conditions at the boundary defined by the contact lines:46
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(3.41)

where �/�na is the derivative in the outward normal direction of �Sa, and

(3.42)

is the mean height of the distortion of the meniscus at the contact line. The second
boundary condition tells us that the meniscus has to be asymptotically flat at suffi-
ciently large distances from the particle surface

(3.43)

The final solution of equation (3.40) with the boundary conditions given by equa-
tions (3.41) and (3.43) is a very complex analytical problem that can only be
solved in the homogeneous case, i.e. for �̂ � 0.51 The general problem is solved
introducing the approximation of superposition, valid in the limit of large inter-
particle separation (d �� a)52

(3.44)

where za, �a, Fa, with a � 1, 2, are the meniscus profile, the stress of the interface
and the force acting on the interface due to each particle respectively, analogous to
the case of one particle at the interface. The effective potential between two par-
ticles due to the interface deformation by the presence of the two particles can be
calculated now using equation (3.24). Oettel et al.46 calculated an approximate
general form for the effective potential due to the meniscus deformation using the
assumption of superposition

where , is the mean height of the single particle meniscus  
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asymptotic behaviours of the effective potential (a �� d �� q�1), depending on the
relation between the dimensionless quantities e� and eF, defined as

(3.46)

All the forces acting over particles are included in eF, while the stress over the
interface is included in e�. Thus, the relation between eF and e� is the relation
between F and �. If e� � eF, Vmen reads

(3.47)

where gE � 0.577216 is Euler’s constant. This is a long-range (logarithmic) attrac-
tive effective potential that does not depend on the sign of the forces and stress act-
ing on the system. If e� � eF, then

(3.48)

In this case, Vmen(d) has the same dependence on the distance as the stress. It is a
short-ranged interaction that can be attractive or repulsive depending on the form
of �(d). Typically �(d) � d�n so Vmen(d) � d�n.

3.3.6.2 Capillary flotation forces

In this particular case, there are no stresses acting at the meniscus (� � 0) and the
force F on the particles is due to their weight and the buoyancy force. Thus, we are
in the case e� � eF with e� � 0. Therefore, using equation (3.47) we obtain

(3.49)

where Q � r0,ref eF is the so-called “capillary charge”42,49,52 by analogy with the 
2-D electrostatic problem. The dependence of the capillary charge on the particle
radius a is easily obtained from equation (3.46)
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Thus, the capillary flotation interaction strongly depends on the particle radius a.
The “capillarity charges” for floating particles can be expressed in terms of a and
the three-phase contact angle u through the expression53

(3.51)

where D � (rS � r2)/(r1 � r2) and rS is the density of the colloidal particle. The
values for the flotation capillary interaction for two spherical particles at contact
(d � 2a) trapped at an air–water surface are plotted in Figure 3.14 versus the par-
ticle radius. As can be seen, the flotation capillary interaction is negligible, i.e.
V(2a) �� kBT, for particles with a � 10 �m. In other words, the weight of floating
micrometre (or sub-micrometre) sized particles is too small to create any surface
deformation.

3.3.6.3 Capillary immersion forces

Long range attractive forces between micrometre-sized particles at a fluid interface
were experimentally detected6–8,41,43,47,48 and attributed to immersion capillary 
interactions. Usually, these kind of capillary interactions come out when colloidal
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Figure 3.14 Floating capillary interaction energy between two spherical col-
loidal particles in contact (d � 2a) trapped at the air–water surface versus the par-
ticle radius a for a contact angle u � 82°. As can be seen, the interaction is
negligible for particles with radius under 10 �m.
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particles are trapped in a thin liquid film49,54–56 or at a liquid interface formed over
a substrate.54 Nevertheless, it has been reported recently that the immersion capil-
lary interactions between floating particles may also appear when the three-phase
contact line (particle–liquid–fluid) is irregular rather than flat due to the non-
homogeneous wetting of the particle surfaces41,42 or when there is an electrical
stress that causes an immersion of the particles into the liquid phase.43–45 However,
some of these models are still nowadays incomplete and none of them could explain
all the characteristics of the mesostructures found experimentally. Here, we will
comment on these immersion capillary interactions between floating particles.
Then, we will focus on the long-range behaviour of those interactions used here to
explain the attractions reported experimentally for large inter-particle distances.

3.3.6.4 Colloidal mesostructures

Experimental results reported since 1995 have shown the existence of new col-
loidal structures (loosely bound, internally ordered, etc.) when particles are spread
at an air–water surface6–8,47,48 or an oil–water interface.43 In order to distinguish
such ordered structures from the random, fractal objects formed in colloidal aggre-
gation processes (commonly called clusters), Ghezzi and Earnshaw47 proposed to
call them colloidal mesostructures. The diverse morphology of the mesostructures
arising at an interface is surprisingly rich. We can distinguish between circular pat-
terns of particles, voids, line patterns, soap froths and loops8 (see Figure 3.15(a)).

A common feature of all these colloidal mesostructures is the significant sep-
aration between the constituent particles, which in most of the cases is about the
particle diameter, 2a. Another important characteristic of the mesostructures is that
they appear immediately after spreading the particles at the interface and then
evolve in time in several ways. For instance, in Ref. [7], the authors observed an
evolution from void structures to soap froths after some hours. Likewise, an evolu-
tion from circular arrays of particles to a stable colloidal monolayer was reported
in Ref. [47] after several hours. Thus, these mesostructures have to be metastable.

At this point, the question that arises is what is the origin of the mesostructures?
The fact that the average distance between neighbouring particles is typically con-
stant for all the observed mesostructures and given by the particle diameter, indi-
cates that the inter-particle interaction potential should have a secondary minimum
located at a distance of the same order as the particle diameter. Figure 3.15(b)
shows a guess of the pairwise interaction potential proposed in the literature to
explain the origin of mesostructures.7,8,43,47 According to this, the secondary min-
imum explains why the inter-particle distance is roughly constant, while the small
potential barrier situated at larger distance prevents the collapse of the individual
structures. The process of spreading the monolayer is quite turbulent, and the 
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Figure 3.15 (a) Colloidal mesostructures formed by charged spheres of poly-
styrene of radius a � 600 nm at the air–water surface. These mesostructures
arrange in circular domains (left images), “foam” and voids (top right image),
loops (bottom right image), etc. (b) Shape of pairwise interaction potential pro-
posed in the literature. It has a secondary minimum at distances r0 around the par-
ticle diameter, which could explain the characteristic distance between particles in
the mesostructures.
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particles may be forced to approach each other very closely, passing over the
potential barrier to become temporarily trapped in the secondary minimum at r0.
The barrier at r1 cannot be very high, as the metastable mesostructures disaggregate
on timescales of the order of hours due to thermal energy.

An attractive and a repulsive interaction that do not vanish at such distances are
necessary to reproduce this secondary minimum. On the one hand, the only repulsive
interaction that can be important at distances around the particle radius is the dipolar
interaction. On the other hand, we do not know any attractive interaction that could
be considered non-negligible at such distances. Some theoretical models have tried
to explain the origin of these mesostructures, i.e. the origin of the long range
attractive interaction, on the basis of capillary immersion forces.41–43,45,46 Other
authors57 suggest that these mesostructures are caused by the non-homogeneous
surface tension of the interface due to the presence of polluting agents like silicone
oil. This last model could explain the great variety of mesostructures. It is essential
to understand the origin of these new structures in order to have a complete
description of the interactions between colloidal particles at interfaces. For this
purpose, a great effort has been done to provide a theoretical model for this long-
range attraction, but none of the suggestions explain the totality of the experimen-
tal results.

3.3.6.5 Roughness of the particle surface

Notwithstanding, we have not considered particle roughness in our model. The
surface deformation of the meniscus could appear even with small particles (sub-
micrometre-sized) if the phase contact line on the particle surface is irregular
rather than circular (see Figure 3.16(a)). This is the case of colloidal particles 
with an irregular shape, surface roughness, chemical inhomogeneities, etc. In 
such cases, the meniscus shape around the colloidal particles is described by the
expression41

(3.52)

which is a solution of the linearized Young–Laplace equation for small meniscus
slopes in cylindrical coordinates (r, w), where Am, Bm are integration constants and
Km(x) is the modified Bessel function of order m. For qr �� 1, Km (qr) � (qr)�m,
equation (3.52) reduces to a multipolar expansion (analogue to an electrostatic
multipolar expansion in 2-D).

The capillary forces between particles with an irregular contact line could be
considered as a kind of immersion force insofar as they are related to the particle
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wettability, rather than to the particle weight. A theoretical description of the lat-
eral capillary force between colloidal spheres with an undulated contact line was
recently given by Stamou et al.41 They realized that the leading multipole order in the
capillary force between such particles is the quadrupole–quadrupole interaction
(m � 2 in equation (3.52)) (see Figure 3.16(b)). The interaction energy of this
energetic contribution is given by

(3.53)V d H
r

drough A B
c( ) cos( ( ))≈
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Figure 3.16 (a) Representation of the contact line for a colloidal particle at a fluid
interface. The dashed line is the ideal flat contact line, the continuous line is the
representation of the undulated contact line and the dotted line is the quadrupoles
contribution of the irregular contact line. (b) Representation of the quadrupolar
term for two colloidal particles trapped at a fluid interface. The total interface
deformation, which is due to the presence of the particles, depends on the mutual
orientation between the particles.



where H is the maximum amplitude of the deformation of the contact line at the
particle surface, rc � a � sin u is the contact radius and the angles �A and �B are
subtended between the diagonals of the respective quadrupoles and the line con-
necting the centers of both particles. Thus, the pairwise interaction potential at
long distances could be a combination of Vrough(d) together with the dipolar inter-
action,Vdip(d)

(3.54)

where A and B are constants independent of both the inter-particle distance (d) and
particle orientation (�A � �B), Figure 3.16(b). In this way, even a minimal roughness
of the contact line could be sufficient to produce a significant capillary attraction.41

For multipoles, the sign and the magnitude of the capillary force depend on the par-
ticular mutual orientation. So, quadrupoles tend to assemble in a square lattice.42

This model is, however, rather incomplete since the meniscus deformation is cal-
culated with the approximation of the absence of stress and perpendicular forces act-
ing on the interface and the particles, respectively (� � 0 and F � 0). According to
this, the effective potential associated with this deformation is obtained and added to
the dipolar interaction. For a correct analysis, it is necessary to introduce the electro-
static stress due to the dipolar field in the Young–Laplace capillary equation. This
adds new terms to the effective interaction potential with the same dependence on the
distance as the term found by Stamou et al.41 Nevertheless, even introducing this new
term in the total interaction potential, the dependence of the dipolar interaction with
the distance is like 1/r3 and the attractive interaction has an asymptotic behaviour as
1/r4. Hence, the combination of both interactions cannot explain the shape of the
total interaction potential shown in Figure 3.15(b). Therefore, this model does not
account for the origin of the colloidal mesostructures.

3.3.6.6 Meniscus deformation due to an electric field

The magnitude of the interfacial deformation, characterized by the contact angle
(Figure 3.13(a)), is determined from the condition 2prcg sin u � F, so a normal
external force counterbalances the surface tension force F. In the case of floating
capillary forces, the normal force is due to gravity and the magnitude of the surface
distortion decreases rapidly when decreasing the particle size, becoming negligible
for particles with a radius a � 10 �m.

Nevertheless, for such small particles, Nikolaides et al.43 suggested that the nor-
mal force F could have an electric origin, Fel, rather than gravitational, Fg. They
also proposed that the asymmetric charging of the particles adsorbed at interfaces
could produce a dipolar field. The electrostatic force associated with this field
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could be responsible for the interfacial deformation and the lateral capillary inter-
actions. With these considerations, and neglecting the electrostatic stress acting on
the interface (�el(r) � 0), they finally obtained a long-range (logarithmic) capil-
lary attraction. However, if we take this stress into account the situation changes
drastically. Then, the new dependence44,58 on the inter-particle distance is 1/d6 rather
than logarithmic, i.e. it is a short-range interaction that does not explain completely
the origin of the secondary minimum.

In turn, Danov et al.45 reported experimental results showing that the interfacial
deformation around glass particles (with radius between 200 and 300 �m) at the
oil–water interface is dominated by an electrical force, called electrodipping by
them.45 In that work, they suggested that this force is due to charges at the particle–oil
boundary (or at particle-non-polar phase boundary in general). They solved numeri-
cally the electrostatic boundary problem which gives rise to a long-range (logarith-
mic) electric field, inducing the capillary attraction between two floating particles.
However, they calculated the pairwise effective potential solving the Young–Laplace
capillary equation only in the presence of gravity (� � 0, Fel � 0, Fg � 0) with
the superposition approximation, while the solution is used even in the case of
� � 0. Hence, the solution given in Ref. [45] appears inaccurate because the
approximation of superposition is not correctly applied and new terms arise when
the capillary equation with � � 0 is formally solved. Moreover, Danov et al. solve
the electrostatic problem using the asymptotic behaviour (r �� r0,ref) of �(r), but the
dominant contribution to the interaction potential due to the meniscus deformation
stems from points r � r0,ref. As a consequence, they obtain a non-vanishing pre-
factor of the logarithmic term in the interaction potential. Therefore, the presence
of charges at the particle-non-polar phase boundary cannot explain an attractive
logarithmic interaction.

Oettel et al.46 proposed a logarithmic long-range attractive attraction tuned by a
small external electrostatic field. However, this attraction is only possible if the net
force acting on the system does not vanish. In order to show this, they considered
the total stress tensor T� which consists of the Maxwell stress tensor (due to the
electrostatic field) and a diagonal osmotic pressure tensor (due to the electrolyte).
The total force acting on the whole system (interface and particles) perpendicu-
larly to the interface can be calculated through

(3.55)

where Stot � Smen � S1 � S2.
In the absence of external forces, Fz � 0, we are in the case of e� � eF and 

we have to apply equation (3.48) which gives a short-range interaction. Thus, the
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existence of a net force acting on the interface is necessary to have an attractive
logarithmic (long-range) interaction. If Fz � 0, then e� � eF and so we have to use
equation (3.47) which gives a long-range interaction. Therefore, in the presence of
an external electric field, the values of e� and eF can be calculated numerically
solving the electrostatic boundary problem. Subsequently, the interaction potential
due to the interfacial deformation, Vmen(d), can be theoretically obtained by using
equation (3.45).

Oettel et al. calculated the external electric field necessary to obtain the long-
range attractive interaction shown in Ref. [43] and they obtained a relatively small
value �E � 1.8 � 10�4 V m�1. Indeed, an electric field E � 10�3V m�1 is
enough to provoke a secondary minimum of about 1 kT. These calculations indi-
cate how sensitive the system can be to spurious external electric fields that give
the required long-range attraction. This model, however, is not able to explain such
an attraction for isolated systems (Fz � 0).8 In view of these conclusions, further
effort (theoretical and experimental) is needed to achieve a complete understand-
ing of these amazing mesostructures and to have a complete description of the
interactions that appear when colloidal particles are spread at a liquid interface.

3.4 Concluding Remarks

The interactions between particles in monolayers have been theoretically dis-
cussed. These interactions are dependent on both the properties of the fluids that
make up the interface and on the nature of the adsorbed particles. We can distin-
guish two different stability behaviours: stable monolayers with particles that
remain independent for a long time, and unstable monolayers with aggregates of
fractal structure or the so-called mesostructures. In the first case some very regular
geometrical structures have been observed suggesting the existence of long-ranged
particle interactions. When the structures are fractal in character the particle inter-
action potential is short ranged and has a minimum at very short distances. The
third case, the formation of mesostructures, is still a controversial subject.

The different terms of the inter-particle interaction energy are double layer and
dispersion interactions (2-D DLVO), capillary interactions which are intrinsic to
interfacial phenomena and have no analogy in the 3-D case, structural forces and
monopolar and dipolar interactions. These terms have a different weight in the total
interaction energy. The capillary interaction involved the flotation and immersion
capillary forces, depending on whether the interfacial deformation is produced by
the weight of the particle or by the wetting properties of the particle surface that, in
turn, are functions of the position of the contact line and the value of the contact
angle rather than gravity. Immersion forces are long-range interactions and play an
important role in the behaviour of colloidal monolayers even for small particles.
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4.1 Introduction

Wetting and de-wetting of surfaces by a liquid are fascinating phenomena of great
importance for scientific and technological problems including the self-protection
of living organisms,1 the production of microstructures,2 as well as the integrity and
uniformity of decorative, lubricating and protective coatings and the prevention of
fogging.3 Wetting is influenced by short-range forces, such as hydrogen bonding
and donor/acceptor interactions, and by long-range dispersion forces. Depending
on the relative strength of these forces, one can observe de-wetting, complete wet-
ting or partial wetting. In the first case, the liquid forms lenses co-existing with the
bare surface. In the second case, any amount of liquid applied to the surface will
spread out as an even layer with a thickness given by the volume of the applied 
liquid per area of the surface. In the last case, the competition between favourable
short-range forces and unfavourable long-range forces gives rise to the formation
of a wetting layer of limited thickness, which often is a monolayer but may in prin-
ciple have any thickness, that co-exists with lenses formed by excess of the liquid.
While most of us are familiar with the technological importance of wetting of solid
surfaces, it is worth noting that the wetting of liquid surfaces is technologically
important as well, e.g. for the production of thin uniform sheets of material in float
cast processes or in the context of slowing down the evaporation of water from
open reservoirs in arid regions. Wetting layers of unlimited thickness may form if
the dispersion forces are favourable. These dispersion forces can be estimated from
Lifschitz theory.4,5 As a rule of thumb, a liquid with a low refractive index is likely
to wet a medium with a high refractive index, while a liquid with a high refractive
index is unlikely to wet a medium with a low refractive index. Given the relatively
low refractive index of water, most organic liquids do not wet a water surface.6,7

Only some low molar mass materials of low refractive index, such as pentane, wet
a water surface and some liquids have been shown to undergo a wetting transition
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when the physical properties of the liquid sub-phase are adjusted by heating8 or by
addition of soluble substances that alter the refractive index.9,10

One obvious difference between a liquid and a solid interface is the fact that a
solid interface is not deformed by an applied liquid and, if lenses are formed, they
have a flat bottom. The contact angles can be described by Young’s equation. Lenses
at a liquid interface, on the other hand, can easily deform that interface and thus
lenses with two curved surfaces are formed.

Another striking difference between liquid and solid interfaces is the fact that
the latter can be rough. This roughness further influences wetting. The most prom-
inent examples are the hydrophobic surfaces of plant leaves or artificial “super”-
hydrophobic surfaces. In these cases, a solid surface is roughened11 or decorated
with hydrophobic solid particles.1 In the case of complete contact between an
applied water droplet and the solid surface, increasing the roughness increases the
interaction between the liquid and the surface. Thus, the apparent contact angle,
observed at length scales exceeding the length scales of the particles or protru-
sions, is considerably higher (if the surface is hydrophobic) or lower (if the surface
is hydrophilic) than the local contact angle at the air–water–solid contact line.12 In
the case of high local contact angles, the liquid retracts further from the surface and
only incompletely covers it, in effect “lifting” the liquid droplets off the surface,
creating an air–liquid surface and placing only the protrusions of the solid surface
or the apex of the particles that rest on the surface into the liquid.13,14 The position
of the protrusions or particles within the newly created air–liquid surface is given
by the shape of the protrusion and the contact angle between the solid particle and
the liquid–air surface.

If particles are not applied to a solid interface as mentioned above, but to a liquid
interface, we see again a decisive difference. In contrast to solid surfaces, particles can
penetrate liquid interfaces and by doing so they reduce the area of the bare liquid
interface. This gives rise to a significant reduction in total interfacial energy. Thus,
particles have a strong tendency to adsorb to liquid interfaces, can be used to stabilize
emulsions, e.g. oil-in-water or water-in-oil15–18 and form well-defined monolayers at
planar liquid interfaces.19–21 This affinity of particles for a liquid interface can also be
utilized to mediate the wetting of the surface of one liquid (for simplicity from now on
called “water”) by a second one (from now on called “oil”). The following two sec-
tions briefly summarize the theoretical basis of such particle-assisted wetting, and
give some examples of experiments that confirm these expectations.

4.2 Theory

If a liquid surface (of say, water) is covered by a layer of a second liquid (of say,
oil), the change in energy per unit area, 
E/A, is given by the sum of the interfacial
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tensions of the newly generated interfaces, �ao and �wo, minus the interfacial ten-
sion of the liquid without the layer, �aw; (see Figure 4.1)


E/A � �ao � �wo � �aw (4.1)

On a water surface, however, this scenario is more the exception than the rule. Most
oils applied to a water surface form lenses instead of a thin layer6 and the value of

E/A calculated for a hypothetical layer of oil on water is positive. In the case of par-
tial wetting, one has a layer of limited thickness on the water surface. All phases and
interfaces are considered to be in equilibrium and saturated with each other. Thus, in
the case of partial wetting, the interfacial tension �aw is not the surface tension of pure
water, but the effective tension of water covered by the thin equilibrium layer.

On the other hand, placing a particle from one of the adjacent phases into a
fluid–fluid interface is associated with a negative change in interfacial energy. This
gain in energy is due to the fact that part of the fluid–fluid interface is replaced by
the particle. This gain in energy per particle is equal to 
E � ��r2�(1 � cos �)2. In
this equation, r is the radius of the particle, � is the fluid–fluid interfacial tension
and � is the angle made by the particle and the fluid–fluid interface (measured into
the fluid in which the particle was incorporated before contacting the interface). If
the particle approaches the interface from the other side, the term �cos � changes


E � �pr2gaw(1 � cos uawp)2

Air

Water

Oil

Air

Water


E / A � gao � gwo � gaw


E � �pr2gwo(1 � cos uwop)2

uaop

uwop

uawp

gao

gwo

gaw


E � �pr2gao(1 � cos uaop)2


E � �4pr2gawcos uawp


E � �pr2gaw(1 � cos uawp)2

Figure 4.1 Placing particles from any bulk phase into a fluid–fluid interface reduces
the interfacial energy. The particles may be placed into any of the interfaces, e.g.
air–water (left), oil–water (bottom right) and oil–air (top right), involved in the for-
mation of a wetting layer. This can give rise to a reduction of the total interfacial
energy large enough to induce wetting. The symbols are defined in the text.
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sign as indicated in Figure 4.1 on the upper left hand side. This equation can be
applied to all interfaces involved in the formation of a wetting layer, i.e. oil–air,
oil–water and air–water. In the following, it is assumed that a mixture of oil and
particles applied to a water surface can adopt the five scenarios schematically
depicted in Figure 4.2: formation of lenses with (i) complete incorporation of the
particles, (ii) complete separation between particles and oil, or the formation of a
laterally uniform mixed layer with the particles adsorbed to (iii) the top, (iv) the
bottom or (v) both interfaces of the layer. One can use the above equations to cal-
culate the total interfacial energies of all these scenarios at given interfacial ten-
sions, contact angles and areas per particle, and decide which of these scenarios is
most favourable.22 The contact angles and interfacial tensions are correlated with
each other through Young’s equation. In order to describe the system completely,
only five independent parameters are needed: the area per particle, the contact
angles at two out of the three 3-phase contact lines involved and the ratio of two
interfacial tensions to the third one.

The results of these calculations for a hypothetical liquid with identical inter-
facial tensions at the upper and lower interfaces of the wetting layer and with dense
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Figure 4.2 Theoretical phase diagram of particle-assisted wetting of an oil on a
water surface. Five scenarios are depicted depending on the magnitude of the con-
tact angles of the particles at the oil–water and the oil–air interfaces (both measured
through the oil phase). One of these scenarios is energetically more favourable
than the other four.



2-D packing of the particles are shown in Figure 4.2. In this diagram, conditions of
co-existence between two scenarios are depicted as continuous lines. The areas
confined by the lines indicate regions in which the scenario depicted by the corres-
ponding graphics is most favourable. At very high or very low contact angles at the
interfaces with oil (measured through oil), no particle-assisted wetting is expected.
Instead, the formation of lenses is predicted. These lenses may either be separated
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Figure 4.3 Phase diagrams of particle-assisted wetting. Left column – hypothetical
system with dense packing of particles. From top to bottom the interfacial tensions
at the upper (�ao) and lower (�wo) interfaces of the layer increase. Middle column –
hypothetical system with the ratio of the interfacial tensions at the top and bottom
surface of the layer increasing in the direction of the arrow. Right column – 
hypothetical system with the surface concentration of the particles decreasing in
the direction of the arrow. Drawn according to the equations in Ref. [22].
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from the particles (high contact angles at both interfaces) or completely engulf
them (low contact angles at both interfaces). Around contact angles of 90° (�/2),
the diagram predicts that particle-assisted wetting will occur, with the particle
being preferentially adsorbed to the interface at which the contact angle is closest
to 90°, or adsorbed to both interfaces if the contact angles are comparable. The
conditions leading to particle-assisted wetting depend not only on the contact
angles, but also on the interfacial tensions with the oil and on the area per particle.
These dependencies are illustrated in Figure 4.3. The relative position of regions of
stability of each scenario in these diagrams is the same as in Figure 4.2. To avoid
overloading the graphs with schematic drawings, Figure 4.3 was drawn without the
graphical illustrations depicted in Figure 4.2. The first column of Figure 4.3
depicts “symmetric” cases in which the surface tension of the upper surface of the
oil layer �ao is identical to the lower one �wo and the particles are closely packed at
the interface. From top to bottom, the ratio of these interfacial tensions to the inter-
facial tension of the water surface �aw is gradually increased. As can be seen from
the graphs, the regions of particle-assisted wetting gradually decrease with increas-
ing interfacial tensions of the oil and finally are completely gone in the most
unfavourable case. The second column of Figure 4.3 depicts what happens if the
interfacial tension at the oil–air surface is made smaller than the interfacial tension
at the oil–water interface. The particles preferentially adsorb to the interface with
the higher interfacial tension until finally the region representing a layer with the
particles at the top surface vanishes. The last column of Figure 4.3 shows the effect
of decreasing the particle coverage at constant interfacial tensions. With decreas-
ing particle coverage, the predicted regions of particle-assisted wetting decrease
and finally vanish again. It is worth noting in this example that even at a coverage
of the surface by particles of only 10% of full coverage, particle-assisted wetting is
still expected to occur.

4.3 Experiments

Particle-assisted wetting has been investigated by applying mixtures of particles
and polymerizable oils to water surfaces.23 The use of a polymerizable oil has the
advantage that one can solidify the oil, transfer it to solid substrates and image it
with scanning electron microscopy (SEM). The oils alone do not form mesoscopic
wetting layers on a water surface but retract into liquid lenses. The presence of the
polar oils reduces the surface tension of water. This indicates that the lenses 
co-exist with a layer of equilibrium thickness, presumably with an Angstrom-scale
monomolecular layer. Examples of such lenses are shown for the oil trimethylol-
propane trimethacrylate (TMPTMA) in Figure 4.4(a). If colloidal silica particles 
of 140 nm diameter coated with polyisobutene chains (SiO2–PIB) are mixed with
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the oil TMPTMA and applied to a water surface, one again observes the formation
of small lenses already by the unaided eyes. The particles form irregular 3-D aggre-
gates on the surface that co-exist with oil lenses (see Figure 4.4(b)). On the other
hand, mixtures of the oil with silica particles that were coated with methacrylate-
terminated silanes (SiO2–TPM) spread evenly on the water surface without forming
lenses. A close-up of a cross-section of such a layer is shown in Figure 4.4(c). For
the sake of good sample preparation, the particles were removed via etching with
hydrofluoric acid before cutting. If a slightly different oil, pentaerythrol tetraacry-
late (PETA), is used, layers can be obtained in which the particles adhere to both
interfaces of the layer (see Figure 4.4(d)). As discussed before, the formation of the
mixed layers is expected to be a function of the contact angles at the fluid–oil-
particle interfaces. It was possible to estimate these contact angles by embedding
the particles in the relevant interfaces, photo cross-linking the oil and analysing the
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Figure 4.4 SEM images of oils and their mixtures with silica particles after appli-
cation to a water surface, UV-irradiation and transfer to mica substrates. The
chemical structures are depicted above each image. (a) Lenses formed by the oil
TMPTMA alone. (b) Particle aggregates and oil lenses formed by a mixture of
TMPTMA and silica particles coated with PIB chains. Taken from Ref. [23]; with
permission of the American Chemical Society.
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height traces of atomic force microscope (AFM) pictures of the protruding parts of
the embedded particles. It is instructive to compare the contact angles at the upper
and lower interface for the system composed of TMPTMA and particles coated
with methacrylate-terminated silanes (25° and 50° respectively) with the corre-
sponding contact angles in the system PETA/methacrylate-terminated silane-coated
particles (23° and 20° respectively). The dissymmetry of both contact angles in the
former case is in agreement with the location of the particles at the lower interface
only, while the symmetric conditions in the latter case is in agreement with the
observed adsorption of the particles at both interfaces.

The influence of the wettability of the particles has been tested further using sil-
ica particles with systematically varied surface properties.24 Fumed silica particles
(irregular clusters composed of spherical primary particles of �20 nm diameter)
were reacted to various extents with dichlorodimethylsilane in such a way that the
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Figure 4.4 (continued) (c) Side view of a wetting layer formed from silica par-
ticles coated with methacrylate-terminated silane and TMPTMA. Particles only
adsorb at the lower oil–water interface. (d) Wetting layer formed from a mixture of
silica particles coated with methacrylate-terminated silane and PETA oil. Particles
adsorb at the oil–air surface and the oil–water interface. For the sake of sample
preparation, the particles were removed by etching with hydrofluoric acid before
cutting. Taken from Ref. [23]; with permission of the American Chemical Society.
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surface concentration of silanol groups was reduced to between 87% and 14% of their
original value. These particles were mixed with the polymerizable oil TMPTMA,
applied to a water surface at a surface coverage of particles equal to half the value
of dense 2-D packing, solidified and imaged as described above. In agreement with
less than full coverage of the surface by particles, the water surface was in all cases
covered only by patches of mixed wetting layers. However, the fraction of the
water surface covered by these patches and the size of the patches varied with the
surface properties of the particles (see Figure 4.5). Upon increasing the silanol sur-
face concentration from 14% to 36%, the total area covered by these patches
increased from 10% to 40% of the water surface and simultaneously the patch size
is increased from a few hundred �m2 to several cm2. For particles with a surface
silanol content of 51%, the patch size begins to diminish again. For particles pos-
sessing a silanol surface concentration of 67% and 80%, the co-existence of oil
lenses and patches of mixed layers was observed for each sample. In addition, the

(a) (b)

(c) (d)

200 µm

500 µm

500 µm

50 µm

Figure 4.5 Influence of particle hydrophobicity upon particle-assisted wetting.
Patches of wetting layers formed from mixtures of the oil TMPTMA and fumed
silica particles treated to various extents with dichlorodimethylsilane and bearing
(a)14%, (b) 24%, (c) 36% and (d) 51% surface silanol groups. Taken from Ref. [24];
with permission of the American Chemical Society.
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area covered by the patches (approximately 20%) is much smaller than those
formed from more hydrophobic particles. Thus, particles with a silanol content of
36% have an optimum compatibility with the oil and thus facilitate wetting more
efficiently than the other particles. Unfortunately, the non-spherical shape and the
inability to determine exact contact angles make a quantitative comparison to the
theory presented in Figure 4.2 impossible. Nevertheless, this result is qualitatively
in agreement with the expectations.

The above experiments were conducted at a surface coverage very near to a close
packed monolayer of the particles. The mathematics depicted above in principle
allows any surface concentration of particles lower than full coverage. As can be
seen from the last column in Figure 4.3, even at surface concentrations considerably
smaller than close packing one can expect particle-assisted wetting. In reality, how-
ever, particles embedded in a thin layer of oil are subject to comparatively strong-
and long-range attractive capillary forces.25,26 Thus, if the above experiments are
repeated at lower surface concentrations of the particles, one obtains patches of
close packed particles that are embedded in oil lenses (see Figure 4.6(a)). Thus, in
order to overcome this attraction, one needs repulsive forces between the particles.
These forces could in principle be electrostatic repulsion between highly charged
particles.27,28 However, addition of high charge to the particle surface will change
the contact angles as well and thus the influence of inter-particle forces on particle-
assisted wetting cannot be clearly separated from other effects. Therefore, we chose
to use paramagnetic particles29 and induce repulsive forces30 by applying an exter-
nal magnetic field perpendicular to the water surface. This allows us to investigate
the differences between attractive and repulsive particles without altering any other
properties of the system. Figure 4.6 shows a mixture of polystyrene particles of
2 �m diameter containing 22% of magnetic iron oxide and of the polymerizable oil
TMPTMA, applied at sub-monolayer coverage to a water surface. To facilitate the
observation, the volume of oil was chosen in such a way that the particles penetrate
both interfaces of an assumed oil layer and thus are visible in top view. Without an
external field, Figure 4.6(a), the particles form 2-D, comparatively densely packed
aggregates. The oil is associated with the particles and forms lenses that do not
evenly cover the water surface. An external magnetic field, applied perpendicular to
the water surface, induces magnetic dipoles within the particles and thus renders
them repulsive. This repulsion is large enough to break up the islands of particles
and to spread them over the water surface, taking the oil with them in a thin layer
(see Figure 4.6(b)). The oil layer is almost featureless and therefore barely visible in
the electron microscopy image on the right. It is more visible if it is solidified and
transferred to an electron microscopy grid (inset on the right). Although the layer
was shattered in the process, it is clearly seen that the fragments cover the openings
of the electron microscopy grid.
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As shown in Figure 4.4(c), the mixed wetting layers can be prepared with an
amount of oil large enough that the layer thickness is considerably larger than the
dimensions of the particles. If the amount of oil is reduced, one can obtain mixed
layers in which the particles protrude the upper and lower interfaces. Figures 4.7(a)
and (b) show such a solidified layer from the bottom and top view respectively
after cross-linking. If in these layers the particles are selectively removed after
cross-linking, one obtains thin solid membranes composed of the solidified oil
bearing dense arrays of uniform holes.31 The resulting porous membranes can be
easily transferred to any desired substrate such as mica, silicon wafers and even to

(a)

(b)

50 µm

50 µm

Figure 4.6 Mixtures of the polymerizable oil TMPTMA and paramagnetic poly-
styrene particles applied to a water surface and subsequently photo cross-linked
and transferred to a mica substrate. A schematic is shown on the left and an SEM
image on the right: (a) In the absence of an external field, (b) in the presence of a
magnetic field perpendicular to the water surface. Taken from Ref. [29]; with per-
mission of the American Institute of Physics.
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macroporous supports like electron microscopy grids with 100 �m wide openings.
Figures 4.7(c) and (d) depict a side view of a resulting porous membrane transferred
to a mica plate (part of the membrane was peeled off by scotch tape) and a top view
of a freely suspended porous membrane transferred to an electron microscopy grid,
respectively. The membrane covers the openings of the grid completely. The pores
are visible from the top and the bottom of the membrane and one can see the under-
lying grid through the pores.

The size of the pores is given by the size of the particles used as templates. It is
therefore possible to tune the pore size by using particles of appropriate sizes.32

Figure 4.8 shows examples of porous membranes obtained by the method described
above with various pore sizes. It has to be noted that not only the pore size but also

(a) (b)

(c) (d)

500 nm 50 µm

1 µm 1 µm

mica

Figure 4.7 (a) Bottom view and (b) top view of a composite membrane obtained
from mixed layers, with a mixing ratio between the photo cross-linkable oil
TMPTMA and the silica particles low enough to allow the particles to penetrate
through both interfaces of the oil layer. (c) A porous layer obtained from the photo
cross-linked oil after removal of the particles. (d) A freely suspended porous mem-
brane transferred to a microscopy grid. The dark dot with an arrow at the bottom of
the image is a defect, showing the contrast between a covered and a non-covered
area. Taken from Ref. [31]; with permission of Wiley-VCH.
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(a)

(c)

10 µm

10 µm

10 µm

(b)

Figure 4.8 Freely suspended porous membranes of various pore size, obtained
via particle-assisted wetting of a water surface using particles of (a) 0.33, (b) 0.56
and (c) 1.2 �m diameter, photo cross-linking of the oil, removal of the particles
and transfer to a support with openings. Taken from Ref. [32]; with permission of
the American Chemical Society.
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the membrane thickness decreases with the size of the particles. Thus, the mem-
branes with micrometer pore sizes can be handled without any support, whereas
membranes with sub-micrometer pores need to be supported by a grid or other
(porous) substrate.

4.4 Conclusions

Particle-assisted wetting is a phenomenon which can be utilized to induce wetting
of a liquid by a second liquid. It enables us to perform the “mission impossible” of
forming wetting layers on a water surface. The concept might be extended further
to other liquid surfaces in technologically important areas, like compatibilization
in 3-phase blends or flotation in the presence of oil. It furthermore opens up new
and technologically interesting applications like the switching of wettability by
external fields, and the preparation of regular surface structures and membranes of
controlled and uniform pore sizes.
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5.1 Introduction

Particulate additives are found in the formulations of a great many high-surface area
products in the form of emulsions and foams. Their presence is normally desirable
for the purposes of stability. In the case of ice cream foams, tiny fat globules can
attach themselves to the surfaces of the air pockets and hinder the process of coars-
ening by Ostwald ripening.1 In this case, the particles are a natural ingredient. In
other instances, colloidal particles are deliberately added and Pickering emulsions
are an important example.2,3 The occurrence of particles leading to stabilization can
also be unwelcome, as in the case of emulsions formed when seawater and crude oils
vigorously mix. This environmental problem can lead to very stable emulsions as a
result of particles formed by asphaltenes or clay collecting at the oil–water interface.4

The presence of particles at a fluid–fluid interface leads to numerous, profound
consequences. Since a very large amount of energy is normally required to remove
a particle from an interface (see Chapter 1 for a detailed explanation of this point),
particles in these monolayers are normally irreversibly attached. Furthermore, as
described in Chapter 2, these systems can be modified by exquisite tuning of inter-
particle forces, particle chemistry and particle size to create a wide range of mor-
phologies of these “2-D suspensions”. These range from flocculated networks,5 2-D
(two dimensional) crystals6 and froth-like arrangements.7 As a result, particle mono-
layers offer a wide range of mechanical responses and the interfacial rheology of
these systems will generally be highly viscoelastic.8

The mechanical behavior of an interface will largely control the draining
process that occurs when two droplets approach one another during the process of

169



coalescence. This squeezing flow of the continuous phase between the droplets
will necessarily force a surface flow of the respective surfaces and the interfaces
will experience surface flow gradients that will be resisted by its rheological char-
acter. This response is captured using a rheological constitutive equation of the
general form

(5.1)

where �s
ij is the surface stress tensor with dimensions of force per unit length and

∇us is the velocity gradient tensor of the surface flow field, us. The linear form of
this relationship is the Boussinesq–Scriven equation for Newtonian interfaces9

(5.2)

where Ds
ij � (1/2)[(�us

i /�xj) � (�us
i /�xi)] is the rate of strain tensor, 	s is the sur-

face shear viscosity, �s is the surface dilatational viscosity and � is the surface pres-
sure of the interface. The second term on the right-hand side recognizes that most
interfaces are able to expand and contract in area and cannot be assumed to be
incompressible, which is an assumption that is readily adopted in the case of most
bulk liquids (Dkk � 0). Although this linear relationship can describe the behavior
of a limited number of interfaces and serves as a convenient introduction to the con-
cepts of interfacial viscosities, most particle-laden interfaces are non-Newtonian
and require a non-linear connection between surface stresses and surface velocity
gradients.

Equation (5.2) was written using simple Cartesian coordinates, and this brings up
another important distinction between the rheology of bulk materials and the rheology
of interfaces. Since interfaces have a shape, it is normally necessary to utilize gener-
alized coordinates in the description of vectors and tensors except for the limiting case
of planar interfaces. However, this level of complexity is not required for the discus-
sion in this chapter. One must also realize that since interfaces can bend, mechanical
properties, such as the bending modulus, �, must be considered, whereas this is nor-
mally only necessary for special bulk materials, such as liquid crystals. The bending
modulus has long been recognized as an important consideration for vesicles10 and
has more recently been taken up for particle monolayers by Aveyard et al.11 and
Kralchevsky et al.12

In addition to droplet coalescence, the interfacial rheology of particle-laden inter-
faces will have an important influence on the process of desiccation of sessile
droplets and Ostwald ripening. These important problems are ubiquitous to both nat-
ural phenomena and industrial applications. Consider, e.g., the drying of a droplet
consisting of a suspension of particles, which has been studied in detail by the group

t m n m d dij ij kk ij ijD Ds s s s s s2� � � � �( )

tij ijfs s� ( )∇u
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of Allain.13 These authors observe a number of curious and distinct shape transitions
of such droplets as they lose water through evaporation.

This chapter will first present recent findings on the fluid mechanical response
and interfacial rheology of particle monolayers. This will include simple observa-
tions of how such layers react to well-controlled surface flows, as well as quantita-
tive measurements of interfacial viscoelasticity. Both repulsive particles that form
well-ordered lattices and attractive, network-forming particles will be discussed.
The coalescence and adhesion of particle-laden droplets will then be discussed.
The critical role of the contact angle adopted by the particles at an oil–water inter-
face will be evident. Indeed, the drop-to-drop adhesion event will be used as a
means of determining this important property. Finally, the problem of shape tran-
sitions in isolated, sessile and pendant droplets covered by particles and subject to
volume changes will be discussed. This latter problem serves as a model of desic-
cation and Ostwald ripening processes.

5.2 Interfacial Shear Rheology and Fluid Dynamics of 
Particle Monolayers

In this section, the flow behavior and rheology of particle monolayers will be
examined. We will restrict ourselves to situations where the applied surface flow is
accomplished at constant surface area. Polystyrene spheres offer a convenient sys-
tem for study since they are commercially available with narrow size distributions
and many different particle diameters. In the majority of results discussed here, the
particles have a diameter of 3 �m and reside between decane and water. Figure 5.1
shows a regular array of such particles. The result is a hexagonal pattern repre-
senting a balance of electrostatic repulsion forces and attractive forces. The nature
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Figure 5.1 A hexagonal array of 3�m diameter polystyrene spheres residing at
the planar interface between decane and water.



of these inter-particle forces is not well understood, but there are convincing argu-
ments that the electrostatic forces are most likely carried through the oil phase.11

The explanation for the attractive forces normally invokes capillary forces. However,
this in turn requires a deflection of the interface in the vicinity of the particles, and
it is the source of this deflection that has been the subject of debate. Normally the
particle sizes are too small to allow gravitational forces to cause the effect. This
apparent dilemma has been addressed by a number of recent papers and attributes
the distortion of the interface to a pressure on the particle that originates from the
differences in the dielectric constants of the two fluids comprising the interface.14

This has been discussed in detail in Chapter 3.
These layers are mobile and able to deform. Nonetheless, it is expected that the

crystalline morphology will resist flow-induced deformation as a result of the inter-
particle forces that place the particles in potential wells. The depth of these wells will
increase with the particle area fraction so that hydrodynamic forces will find it
increasingly difficult to shear these 2-D suspensions as their concentration increases.
This phenomenon was explored in Refs. [15] and [16]. In these papers, a parallel
band device was used to produce a simple shearing flow of crystalline arrays at the
interface between water and decane. The size of the polystyrene spheres (3 �m diam-
eter) made it possible to use simple optical microscopy to track the particle motions
as functions of concentration and velocity gradient. Two types of particle motion
were observed and the phase diagram pictured in Figure 5.2 was constructed.

At low concentrations and high shear rates, hydrodynamic forces are sufficiently
large to induce columns of particles to shift in registry relative to adjacent columns as
shown in the inset cartoon. Fourier transformation of the particle positions at any
given time (not shown) indicate that the hexagonal structure shown in Figure 5.1
becomes distorted and aligned relative to the flow direction. This anisotropic structure
adopts a time-independent appearance once steady state is achieved. Upon cessation
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of flow, this anisotropy quickly relaxes and the array of particles assumes its original
isotropic, hexagonal form. As the shear rates are reduced or as the concentration is
increased, a transition was observed away from a slip flow and towards a domain-
driven flow. The domains consist of 2-D clusters of particles in hexagonal arrange-
ments. Fourier transformation of images of the particle positions in this flow regime
reveal that the hexagonal arrangement of the particles is not distorted, but melting of
the crystalline lattice occurs from the hexagonal rest state towards a hexatic structure.
However, the microstructure oscillates indefinitely in time and this is manifested in
two ways. First, although the particles within the domains retain a local hexagonal
arrangement, they rotate in time in the same sense as the vorticity of the simple shear
flow. However, the angular velocity of this rotation is not constant and speeds up and
slows down every 60° on the lattice. Second, the melting is also oscillatory and the
structure fluctuates at regular intervals between a hexagonal crystal and a hexatic.

Using an interfacial stress rheometer (ISR),17 the interfacial rheology of these lay-
ers can also be measured. This instrument is built around a Langmuir trough so that
either insoluble or soluble monolayers can be studied. In the case of particle mono-
layers, which are essentially insoluble, this platform provides a convenient way to sys-
tematically vary the area fraction. Residing within the trough is a channel that is
formed from a rectangular tube that has been cut in half. This U-shaped channel is
placed in the trough so that its parallel sides point upward. Furthermore, the channel
is cut to a height so that its sides are coincident with the depth of the trough. In this
case, the interface formed between decane (or air, depending on the problem being
studied) and water simultaneously meets the top edge of both the channel and the
trough. Within the channel, a slender magnetic needle is placed at the interface and is
held there by the force of interfacial tension. Because a meniscus normally forms
within the channel, gravitational forces normally self-center the needle so that it is in
the center of the channel and parallel to its sides. Surrounding the Langmuir trough,
two large electromagnetic coils are placed in the Helmholtz condition so that a con-
stant magnetic field gradient can be applied to the needle. This gradient will apply a
force to the needle that will cause it to push against the resistance offered by the
monolayer. As it glides parallel to the channel, its position within the channel is con-
tinuously monitored using an inverted microscope. Two types of experiments are
normally performed: dynamic tests where oscillatory forces are applied and creep
compliance measurements where a constant force is established. In the first case, 
the simultaneous measurement of the stress on the needle and the resulting strain in the
monolayer yields the dynamic modulus, G*(�), where � is the applied frequency. The
dynamic modulus is normally divided into two contributions – the elastic modulus,
G�(�), and the viscous modulus, G�(�). These two quantities capture the viscoelastic
nature of the monolayer. One important criterion that is often considered is the rela-
tive magnitude of these two quantities. Roughly, if G�(�) � G�(�), the interface is
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considered to be more elastic (and solid) than viscous. In creep compliance measure-
ments, one normally reports the compliance (the ratio of strain to the applied stress)
as a function of time. This is often fit to simple mechanical models to extract the sur-
face elastic modulus, relaxation time and surface viscosity. Note that this instrument
measures the surface viscoelasticity by controlling the applied stress. This is in con-
trast to alternative rheological methods where one controls the applied strain and
measures the resulting stress. For this reason, the present instrument is referred to as a
stress rheometer.

A comprehensive study of the viscoelasticity of particle monolayers using dynamic
testing can be found reported in Ref. [8]. This paper presents measurements of the
elastic and viscous moduli as functions of frequency. Measurements were taken over
a wide range of concentration of polystyrene particles and a time-concentration scal-
ing was found to successfully collapse the data for all concentrations onto single mas-
ter curves. In analogy to time-temperature superposition that is used to collapse data
for polymeric liquids, this normalization of the data indicates that the intrinsic relax-
ation time scale of the layers is intimately connected to the concentration. At high
frequencies, the scaled values of G�(�) exceeded those of G�(�) and this is explained
by the fact that the primary source of dissipation at high frequency arises from the
purely viscous liquid–liquid interface between the particles.

The results of creep compliance measurements of the surface viscosity are
reported in Figure 5.3 for 3 �m polystyrene spheres at the decane–water interface.
In the vicinity of 75–80% coverage, the viscosity increases dramatically from lev-
els that are not much larger than the value for a clean decane–water interface. This
concentration is much higher than the concentration ranges reported in Figure 5.2
for the transition between slip and domain flow. The transition at the higher area
fraction appears to be a “jamming” effect where the mobility of the interface is rap-
idly reduced towards a solid-like response.
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5.3 Coalescence and Adhesion of Emulsion Droplets

One important aim of placing particles at liquid interfaces is to stabilize droplets
against coalescence. However, the success of this application depends on a number
of factors, such as particle concentration, inter-particle forces and the particle con-
tact angle. The rule of thumb for the contact angle is that the majority of the parti-
cle surface area resides within the continuous phase. For polystyrene spheres at the
interface between decane and water, the contact angle measured into the aqueous
phase is 130°. This measurement was accomplished by spin coating a layer of the
particles onto glass and fusing them together by raising the temperature slightly
above the glass transition of polystyrene. A contact angle goniometer can then be
used to measure the contact angle by placing a droplet of water under decane on
the slide. Because the contact angle is greater than 90°, these particles will more
naturally stabilize water-in-oil emulsions.

The process of coalescence of two drops can be mimicked with the experimental
setup shown in Figure 5.4.6,18 The case of the oil droplet in part (a) of this figure is
expected to be less stable and more apt to coalesce as the droplet is brought against
the planar interface. Indeed, this is what is observed in experiment, as shown in
Figure 5.5 where a droplet of decane of approximately 1 mm diameter is brought up
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Figure 5.4 Experimental arrangement for the examination of the approach of a
droplet against a planar liquid–liquid interface. Both the droplet and planar inter-
face are laden with particles. (a) An oil droplet is brought from below against a
water–decane interface and viewed using an upright microscope. (b) A water droplet
is brought from above against a decane–water interface and viewed using an inverted
microscope.



against a water–decane interface. Both interfaces are laden with polystyrene particles
of 3 �m and their concentration was 13%. The approach of the drop causes the inter-
vening water to drain, and this sweeps the particles away from the region of closest
approach. However, because pressure builds up in the approach region, a dimple is
formed at the center and a ring of particles is observed to cling to its rim. The pres-
ence of the particles does retard the ultimate coalescence of the drop with the planar
interface, but the system is finally unstable. Repeating this experiment at higher area
coverage of the particles does not avoid coalescence, but does change the details 
of the particle arrangements. At 38% coverage, the ring shown in Figure 5.5 still
appears, but it is no longer composed of a single array of particles but is an annular
band of particles. As time proceeds and the drainage ensues, the dimple shrinks and
compresses this band into a dense disk of particles. However, the particles never
aggregate, but only approach one another to very close proximity. Finally, at a parti-
cle concentration of 55%, the particles within the dimple immediately form a dense
disk since they are too numerous in number to form a ring. Again, the drop ultimately
coalesces at these higher concentrations, but the process is delayed.

If the decane drop rising from the bottom against the planar interface is replaced by
a water drop being lowered from above, as shown in Figure 5.4(b), the result is quali-
tatively different. In this case, there is the possibility of bridging of the particles across
the two decane–water interfaces, which causes the water drop to become fastened
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Figure 5.5 Rearrangement of polystyrene spheres as a result of a drainage flow
that occurs when a drop of decane is brought against a water–decane interface.
The area fraction of the spheres on the interfaces is 13%.



against the planar interface. This is due to the large contact angle of the particles,
which allows this stable geometry to occur for a sandwich of water–decane–water
interfaces, but does not permit particles to straddle decane–water–decane interfaces.
This is shown in Figure 5.6, which shows a droplet from that side that is adhered to the
decane–water interface and stretched as it is pulled away. The adhesion is caused by
particles that are able to bridge across a thin layer of decane from one body of water
to the other and this is depicted in the cartoon in Figure 5.6.

The coalescence and bridging processes described above have also been recently
revealed using precision-controlled film draining methods.19 In a very comprehen-
sive set of experiments, Horozov et al. studied the draining of vertical films of both
water and oil surrounded by the complementary liquid. In addition to confirming that
hydrophobic particles can bridge across thinning oil films, this work also provides
convincing evidence that electrostatic repulsion forces operate through the oil phase.

The deformed pendant drop and bottom interface can be analyzed to predict the
adhesive force that binds the drop to the interface. The easier of the two interfaces
to analyze is the bottom interface since its deformation can be analyzed in the limit
of small curvatures. If h is the height of this interface above its position far from the
adhered droplet, the differential equation describing the shape of the interface is
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Figure 5.6 Adhesion of a water droplet to a decane–water interface. All surfaces
are laden with polystyrene particles. The picture on the left shows the water droplet
stretched as it is pulled away from the interface. On the right we see the aggregate
of bridging particles. The cartoon depicts the bridging of the particles (side view).



(5.3)

where r is the radial position, 
� is the density difference between decane and water,
�ow is the bare oil–water interfacial tension and g is the gravitational acceleration.
The boundary conditions for this problem are h(r → 0) � 0 and h(r � Ragg) � 0,
where Ragg is the radius of the particle aggregate that is formed. Because the curva-
tures are small for the lower interface, the term (dh/dr)2 can be neglected within the
square root sign and this equation can be readily solved to yield

(5.4)

where is the capillary length of the decane–water interface 
and K0 is the modified Bessel function of the second kind and of order zero. It is
now left to calculate the total vertical force that must be applied to lift the interface.
This is the sum of the weight of the water beneath the aggregate plus the surface
tension force projected onto the vertical axis. In the limit of small deformations,
this force is

(5.5)

where K1 is the modified Bessel function of the second kind and of order one. The
force of adhesion, F, can be measured directly by placing a force transducer above
the droplet. This can be compared directly against the prediction of equation (5.5)
as the height h0 is varied. This was accomplished in Ref. [18].

Another calculation that can be performed is the “pull-off” force necessary to
detach the droplet. As the droplet is raised, the adhesive disk such as the one shown
in the upper right corner of Figure 5.6 will be compressed to form a dense, circu-
lar monolayer disk of bridging particles. To overcome the adhesive force and
detach the droplet, it is only necessary to pull the particles on the outer perimeter
of the aggregate from the interface. The force to remove one sphere from a 
liquid–liquid interface is

(5.6)F ap ow
22

2
� pg

u
cos

⎛

⎝
⎜⎜⎜⎜

⎞

⎠
⎟⎟⎟⎟

F g R h R
h

r
r R

� 
 �

�

�

r p pgagg 0 ow agg
2 2

d
d

⎛

⎝
⎜⎜⎜⎜

⎞

⎠
⎟⎟⎟⎟



 �r pg R h
K R L

R L K R Lagg 0
1 agg

agg 0 agg

2 1
2 ( / )

( / ) ( / )

⎛⎛

⎝
⎜⎜⎜⎜

⎞

⎠

⎟⎟⎟⎟⎟

L g� 
g row/

h h
K r L

K R L
� 0

0

0 agg

( / )
( / )

1 d
d

d d

1 d d owr r
r

h r

h r

g/

( / )�
�




2

⎛

⎝

⎜⎜⎜⎜⎜

⎞

⎠

⎟⎟⎟⎟⎟⎟

r

g
hh

178 Particle-Laden Interfaces: Rheology, Coalescence, Adhesion and Buckling



where a is the sphere radius and � is the contact angle. This must be multiplied by
the number of spheres on the aggregate perimeter, Np � �Ragg/r to calculate the
“pull-off” force, FT. This leads to the following equation for the contact angle

(5.7)

This result offers another route to determine the contact angle of colloidal particles
residing at liquid–liquid interfaces, which can be a difficult procedure using other
means, such as direct observation using optical microscopy. This possibility was
first recognized by Ashby et al.20 Figure 5.7 shows the results of this exercise for the
polystyrene sphere-water–decane system. The dashed line is the result of 130° meas-
ured using a contact angle goniometer and is in good agreement with the data obtained
using equation (5.7). This procedure produces results that are largely independent
of the surface coverage of the particles since the aggregate is compressed to form a
dense, closest packing of the particles as the droplet is pulled upward.

The results of this section indicate that choosing the proper contact angle for par-
ticles attached to the surface of droplets can lead to a stable adhesion of the droplets
if they come into contact with one another. However, it is important to note that these
studies were performed using repulsive particles at concentrations below closest
packing. The design of Pickering emulsions with optimal stability normally employs
attractive particles that form weakly flocculated 2-D networks or higher concentra-
tions (or both). In these circumstances, the particle layers may not be able to readjust
their structure as two droplets approach. As a result, the particles will not have an
opportunity to bridge across interfaces and induce adhesion. However, it has been
observed that the adhesion effect can be very important in enhancing stability in the
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Figure 5.7 The contact angle (measured through water) of polystyrene particles
at the decane–water interface as a function of the pull-off force. The dashed line
is the result obtained using a contact angle goniometer for a sessile water drop
residing on a thin film of the polystyrene particles spuncoat onto glass and sur-
rounded by oil. The square symbols are data obtained using equation (5.7).



event that the particle concentration is not very large. This was reported by Vignati 
et al.21 who observed that droplets covered with modest amounts of particles avoided
coalescence through a collection of the particles at the point of closest approach that
followed bridging events.

5.4 Buckling of Collapsing Droplets

Two important processes undertaken by emulsions are Ostwald ripening and desicca-
tion. The former phenomenon can also occur in foams and describes the slow evacu-
ation of droplets and bubbles by diffusion of the interior fluid into the bulk. Since the
Laplace pressure of smaller drops and bubbles exceeds that of their larger counter-
parts, they are depleted more rapidly. For this reason, Ostwald ripening causes a coars-
ening of emulsions and foams and is normally an undesirable effect. Additives, such
as particles, can help to stabilize the interfaces so that the droplets and bubbles can
resist collapsing beneath a minimum size, see discussion in Chapter 1.

A second process that occurs with emulsions is desiccation or drying. This can
occur with either drops attached to surfaces in the form of pendant or sessile drops,
or those suspended in air, as in the case of spray drying. The majority of previous
studies on the collapse of droplets has considered the problem of dessication,13,22 and
report on remarkable shape transitions by evaporating droplets composed of complex
liquids consisting of polymer solutions or particulate suspensions. A droplet of liq-
uid encapsulated by a bare interface that is only characterized by a surface tension
will be reduced in size in a manner that is completely described by the Young–Laplace
equation. In the absence of gravity, a suspended droplet will remain spherical and
the internal pressure will increase in inverse proportion to the decreasing drop radius.
If the droplet is sessile, it will shrink as a spherical cap and its contact angle will
remain constant. The situation is completely changed if the droplet contains a poly-
mer solute23 or suspended particles,24 which can be driven to the interface. This can
induce a transition from an interface that is fluid and only characterized by a sur-
face tension towards a solid film that possesses elastic moduli and that can sustain
anisotropic stresses.

The transition from a fluid film to a solid film is manifested in shape transitions and
buckling of droplets as their volumes are decreased. This phenomenon has recently
been analyzed for the case of “rafts” of non-colloidal particles floating at the air–water
interface between barriers that can compress them.25 Ultimately, the particles are
compressed together to the point where the layer buckles and forms an undulating sur-
face with a characteristic wavelength. This is quite a general pattern, and had been
observed previously for colloidal particles at oil–water interfaces by Aveyard et al.26

Mahadevan et al.25 have developed a simple mechanical model for such rafts that 
predicts the Young’s modulus, E � 4.54 �aw/d, where �aw is the air–water surface 
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tension and d is the particle diameter. This assumes perfectly spherical, hard spheres
exhibiting a contact angle of 90° that are close packed in a hexagonal arrangement.
Furthermore, by modeling this problem as analogous to the buckling of an elastic
beam, the wavelength of the undulations is determined to be � � �(4Ed3/
(3
�g(1 � �2)))1/4, where � is the Poisson ratio. Using these results, they developed a
“buckling” assay where measurement of the wavelength of wrinkling instabilities can
be used to estimate the Young’s modulus and thereby test microstructural theories for
this property. Indeed, they were able to obtain quantitative agreement between the pre-
dictions of the model and a series of experiments involving a wide range of particle
types and sizes.

Figure 5.8 shows a simple experiment where a sessile droplet of water adhered
to a plastic, Delrin surface is drained from below. The droplet is surrounded by
decane and covered with a monolayer of polystyrene particles with a diameter of
3 �m. The initial coverage of particles is sufficiently low to create an interface that
is very fluid. However, at some point during the drainage of the droplet, it is
expected that the particles will approach one another and cause the droplet to
become a solid shell. The successive images in Figure 5.8 show the droplet in var-
ious states as the volume is decreased. Ultimately, the shell is observed to collapse,
but prior to that event a number of important processes is observed. First, the adhe-
sive area of the droplet remains constant as the height of the droplet is diminished.
This effect is similar to the case of desiccation of droplets composed of polymer
solutions and particle suspensions, and the pinning has been suggested as arising
from adsorption of the solutes onto the substrate. Second, because of the pinning
of the droplet, the contact angle (as measured from within the droplet) decreases as
the droplet is evacuated.

The buckling of the shell defining the droplet surface first appears at the top of
the droplet. Because of the large size of the droplet, it is deformed by gravity and
the curvature is a function of position and achieves a minimum value at the top. For
this reason, the droplet is most likely to undergo buckling at this position. The
shape instability produces a flattened, circular disk that proceeds downward.
Although the internal pressure of the droplet has not been measured, the flatness of
the top portion indicates that the pressure drop across the interface is zero. The
morphology of the flattened region is revealed in Figures 5.8(e)–(h). This indicates
that a disk is formed with a crumpled topology with undulations that are roughly
in the form of concentric, annular ridges. Measurement of the wavelength of these
instabilities was used to estimate the Young’s modulus of these particle monolay-
ers using the “buckling” assay described above. The theory described in Ref. [25]
produces predictions of the correct order of magnitude, but were consistently too
large. However, the theory assumes hard sphere interactions and the experiments
reported here employed repulsive spheres and effectively soft interactions.
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Figure 5.8 Sequence of images of a collapsing droplet of water (few millimeters in
diameter) surrounded by decane. The interface is covered with polystyrene spheres
of 3 �m in diameter. Images (a)–(d) show the side view and images (e)–(h) are the
corresponding top views.



5.5 Concluding Remarks

In this chapter, we have reviewed the mechanical properties of liquid–liquid inter-
faces that are laden with colloidal particles. The presence of these particles leads to
a number of important changes in these properties, and these affect the process of
drop coalescence and the processing of emulsions. Since these operations invariably
involve flow processes and interfaces are mobile, their rheology becomes important.
However, interfacial rheology is far from a mature field, and experimental tech-
niques and methodologies need to be developed. A limited number of rheological
material functions can be acquired with existing equipment, such as dynamic shear
moduli and surface shear viscosities, but other properties remain difficult to obtain.
These include dilatational properties, the measurement of which is often confounded
by Marangoni stresses, and bending moduli.

These interfaces offer fascinating challenges because of liquid-to-solid transi-
tions that can occur even during rather mundane processes such as desiccation.
These transitions have fundamental consequences on many experimental tech-
niques that can confound their use. For example, the measurement of surface ten-
sion using the pendant drop method can be compromised if the presence of particles
at the interface endows it with mechanical properties such as a Young’s modulus.
Standard methods rely on fitting a measured shape profile to shape equations that
only incorporate surface tension.

The consequences of these enhanced mechanical properties reveal themselves in
numerous ways. The non-Newtonian flow properties of particle-laden interfaces
mean that predicting coalescence and particle deformation processes require consti-
tutive equations embedded with the boundary equations associated with momentum
balance equations. As these interfaces approach solid-like behavior, droplets also
become prone to buckling and cracking of their surfaces.
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Solids-Stabilized Emulsions: A Review
Robert J.G. Lopetinsky, Jacob H. Masliyah and Zhenghe Xu
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6.1 Introduction

An emulsion is a system of dispersed droplets of one immiscible liquid in another.
Simple emulsions are either oil-in-water (o/w) or water-in-oil (w/o). Emulsions
can be defined as colloidal systems, although emulsion droplets are usually 
larger than the range specified for a colloidal system, i.e. diameter � 1 �m.1

Emulsions are encountered in many industries and scientific disciplines. Multi-
disciplinary study is required for a better understanding of emulsion behaviour 
and better control over industrial emulsions. In this review, solids-stabilized 
emulsions are reviewed and they are defined as an emulsion that is stabilized by
fine solid particles. Some finely divided solids assist in the emulsion formation,
and/or improve its stability. These types of emulsions have widespread applica-
tions in industrial settings and have a history of being studied, dating back to
1903.2

6.1.1 Objective of review

Over the last decade, solids-stabilized emulsion experimentations are becoming
increasingly more sophisticated and focused on microscopic level understanding.
Some recent work has been performed to study the structure of particles at the
droplet interfaces. In this review we will summarize important experimental and
theoretical studies related to solids-stabilized emulsions. Considering the vast lit-
erature on solids-stabilized emulsions, this review aims at a selective, not compre-
hensive, overview of the progress in the field, with emphasis on key factors
affecting the stability of solids-stabilized emulsions and the structure of emulsion
drop interfaces. First an introduction into the applications and history of solids-
stabilized emulsions is warranted, followed by a brief description of the basic char-
acteristics of emulsions.
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6.1.2 Industrial relevance

The role of fine particles in the stabilization of emulsions has been recognized in a
number of important industrial processes. The underlying principle of how solids
stabilize emulsions has been under study for a long period of time. Important indus-
trial applications have been a driving force for increased interest of studying emul-
sion stabilization by fine solids. Tambe and Sharma3 listed many industries such as
the food, cosmetic, pharmaceutical, petroleum and agrochemical industries where
emulsions are important. Industrial applications of emulsions can be divided into
groups in terms of whether the occurrence of an emulsion is desirable or undesirable.
For both cases, understanding the principles of emulsion stabilization is an important
step to achieving desired industrial scale techniques for dealing with emulsions.

6.1.2.1 Desirable emulsions

In applications where emulsion stability is desirable, effort is made to enhance 
the stability and prevent emulsion breakdown. A few examples of products where
stable emulsions are required include ice cream, skin moisturizers, drilling fluids
and herbicides. Although their applications may be less widespread, solids-stabilized
emulsions are just as important as emulsions without solids as stabilizers. An
example of an industry where an increased emulsion stability is usually desirable
is the food processing industry. Rousseau4 published a review article summarizing
the importance of emulsions stabilized by solid fat crystals in the food industry. It
was found that other solid particles such as ice crystals and egg yolk are important
stabilizers for a number of food emulsions.4 Food emulsions are discussed to a
large extent by McClements5 and also in detail in Chapter 8.

6.1.2.2 Undesirable emulsions

In some applications, emulsions are undesirable and means to destabilize emul-
sions are pursued in order to separate the dispersed and continuous phases. A major
challenge of emulsions in the petroleum industry is that undesirable w/o emulsions
formed during various stages of oil recovery disrupt downstream oil processing.6

Fine particles can play a major role in stabilizing these emulsions. Therefore,
removing the particles would help demulsify these mixtures to improve recovery
of oil without water and help avoid problems caused by fine particles themselves.6

In bitumen processing, clay particles are found to be capable of stabilizing bitumen-
in-water emulsions during extraction processes7 and to contribute to the stability of
water-in-diluted bitumen emulsions in bitumen froth treatment.8 Another area of
the petroleum industry where solids-stabilized emulsions are important is in the
area of spill technology. Lee9 provided a review of w/o emulsions formed with sea-
water and crude oil as in spills. In his review, Lee listed a number of agents that
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help stabilize emulsions and acknowledged the importance of sea particulates, clay
particles and wax particles in this respect.

6.1.3 History of solids-stabilized emulsions studies

Ramsden was the first to report emulsion droplets stabilized by particles in 1903.2

However, Pickering10 conducted the first systematic study on solids-stabilized emul-
sions and recognized the role of finely divided insoluble emulsifiers. Pickering’s
study has been widely recognized as the first study on solids-stabilized emulsions.
The contribution of his work earned the name of “Pickering emulsions” for solids-
stabilized emulsions. These two classic studies demonstrated that fine solid particles
would remain at an oil–water interface and promote droplet stability. Finkle et al.11

noted that an interface covered by bi-wettable particles should curve towards the
phase that more poorly wets the particles. This observation suggests that the dis-
persed phase in an emulsion, governing emulsion type, is determined by the contact
angle which the particle makes with the oil–water interface. The role of solids wetta-
bility in emulsion stabilization was further studied by Schulman and Leja.12 In their
study, the contact angle of barium sulphate particles was varied systematically. They
concluded that particles with an oil–water contact angle slightly less than 90° would
stabilize o/w emulsions and those with angles slightly greater than 90° would stabil-
ize w/o emulsions. Particles with contact angles that deviate greatly from 90° (very
hydrophobic or very hydrophilic) are not observed to stabilize emulsions. The study
pertaining to solids-stabilized emulsions has been progressed greatly since these
early accounts. Several review articles including those by Menon and Wasan,6 Tambe
and Sharma3 and Aveyard et al.13 were published in more recent years.

6.1.4 Criteria of emulsion stabilization

In emulsion studies, an emulsion is considered stable if it is resistant to physical
changes over a practical length of time. Several physical processes can indicate
instability in an emulsion. The different methods by which an emulsion can become
unstable or breakdown are outlined in Figure 6.1, which is a combination of sug-
gested mechanisms from Robins and Hibberd14 and Auflem.15

During destabilization by the flocculation of an initially well-dispersed emulsion
as illustrated in Figure 6.1(a), creaming and sedimentation processes shown by Figure
6.1(b) and (c) can take place where the size and size distribution of emulsion
droplets do not change. During the flocculation process, droplets come together and
form aggregates without losing their original size. Creaming and sedimentation are
caused by gravity, creating a concentration gradient due to density differences of
the two immiscible liquids. For example, oil droplets from an o/w emulsion may
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be subject to creaming when the oil has a lower density than the aqueous phase.
Ostwald ripening shown in Figure 6.1(d) occurs in emulsions where the dispersed
phase has a limited solubility in the continuous phase so that large drops grow as
smaller drops decrease in size due to transport of the soluble liquid from the small
droplet to the large droplet through the continuous phase. Coalescence shown in
Figure 6.1(e) is a phenomenon where many droplets merge to create fewer larger
droplets, thereby reducing the total interfacial area of the system. Another process
by which an emulsion is transformed is phase inversion. During this process the
dispersed phase becomes the continuous phase and vice versa. In order for phase
separation in Figure 6.1(f) to occur, a progression of the above processes as shown
in Figure 6.1 must occur.

The kinetic stability of an emulsion can be considered in a number of ways.
Emulsions can be stable in terms of flocculation, creaming and sedimentation
where the entire dispersion remains homogeneous and no separation is observed.
Alternatively, an emulsion can be stable in terms of coalescence only, so that each
emulsion droplet is maintained at a certain size but the emulsion as a whole changes
in physical appearance. Depending on the application of emulsions, the level of
emulsion breakdown has varying importance. For example, for many food emul-
sions, creaming is unacceptable and an emulsion that does so would be considered
“broken”. For some w/o emulsions in the petroleum industry, on the other hand, an

(a) Original emulsion

(d) Ostwald ripening

(b) Flocculation

(e) Coalescence
(f) Phase separation

(breaking)(c) Creaming or sedimentation

Figure 6.1 The different processes involved in the breakdown of an unstable
emulsion.
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emulsion is not considered to be “broken” until the dispersed phase has become
completely separated as a separate phase and can be removed from the original con-
tinuous phase.

6.1.5 Particle wettability and interfacial position

In addition to the general introduction of emulsions and emulsion stability, it is
important to introduce particle wettability and the positioning of fine particles at
oil–water interfaces. The particle wettability (as judged by its contact angle) affects
the amount of energy required to remove a particle from the interface (Section 6.2.2),
influences the capillary pressure of thin films between emulsion droplets (Section
6.2.4) and determines the particle position at an interface. Figure 6.2, modified from
a similar figure by Binks,16 depicts the manner in which particles reside at an
oil–water interface. This is a generally accepted configuration showing the three-
phase equilibrium contact angle of a spherical particle at a planar oil–water interface
and positioning of the particles at a curved interface.

Wettability is quantified by the measurement of particle contact angle, �ow,
which is, by convention, measured through the water phase as shown in Figure 6.2.
The terms “hydrophilic” and “hydrophobic” usually refer to particles with contact
angles less than and greater than 90°, respectively. Due to contact angle hysteresis,

(a)

Water

Water Water

Oil

Oil
Oil

Hydrophobic

uow � 90°
Hydrophilic

uow � 90°

(b)

uow
uow

Figure 6.2 Preferential position of small particles at a (a) planar and (b) curved
oil–water interface. Modified from Ref. [16].
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particles in emulsion systems may not establish the same position at an interface as
that dictated by the equilibrium contact angle. Contact angle hysteresis is the dif-
ference between the contact angle formed by a liquid advancing, �a, and receding,
�r, over a solid surface (i.e. �h � �a � �r). This hysteresis is caused by several phe-
nomena including surface roughness, surface chemical heterogeneity and adsorption
of impurities from the liquid phases.17

The contact angle of very small particles (�0.1 �m) is difficult to measure but
several methods have been used including the capillary rising method based on
Washburn’s equation and pressing the powder into tablet form for goniometric
measurement. For a fuller description, refer to Xu and Masliyah.18 One method
that has been used for silica nanospheres involves measuring the heat of immersion
of sample particles with a calorimeter and then calculating the equilibrium contact
angle from the measured heat of immersion.19 In experiments that use particles
with tailored wettability, it is common to measure the contact angle of a solid 
plate that has the same surface characteristics as the fine particles. Unless other-
wise noted, the equilibrium contact angle will be discussed in this review, and the
particles will be described in the terms of hydrophilic and hydrophobic as outlined
above.

6.1.6 Thermodynamics of emulsification

Emulsions consist of a liquid phase that is in droplet form, dispersed in a continu-
ous liquid phase with which it is immiscible. In general, in the absence of a surface
active agent, emulsions are thermodynamically unstable because the interfacial area
between the two phases is larger when dispersed droplets are present as opposed to
a single interface between the two bulk phases. McClements5 gave a simplified
explanation (previously presented by Hunter20) of the thermodynamics involved in
emulsion formation by comparing the free energy of a system before and after
emulsification. The initial and final states of the system and the energy changes are
shown in Figure 6.3. The creation of dispersed droplets increases the interfacial
area by an amount 
A (and therefore the interfacial free energy) and the configu-
rational entropy of the system.5 In the absence of solids or surfactants at the inter-
face, the increase in free energy, which opposes emulsification, is much greater
than the increase in configurational entropy, so the term entropy can be neglected.
Thus the overall free energy change is given by5

(6.1)

in which �ow is the oil–water interfacial tension. The free energy of emulsification,

Gemul, is positive and the emulsion is therefore thermodynamically unstable.


 � 
G Aemul owg
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For systems that contain an emulsifier (surfactants or solids), the thermo-
dynamics becomes more complicated as the surfactant molecules or solid particles
will now be present at the interface. The interfacial tension is generally lowered by
the presence of surfactants and so the free energy of emulsification is smaller.20

Unlike surfactants, solid particles of micron size do not affect the interfacial ten-
sion.21 For emulsions stabilized by solids alone, the driving force for formation of
emulsion droplets is the preference of particles to reside at liquid–liquid interfaces.
Thus small droplets form in order for more particles to adsorb from the bulk phases
to obtain a position at an interface. However, systems with mixtures of surfactants
and fine solids are more complex. Surfactant adsorption on interfaces is enhanced
by the presence of oppositely charged particles leading to a reduction in interfacial
tension.21 The charged particles result in charge neutralization of the oil–water
interface, which reduces repulsion between surfactant molecules thereby allowing
for an increase in surfactant adsorption.21 The reduction in interfacial tension
caused by surfactants reduces the energy required for the formation of new liquid–
liquid interface (i.e. emulsion droplets). In some cases, surfactants reduce the inter-
facial tension sufficiently that spontaneous emulsification occurs.22 The emulsions
formed under such conditions, often known as microemulsions, are thermodynam-
ically stable and are not discussed here. Although macroemulsions are thermody-
namically unstable, they may be kinetically stable (or metastable) to physical changes
like droplet coalescence. Thus droplets will stay dispersed for an extended period
of time, relative to some practical limit, i.e. processing time of oil. The source of
the energy barrier responsible for emulsion stability is largely unexplained for
solids-stabilized emulsions and is therefore often investigated.
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Figure 6.3 Diagram of the free energy and entropy change of a system during
emulsification. The total change in free energy is positive so the system with
droplets (i.e. emulsion) is thermodynamically unstable.



6.2 Emulsion Stabilization by Particles

Many theoretical studies have been conducted in order to explain how solid par-
ticles promote emulsion stabilization. As discussed previously, emulsion stability
can be classified in a number of ways. Ultimately, an emulsion is unstable when
droplets coalesce readily. Thus, an explanation of emulsion stability should start
with an explanation of the factors that cause droplets to be resistant to coalescence.
Most often droplet stability is attributed to the steric hindrance provided by a par-
ticulate layer surrounding the droplet. However, some investigations have con-
sidered the influence of other phenomena on emulsion stability, such as the stability
of the thin film between emulsion droplets and the influence of particles on the rheo-
logical properties of the interface.

6.2.1 Macroscopic configurations and stabilization mechanisms

In general for solids-stabilized emulsions, several configurations may exist that
would prevent droplet coalescence and promote emulsion stability. These config-
urations and four underlying mechanisms are outlined in Figure 6.4. Most often in
solids-stabilized emulsions, complete coverage of droplets by particles is observed
so that when two droplets contact each other, the two particle layers prevent coales-
cence. This is named bilayer stabilization and is shown in Figure 6.4(a). Another
possible configuration is the formation of a single layer of particles between two
emulsion droplets. Stability from “bridging” by a single layer of particles is shown
in Figure 6.4(b). Particle bridging has been observed between planar interfaces and
the surface of pendant drops covered with particles.23,24 The contact angle of the
particles needs to be greater than 90° before bridging can occur between water
droplets in oil.23 The wettability of the particle would dictate its thermodynami-
cally favourable position. Particles need to have an interfacial position with a
majority portion of the particle in the continuous phase, otherwise the interfaces of
the emulsion droplets will collide. Strong particle adhesion to the interface pre-
vents the particle from being pushed out of the interfacial position. In this case,
droplets with a single particle layer can be stabilized.

In both bilayer and single layer configurations, steric hindrance can prevent par-
ticle displacement from the interface and lateral displacement at the interface, as
depicted in Figures 6.4(a)i and ii, respectively. Another mechanism contributing to
the prevention of coalescence is the stability of the thin film of continuous phase
formed between the emulsion droplets. The thin film stability is influenced by the
maximum capillary pressure preventing film thinning (Figure 6.4(a)iii), and the
rheological properties affecting film drainage (Figure 6.4(a)iv). All of these mech-
anisms can be related to the properties of the particles and emulsion systems.

Emulsion Stabilization by Particles 193
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(a)

(i)

Adhesion energy
prevents displacement

from interface

(ii)

Proximity to other
particles prevents lateral

movement

(iii)

Capillary  pressure
Pc�P2�P1 to overcome

for thin film rupture

(iv)

Interface rheological
properties influence thin

film drainage

(b)

(d) (e)

(c)

P1 P2

Figure 6.4 Possible configurations of particles in solids-stabilized emulsions,
(a)–(e), and the underlying mechanisms responsible for stability (i)–(iv).
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Other configurations observed in experiments include the formation of a 2-D
network of aggregated particles on the droplet surface as shown in Figure 6.4(c)
and stabilization of droplets sparsely covered by domains of particles as shown in
Figure 6.4(d). Steric hindrance should be the major mechanism responsible for
emulsion stabilization when a 2-D network is formed at the interface because the
energy of adsorption prevents the particles from being removed from the interface
and the strength of the particle aggregation prevents displacement at the interface.
The stability exhibited by sparsely covered droplets is not well understood, but the
formation of a single or double layer bridge at the droplet contact area as observed
by Vignati et al.25 may be responsible. The same mechanisms (i–iv) would then be
the underlying factors preventing coalescence.

The final configuration exhibited by stable solids-stabilized emulsions is the
formation of a 3-D network of particles between emulsion droplets when an abun-
dance of particles is present as shown in Figure 6.4(e). However, it has been
reported that when a 3-D network forms, a dense particle layer on droplet surfaces
still exists26 and so the mechanisms responsible for configuration Figure 6.4(a), i.e.
i–iv, are ultimately responsible for stability but the particle network extending
through the continuous phase improves stability by preventing droplet–droplet
contact.

The following sections focus on a review of studies that were carried out to the-
oretically investigate the configurations and mechanisms discussed above. Experi-
mental evidence for the existence of these configurations is discussed later. Many
studies consider idealized systems, focusing on theoretical treatment of one of the
stabilization mechanisms or experiments with well-characterized systems. It is very
likely that in industrial emulsions a combination of many configurations exists and
many underlying mechanisms are responsible for emulsion stability.

6.2.2 Particle removal from interfaces

The so-called steric hindrance preventing droplet coalescence is caused by the for-
mation of a dense particle layer around droplets and the high energy required to expel
particles from the interface. Coalescence of droplets completely covered by particles
and the manner in which the particle layer provides an energy barrier to coalescence
are described in Figure 6.5. When droplets coalesce, the total interfacial area is
reduced and the particles at the interface are removed or desorbed. If the particles
spontaneously adsorb at the interface, removing them requires energy.27 If the free
energy increase associated with desorption of the particles is larger than the free
energy decrease caused by a reduction in interfacial area, then coalescence would not
be spontaneous.27 The inset in Figure 6.5 is a schematic of how the energy required to
remove material from the interface provides a barrier to coalescence.
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To further understand the nature of the steric hindrance we can pursue a ther-
modynamic model of the coalescence of two solids-stabilized emulsion droplets.
We consider the case of two water drops of radius R1 completely covered with
Ninitial particles of radius r. For further simplification we ignore the effects of cur-
vature, i.e. the particles are much smaller than the droplet, and particle–particle
interactions. Let the two water droplets coalesce resulting in one water drop of
radius R2 as shown in Figure 6.5. Upon coalescence, 
n particles will be desorbed
from the interface. A positive free energy change occurs when the oil–water inter-
facial area is reduced but a negative free energy change occurs due to particle des-
orption from the interface. The total Gibbs free energy change due to coalescence
is given by

(6.2)

where

(6.3)
n N N� �final initial
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Figure 6.5 Coalescence of two emulsion droplets that are covered with particles.
Removal of adsorbed material from the interface (upper right) can be an energy
barrier to coalescence, as shown on the lower right.
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The term Wdesorption is the energy needed to remove one particle from the interface.
The volume of water is conserved leading to

(6.4)

(6.5)

The change in interfacial area is given by

(6.6)

Combining equations (6.5) and (6.6) gives

(6.7)

To a first approximation, a change in interfacial area leads to the following expres-
sion for the number of particles desorbed from the interface

(6.8)

To use this expression we do not include a packing factor for the particles so that
all of the interfacial area is covered by particles. Thus, when a particle is removed
from the interface, the interfacial area can reduce by the full cross-sectional area of
the particle. Substituting for 
n, equation (6.2) can now be expressed as

(6.9)

and upon simplification, equation (6.9) becomes

(6.10)

Substituting for 
A using equation (6.7) leads to

(6.11)

The work needed to remove a spherical particle from a planar oil–water interface
is given by16,28–30
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for particle removal into the oil phase, and

(6.13)

for particle removal into the water phase.
The particle radius r is assumed to be small enough such that gravity can be 

neglected and � is the equilibrium contact angle measured through the water phase 
(see Figure 6.2). Examination of equations (6.12) and (6.13) reveals that bi-wettable
particles are thermodynamically favoured to sit at the interface and the energy
required to remove them is high, of the order of thousands of kT.29 In addition, par-
ticles with contact angles close to 90° have the highest energy of adsorption and will
be the least likely to be removed from the interface.

Since we are using water droplets, it is reasonable to assume that upon coalescence
excess particles are ejected from the water drop interface into the bulk oil phase.
Substituting equation (6.12) into equation (6.11), the change in free energy is given by

(6.14)

which, after simplification, leads to

(6.15)

Similarly, for the case of oil droplets in water, the change in free energy for ejec-
tion of particles from the interface into the bulk water phase is given by

(6.16)

A plot of scaled free energy for 0° � � � 180° is shown in Figure 6.6. The free
energy change is positive when � � 90° and negative when � � 90°. This means
that coalescence is not thermodynamically favourable if the surface is covered by
hydrophilic particles and they are brought across the interface into the bulk oil
phase, as shown in Figure 6.6. However, it is far more likely that a water droplet in
oil would be surrounded by hydrophobic particles. In this case the particles strad-
dle the interface so that a larger area resides in the oil phase. When these hydropho-
bic particles are ejected from the interface, a smaller volume of particle needs to
cross the interface, as shown in Figure 6.6. Coalescence is therefore thermo-
dynamically favourable for � � 90°. However there is an energy barrier which pre-
vents the droplets from coalescing. As described here, the energy barrier is equal
to the work of desorption required to remove N particles from the interface. This
work of desorption is far greater than that supplied by thermal energy. This energy
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barrier leads to steric hindrance between droplets. The particles are strongly held
at the interface and cannot be removed. Thus, when droplets covered by particles col-
lide, the interfacial layer strongly resists displacement of the particles and coales-
cence is prevented.

More complicated theoretical investigations have been conducted in order to
explain the nature of the steric hindrance more fully. The thermodynamics of an emul-
sion system has been investigated to determine the free energy change associated with
particles partitioning from a bulk phase to an interface.7,29,31 Levine et al.29 calculated
other energies involved, such as the dipole–dipole interactions between particles, and
showed that particles at interfaces are thermodynamically favoured to stay there. They
demonstrated that the energy of particle adsorption is not counterbalanced by particle
interaction energies provided by double layer repulsion, solvation forces, solid elastic
forces, capillary and van der Waals forces. This means that the thermodynamic stabil-
ity (metastability) of the system could not be theoretically explained. A similar
approach is taken by Aveyard et al.13,31 but they consider smaller particles (nanosized)
and a curved interface. Their analysis includes the effects of line tension and curvature
energies which are applicable to nanometer size particles. Their results showed that
these energies could provide a barrier to particle adsorption and thus may explain the
thermodynamic stability. A new thermodynamic description of emulsification using
solid particles was given in outline in Chapter 1.
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In addition to the steric hindrance due to the energy of particle adsorption, particles
also resist lateral displacement due to particle–particle interactions, and influence the
thin film stability between approaching droplets as discussed in the next section.

6.2.3 Lateral displacement of particles at an interface

Lateral displacement of particles attached to an emulsion drop surface along the inter-
face allows for “exposed” areas to more closely contact each other, leading to coales-
cence. Thus, particle resistance to movement away from a droplet contact area
provided by particle interactions is a mechanism of emulsion stabilization (see Figure
6.4(b)). By comparing the order of magnitudes of the energies involved, Tambe and
Sharma3 showed that the force required to laterally displace particles along the inter-
face is much smaller than that required to push particles into a bulk phase. Results
shown in Figure 6.7 suggest that the force provided against lateral displacement is the
limiting factor preventing coalescence.3 Also shown in Figure 6.7 is that significant
hindrance to movement of particles at the interface is not provided until there is a high
concentration of particles at the interface. Particle interactions play an important role.
Particles at the interface that are loosely packed (deflocculated) will provide little
resistance to lateral displacement from droplet contact areas.3
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Figure 6.7 Forces involved in moving 1 �m particles adsorbed at a liquid–liquid
interface as a function of the interface coverage by particles. Other model param-
eters are: drop size 0.1 mm, water density 1.0 g cm�3, oil density 0.74 g cm�3, inter-
facial tension 50 mN m�1 and particle contact angle 150°. Modified from Ref. [3].



This mechanism would be significant for emulsion stabilization only in droplets
that are densely covered by particles so that a bilayer of particles is the structure resist-
ing droplet coalescence as shown in Figure 6.4(a). In addition, if a 2-D network of par-
ticles was formed on the droplet surface as shown in Figure 6.4(c), the strength of
particle interactions would also provide a hindrance to particle movement at the inter-
face. If the network was fairly rigid, then the hindrance to particle movement at the
interface could be greater than loose particles even when densely packed. As pre-
sented by Tambe and Sharma,3 the energy barrier to lateral displacement would not be
responsible for emulsion stability unless the surface concentration of particles is suf-
ficiently high. This mechanism cannot explain emulsion stability when the surface of
droplets is only partially covered by close-packed domains with “exposed” interfaces
or very low particle coverage (i.e. incomplete coverage without a 2-D network).
Experimental evidence of stable emulsions (droplets) with low particle coverage of
droplet surfaces will be discussed later.

6.2.4 Capillary pressure in the thin film between droplets

6.2.4.1 Two layers of particles

The stability of the thin film between two emulsion droplets stabilized by solid 
particles governs emulsion stability. Particle layers on the surface of emulsion
droplets approach and contact each other instead of being removed from the inter-
face because of the high energy required for displacement. The particle layers trap
a film of continuous phase between the layers. The film of finite thickness formed
in the pore space of the particle layers thins until a critical thickness is reached and
ruptures when the pressure inside the film exceeds the maximum capillary pres-
sure.32 The maximum capillary pressure Pc,max can be calculated as33

(6.17)

where b is a constant dependent on the packing exhibited by the particles. As Pc,max

increases, so does the emulsion stability. Thus predictions of Pc,max will show the
effect of contact angle and particle radius on emulsion stability.

The validity of calculated capillary pressures was tested with model emulsion
films32 and the response of emulsion droplets to gravitational and centrifugal fields.33

In the model films formed between macroscopic spheres, calculations were in
agreement with the measured values. When solids-stabilized emulsions were sub-
jected to an applied pressure difference, agreement of experimental and theoretical
maximum capillary pressures was limited. Emulsions became unstable at experi-
mental capillary pressures lower than the calculated values. The lower threshold
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pressures were attributed to uneven packing in the solids layer and reduced film
elasticity when the film is close to the critical thickness.33 Experimental results show
that emulsions formed with multilayers of particles are more stable with regard to the
threshold capillary pressure they can withstand.33

The difference in the advancing and receding contact angle (known as contact
angle hysteresis) can result in different values of the critical capillary pressure depend-
ing on whether the particle is moving to the interface from the continuous or dis-
persed phase.32 If moving from the continuous phase the receding contact angle is
used to calculate the capillary pressure, whereas if moving from the dispersed phase
the advancing contact angle is used. As a result, the maximum capillary pressure and
thus emulsion stability changes with contact angle hysteresis.32 From equation (6.17)
it can be noted that the capillary pressure in the thin film between particle layers is 0
when the contact angle is equal to 90°. This leads to the condition that contact angles
not equal to 90° are required for emulsion stabilization. These capillary pressure cal-
culations are limited to densely packed layers, and the pressure limit model is less
important when loosely packed layers approach each other. Also, these calculations
do not consider the effect of a 2-D network at the interfaces. Furthermore, the two-
layer theory does not account for the existence of stable emulsions where droplet sur-
faces are partially covered with close-packed domains of particles.

6.2.4.2 Single particle layer (bridging)

As was shown in Figure 6.4(b), a single particle layer between emulsion droplets 
also provides stability by preventing thinning of the film of continuous phase between
them. A pressure difference between the outside and inside of the droplets (i.e. capil-
lary pressure), exists when the oil–water interface curves around the particles34 (see
Figure 6.8). A maximum capillary pressure must be reached in order for the interven-
ing liquid film to rupture and coalescence to occur. Denkov et al.34 modelled the capil-
lary pressure of the thin film around a single layer of monodispersed, spherical
particles evenly distributed between two emulsion droplets. They showed the influ-
ence of particles on the resistance to thinning and rupture of the thin film formed
between two droplets. The model considers the influence of particle size, contact
angle, contact angle hysteresis and particle spacing on the maximum capillary pressure
that the film can resist. It was shown that particles of smaller sizes result in a higher
maximum pressure and thus greater film stability. In addition, contact angles near 0°
(and also near 180° when the opposite emulsion type is considered) and/or greater con-
tact angle hysteresis result in a higher maximum pressure. Interestingly, for particles of
contact angle equal to 90°, the model reports the maximum capillary pressure that the
film can withstand as 0. This suggests that emulsion stability would be greatest for par-
ticles with contact angles not too close to 0° (or 180°) or 90° so that the combination
of thin film stability and the energy of particle adsorption is the most synergistic.34
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Comparison of different inter-particle distances in the model shows that densely
packed particles create films with a very large maximum capillary pressure that are
more stable than films between loosely packed particles. The model presented by
Denkov et al.34 does not consider particle aggregation. However, when uneven sep-
aration occurs between particles (formation of “holes”), the film becomes unstable
at lower capillary pressure (greater film thickness) which may result in decreased
emulsion stability.

In order for particle bridging to occur, the particle wettability must be such that
particles protrude from the emulsion droplet. This was considered in the model by
Denkov et al.34 In the manner they analysed, particles with contact angles greater
than 90° are not able to form films. Since wettability dictates the particle position on
the dispersed phase side of the interface, single layer particle bridging cannot occur
when an emulsion is stabilized by particles that are protruding into the droplet. The
inability of particles to form a bridge between emulsion droplets can be exploited 
to provide a means of demulsification. Addition of fresh amounts of the dispersed
phase, e.g. fresh oil added to an o/w emulsion, is an effective demulsification process
when particles are protruding into the droplets.35 “Scavenging” of emulsion droplets
would occur in the manner shown by Figure 6.9. When a fresh globule collides with
a stabilized droplet and the particles are unable to form a bridge between the droplets,
the fresh globule engulfs the emulsion droplet. Demulsification of an o/w emulsion

(a)

Phase 1
(droplet)

P1 P1P2 P1 P1P2

Phase 2
(film)

Phase 1
(droplet)

(b)

Particle

Figure 6.8 A spherical particle bridging two dispersed phases. Curvature of the
interface around the particle produces a pressure difference, Pc � P1 � P2. (a)
Pc � 0, (b) Pc � 0. Modified from Ref. [34].
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using this scavenging method was investigated in several articles including Refs.
[35–38].

6.2.5 Rheological properties of droplet interfaces

In addition to the maximum capillary pressure in intervening thin films, the rate of
film drainage may contribute to emulsion droplets’ resistance to coalescence. Tambe
and Sharma3,39 have discussed the rheological properties of interfaces in the presence
of small particles. They predicted the elasticity and viscosity (both shear and dila-
tional) of a model interface containing spherical particles in cubic39 and hexagonal
close-packed arrangements.3 The models take into consideration the contribution of
particle–particle interactions. They showed that colloid-laden interfaces exhibit vis-
coelastic behaviour at high particle concentrations and the elastic contribution
increases substantially with particle concentration. The increase in viscoelastic prop-
erties in relation to particle concentration happens only on droplet surfaces with
densely packed particle layers.

The dilational elasticity and viscosity have been shown to affect the rate of thin film
drainage, as illustrated in the model developed by Tambe and Sharma in 1991.40

Figure 6.10 shows how an increase in particle concentration increases the duration
of film drainage. The contribution of particles to the interfacial rheology of an
emulsion droplet surface appears to cause a substantial decrease in drainage rate of

(a) (b)

Water

Solids-stabilized
oil droplet

Large fresh
oil droplet

Water

Solids-stabilized
oil droplet

Large fresh
oil droplet

Figure 6.9 Sketch showing the mixing of a fresh droplet and a solids-stabilized
emulsion droplet for (a) � � 90° and (b) � � 90°. When particle bridging is
absent, (b), the large globule engulfs the droplet leading to demulsification.
Modified from Ref. [35].
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thin films between approaching droplets. This should result in more stable emul-
sions as it slows down droplet coalescence. It is likely that a reduced rate of film
drainage would be present in all of the configurations (a)–(e) outlined in Figure 6.4.
However, the models presented by Tambe and Sharma only apply to a bilayer of
densely packed particles (Figure 6.4(a)). The effect of particles on interfacial rheology
and thin film drainage has not been modelled for emulsion droplets that exhibit
single particle bridging, 2-D networks and sparsely covered interfaces.

6.3 Experimental Factors in Emulsion Stability

Several key factors involved in stabilization of solids-stabilized emulsions are the wet-
tability, concentration, size and location of particles. Other factors that influence the
stability of a solids-stabilized emulsion include particle shape, oil type (polarity), 
rheology of the liquid phases and, of course, the presence of additives in emulsion 
systems. In most laboratory investigations a model emulsion system is created to con-
tain only three phases – oil, water and particles. Often, other additives such as elec-
trolytes,3,13 surface active agents12 and flocculating agents41 were introduced in the
system to alter molecular forces. In industrial applications, many chemical species
including emulsifying and thickening agents can accompany the fine solids to promote
emulsion stability. For example, surface active asphaltene molecules and fine solids
were found to contribute to stabilization of water-in-diluted bitumen emulsions.8
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However, removing the other additives from a complex emulsion system allows for a
more focused examination of the factors affecting solids-stabilized emulsions.

6.3.1 Particle wettability (contact angle)

Since the first studies by Finkle et al.11 and by Schulman and Leja,12 the interpretation
of particle wettability effects on emulsion stability remains unchallenged. Particles
should be of intermediate wettability in order for positioning at an interface to be ener-
getically favourable. The particle positioning at an interface has been discussed in
Section 6.1.5. As shown in Figure 6.2, the equilibrium contact angle dictates the pos-
ition of small particles at oil–water interfaces. Particles with a contact angle greater
than 90° tend to protrude on the oil side of an interface, thereby stabilizing w/o emul-
sions. On the other hand, particles with a contact angle less than 90° tend to protrude
on the water side to stabilize o/w emulsions. In this manner, particle contact angle or
wettability is the equivalent to the hydrophile–lipophile balance (HLB) number for
surfactants.16 As is well known, the HLB number is a semi-empirical number used to
assess the emulsifying characteristics of surfactants based on knowledge of their
molecular structure. Determining the emulsion type that would form in the presence
of a certain surfactant is not as straightforward as reading from an HLB table.42

Similarly, the contact angle of particles alone does not determine the type of emul-
sions that will be stabilized by the particles. In general, intermediate contact angles
about, 90°, are optimal for stabilizing emulsions, as these particles tend to straddle an
interface. However a particle’s wettability in some cases does not solely depend on the
initial contact angle or the contact angle of a flat surface of the same solid. Surface
roughness or particle shape will have an effect on the particle wettability, leading 
to contact angle hysteresis.13 Schulman and Leja12 were the first to experimentally
demonstrate that contact angles near 90° produced the most stable emulsions. As was
pointed out earlier, see equation (6.13), the energy required to remove a particle from
an interface depends on the particle contact angle.29 The energy is highest when con-
tact angle equals 90° and drops sharply as the angle moves away from 90°. Yan et al.43

reported further experimental evidence that intermediate contact angles produced the
most stable emulsions. They used fumed silica nanoparticles with various contact
angles, treated clay particles and latex spheres to form various toluene–water emul-
sions. Only particles with intermediate hydrophobicity produced stable emulsions.
Highlighted in Figure 6.11 are the results obtained by Yan et al.43 for emulsions
formed with silica nanoparticles of toluene–water contact angles ranging from 0–96°.

The results obtained by Yan et al.43 and presented in Figure 6.11 show that particles
with contact angles significantly less than 90° (i.e. 0° and 60°), cannot stabilize emul-
sions. Also shown in Figure 6.11 is that hydrophilic particles (� � 90°) can stabilize
w/o emulsions, which is contrary to observations from other studies. The reason for
stabilizing w/o emulsions by hydrophilic particles is discussed later (Section 6.3.3).
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By changing the concentration of stearic acid in the oil phase, Tambe and Sharma3

were able to vary the wettability of several types of solids. Phase inversion occurred
when the stearic acid concentration caused the normally water-wet particles to become
oil-wet. The presence of the surface active stearic acid molecules was believed to con-
tribute to the action of the solid particles at the interface. Binks and Lumsdon44 varied
the silanol content of silica particles (wettability) to cause emulsion inversion. Unlike
the introduction of stearic acid, changing surface silanol content of the particles does
not introduce any other species at the interface so that the role of particle surface wet-
tability in emulsion inversion can be unambiguously demonstrated. Binks and
Lumsdon45 studied solids-stabilized emulsions of toluene–water systems where a mix-
ture of hydrophobic and hydrophilic silica was used to stabilize the emulsion. They
showed that transitional phase inversion occurs when the average wettability of parti-
cles changes from hydrophobic to hydrophilic and vice versa. The average position of
the particles at the interface determines both the type of emulsion and emulsion stabil-
ity. As the average contact angle changes in such a way that, on average, particles
move from protruding on the water side to protruding on the oil side, phase inversion
from o/w to w/o emulsions occurs. This inversion would occur even though the inter-
facial position of individual particles contrasts that of the bulk film. In a separate study,
Tarimala and Dai46 used a confocal microscope to observe a mixture of hydrophobic

100

80

60

40

20

0

V
ol

um
e 

%

#1 #2 #3 #4 #5 #6

0 60 67 75 86 96

HydrophobicHydrophilic

Contact angle (°)

0.20 0.22

0.42
0.39

0.32

0.32

0.05 0.100.15

Water Toluene Silica w/o emulsion

o/w

Figure 6.11 Appearance of vessels in systems containing initially 20 vol.%
water, toluene and fumed silica particles (30 nm diameter) for particles of differ-
ent wettability, given as the contact angle (°) measured into water at the oil–water
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(� � 117°) and hydrophilic (� � 59°) polystyrene particles assembled at the interface
of a poly(dimethylsiloxane) oil droplet in water. One of the objectives of their study
was to determine how the particles were layered at the interface. Unfortunately, the
results from their study were not conclusive. The studies by Binks and Lumsdon45 and
by Tarimala and Dai46 showed that a mixture of hydrophobic and hydrophilic particles
would remain at an oil–water interface and can stabilize emulsions. This is in contrast
to the findings from previous studies where a mixture of hydrophobic (silica) and
hydrophilic (carbon black/mercuric iodide) particles at a certain ratio did not stabilize
any type of emulsion.47

Particle wettability or contact angle is one way to measure how particles will
reside at an interface. However, the position of solid particles at an interface can be
influenced by other factors such as the location of particles prior to emulsification
and particle morphology. These factors can cause the particle to behave the oppos-
ite to what the particle wettability would dictate.

6.3.2 Particle concentration

Apart from a few recent studies showing that emulsion droplets will be stable against
coalescence even with low surface coverage of the droplets by particles, for most
solids-stabilized emulsions particle concentration is an important factor in emulsion
stability. In some cases increasing the particle concentration will increase the emul-
sion volume and/or cause the emulsion droplets to decrease in size. This phenomenon
has a limit however, dictated by the size of the droplets. In all cases, sufficiently high
particle concentration is needed in order to achieve high particle coverage of droplets.
However, high concentrations do not necessarily mean a densely packed monolayer,
as in some emulsions stable droplets are observed without dense coverage.

In many solids-stabilized emulsion systems a complete coverage of droplets by
solids is considered necessary for emulsion stabilization. Excess particles may
increase stability by providing a 3-D network of particles surrounding droplets as
shown in Figure 6.12. It has been shown that as the concentration of particles
increases, the size of emulsion droplets decreases to accommodate more particles
at the interface.3,6,13 Tambe and Sharma3 showed the existence of a limiting con-
centration such that any increase in concentration of particles above this limit
would not result in any smaller droplets or increased emulsion stability. The limit
of particle concentration is assumed to correspond to a full coverage of entire
droplets with a dense particle film. Using transmission X-ray microscopy, Thieme
et al.26 obtained the images shown in Figure 6.12 of a solids-stabilized emulsion
that exhibits a 3-D network of particles surrounding emulsion droplets. Emulsions
with a network of particles exhibited an enhanced stability over emulsions without
the network. However, their study demonstrated that an encapsulating film of particles
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was necessary for the emulsion stability. Abend and Lagaly48 showed that an increase
in the concentration of particles above the amount necessary for droplet surface
coverage provided an increase in emulsion stability by the formation of a particle
network surrounding the droplets.

(a) (b)

(c) (d)

Figure 6.12 Transmission X-ray microscope images of o/w emulsion droplets
stabilized by particles (montmorillonite and magnesium aluminum hydroxide
�200 nm diameter) showing the network of particles in the continuous phase sur-
rounding the droplet. Taken from Ref. [26]; with permission of Elsevier.
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Recent studies showed that droplets could be stabilized without a full coverage
of the droplet by particles. Midmore41 was able to obtain a stable o/w emulsion
using colloidal silica particles and hydroxypropyl cellulose as a co-stabilizer. The
co-stabilizer alone was unable to produce a stable emulsion and contributed to the
solids-stabilized emulsion by flocculating the particles. To produce a stable emul-
sion with particles and co-stabilizer, a minimum surface coverage of only 29% of
oil droplets by particles was necessary. To effectively stabilize the droplets by low
surface coverage it was proposed that the flocculated particles were considered 
to form a “2-D gel structure” that effectively kept droplets from coalescing.41 For
the low surface coverage by particles, the surface area of the emulsion increased
(droplet size decreased) with increasing particle concentration.

Vignati et al.25 provided other evidence that emulsion stability can be achieved
with low surface coverage of droplets by particles without a dense film protecting
the droplet. In their study, stable o/w emulsions were produced using fluorescent sil-
ica particles. Visualization of individual emulsion droplets showed stable droplets
with an average surface coverage as low as 5%. For droplets with low surface cov-
erage of particles, the particles re-distributed on the interface and concentrated near
droplet–droplet contact areas. Although it is not clear why particles tend to concen-
trate at the contact areas, the preferential distribution of particles on the droplet sur-
face within the contact area may be responsible for stabilizing these droplets against
coalescence.

Yan and Masliyah35 observed the presence of particles in bulk emulsion phases
even when the emulsion droplet size dictates that complete monolayer coverage of
the emulsion droplets would require more particles than what is available in the
system. Levine et al.29 also reported the presence of solid particles in the continu-
ous phase when insufficient amounts for complete coverage were present. These
observations show that higher concentrations do not induce complete droplet cov-
erage and that complete coverage is not necessary for emulsion stability.

The reasons why both partial and complete particle coverage lead to emulsion
stability are the subject of further study. Some recent work has focused on the study
of the interfacial film or on the state of particles at isolated oil–water interfaces,
many of which utilize some kind of film visualization. Investigating the structure of
emulsion drop interfaces should provide information as to how the interfacial region
of emulsion droplets prevents coalescence and promotes emulsion stability.

6.3.3 Particle location prior to emulsification

Although particle wettability has generally been shown to determine the type of
solids-stabilized emulsions, another dominant factor is the original location of the
particles. From studies reviewed in the particle wettability section, it is generally



accepted that hydrophobic particles will stabilize w/o emulsions. However, Yan 
et al.43 showed that to stabilize an emulsion, solids should reside in the continuous
phase prior to emulsification. Hydrophobic particles originally submerged in a water
phase have little chance to cross an oil–water interface and enter the oil phase. As a
result, these particles were unable to stabilize w/o emulsions. Experimentally, par-
ticles of intermediate hydrophobicity when introduced through the water phase have
been shown to move across an oil–water interface to attain the expected thermo-
dynamically favourable position straddling the interface. However, very hydropho-
bic particles initially in water would only cross the interface when a significant
amount of energy was added.49 Another challenge is that hydrophobic particles in
water are unlikely to be well dispersed. As a result, their transfer across interfaces
is impeded. It is clear that the way a particle sits at an interface is equally if not
more important than measured particle wettability. Binks et al.13,50,51 have also
shown that particles should initially be in the liquid forming the continuous phase
of the preferred emulsions. Binks and Rodrigues51 linked the change in the pre-
ferred emulsion type to contact angle hysteresis that occurs when particles are
placed in a fluid and migrate across an interface. Interactions between the solid and
fluid, perhaps enhanced by particle roughness, change the effective contact angle
and therefore the preferred emulsion type.

Recently the importance of the initial particle location in determining the pre-
ferred emulsion type was demonstrated experimentally. The findings provided a
legitimate justification for earlier observations. For example, Yan and Masliyah35

were able to stabilize o/w emulsions with hydrophobic particles. In their study,
kaolinite clay particles were coated with asphaltenes to obtain hydrophobic par-
ticles with oil–water contact angles between 102° and 143°. Since these hydropho-
bic particles were dispersed into the aqueous phase prior to emulsification, they
were able to stabilize o/w emulsions, as anticipated.

Although the effect of particle location provides an extra complication when
predicting what type of stable emulsion can be expected from a particular system,
it does provide an additional factor, which can be controlled when producing emul-
sions. The maximum stability of an emulsion can be obtained by placing particles
with appropriate wettability in the appropriate continuous phase. For example, to
obtain the most stable w/o emulsion, hydrophobic particles should be dispersed in
the oil phase prior to emulsification.

6.3.4 Oil type

For industrial applications where solids-stabilized emulsions are undesirable,
choosing the oil phase is not an option. However, some information describing the
effect of oil type on emulsion stability has been gained. Oil type affects interfacial
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tension, the contact angle of solids, chemical interactions between the particle sur-
face and the liquids, and the energy of particle attachment to an interface.13,50 For
silica particles with the same surface treatment (silanol content), the continuous
phase of a produced emulsion was dependent on the oil characteristics. Systems
with non-polar oils tend to produce o/w emulsions whereas w/o emulsions are pre-
ferred for systems with polar oils.50 A complete explanation of these findings in
terms of the surface energies of all the components involved was given by Binks
and Clint.52

Considering contact angle hysteresis, both particle location and oil type can be
related back to the effective contact angle of the particle in an emulsion system. The
ultimate effect that particle wettability, particle location and oil type have is to deter-
mine how the particle resides at an emulsion droplet interface and the energy holding
the particle at the interface. In addition to these factors, which basically alter the sur-
face characteristics of the solid particles, the particle shape and size also play a role
in determining emulsion stability.

6.3.5 Particle size

For a given material, the size of particles determines the ability of a particle to
remain suspended and hence at an oil–water interface. Experimentally it has been
shown that decreasing particle size would lead to increased emulsion stability and
decreased droplet size until a critical particle size is reached.3,53 More recently,
Binks and Lumsdon54 studied the effect of particle size on emulsion stability, and
demonstrated that larger particles produce less stable emulsions. Tambe and Sharma3

used alumina particles with average sizes of 4 and 37 �m in preparing emulsions
from the same decane–water mixture. As shown by the results in Figure 6.13, the
larger particles could not stabilize emulsions while small ones could. This was true
at various concentrations of stearic acid, used to change the wettability of the par-
ticles. A particle mixture of two different sizes at the same solid content produced
a less stable emulsion.

In a recent article by Tarimala and Dai,46 images of poly(dimethylsiloxane)-
in-water emulsion droplets stabilized by polystyrene particles were provided. They
found that particle polydispersity disrupts the surface coverage of an oil droplet by
the particles in water. The image reproduced in Figure 6.14 shows that when the
large (4 �m diameter) particles are present there is no ordered arrangement of par-
ticles, in contrast to the case when only small (1 �m diameter) particles are present.

Although the emulsions studied by Tarimala and Dai were considered stable,
linking the visualization with the previous work by Tambe and Sharma3 leads us to
conclude that polydispersity of fine particles reduces the stability of emulsions by
disrupting their ability to form a protective barrier resistant to coalescence. In general,
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Figure 6.13 Variation of emulsion volume with stearic acid concentration in sys-
tems of water, decane and alumina particles for different particle sizes. Modified
from Ref. [3].

5 µm

Figure 6.14 Confocal microscopy image of the surface of an o/w emulsion
droplet stabilized by a mixture of 1 and 4 �m polystyrene particles of different
wettability. Scale bar is 5 �m. Taken from Ref. [46]; with permission of the
American Chemical Society.
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particle size is uncontrollable in industrial settings. For example, in the undesirable
water-in-diluted bitumen emulsions, naturally occurring clay fines are responsible
for some of the emulsion stability.8 Particle size distributions of these clay fines
show that 90% of the particle diameters are smaller than 300 nm but the diameters
range up to 1 �m.55 However, the effect of particle size on emulsion stability may
have industrial implications for the production of emulsions, where particle size
could be decreased to increase emulsion stability. To avoid undesirable emulsions
on the other hand, a process change could be implemented by adding coarse particles
into the system.

6.3.6 Particle shape

Particle shape is another factor affecting emulsion stability. Well-defined spherical
particles are often used for theoretical studies to simplify analysis and calculations.
However, solid particles encountered in practice are not necessarily spherical. It
has been shown that stable emulsions can be attained with non-spherical fine clay
particles43 and fumed silica.43,56 To date no systematic study to elucidate the role
of particle shape in emulsion stabilization has been performed. However, studies
have alluded to the role of particle roughness. Considering particle roughness as a
major cause of contact angle hysteresis, the particle roughness can affect the appar-
ent contact angle of particles and hence influence emulsion stability in the same
manner as particle wettability. By comparing smooth spherical particles to smaller
particles with noticeable surface roughness, Vignati et al.25 determined that rough
particles produce less stable emulsion droplets and were unable to stabilize the
same emulsions as was the case when larger, smoother particles were used. This
could be due to the reduced particle-interface contact resulting in a smaller energy
of adsorption of the rough particles. Reduced surface contact of rough particles
appears to considerably reduce the interfacial potential well holding the particles at
the interface.25 The surface coverage of emulsion droplets by the rough particles
was very different from the coverage by smooth particles. For rough particles, the
surface coverage of particles was much lower and particles were either grouped
together or randomly distributed across the surface. In contrast, a high surface cov-
erage and an even particle distribution were observed for the smooth particles.
Vignati et al.25 attributed the low surface coverage of droplets by rough particles to
decreased adsorption kinetics.

It should be noted that among all the parameters described above, particle shape
seems to be the least important factor, or least understood, in determining emulsion
stability. However, the influence of particle shape on emulsion stability has not
been fully studied and the possibility of industrial implications exists.
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6.4 Structure of Particles at Emulsion Drop Interfaces

Earlier studies investigating solids-stabilized emulsions have mostly been macro-
scopic in nature, where bulk emulsion stability is the focus. More recently, attention
has been shifted to directly monitoring the interfacial structure. The techniques used
in these microscopic studies include freeze fracture transmission electron microscopy
(TEM)57 and scanning electron microscopy (SEM),58 laser confocal microscopy46

and video-microscopy of fluorescent particles.25 The visualization of oil–water inter-
faces and particle behaviour at these interfaces has resulted in many new insights into
solids-stabilized emulsions. One notable aspect of these visualization experiments is
to reveal the orientation of particles at the interface. Freeze fracture SEM micrographs
of both w/o and o/w emulsion droplets showed a complete monolayer of particles at
the interface.58 The SEM image in Figure 6.15 shows a close-packed arrangement of
silica particles on the interface of an o/w (Miglyol 810N) emulsion droplet. Similar
particles were found to be flocculated and formed aggregates at the interface in a
cyclohexane-in-water emulsion, as shown in Figure 6.16. The interfacial structure
here is similar to that proposed by Midmore41 to explain the stabilization of an
emulsion by an estimated particle surface coverage of 29%.

For other solids-stabilized o/w or w/o emulsion systems, a more densely packed
particle layer was observed at the interface. A similar observation was made with
larger particles and relatively low magnification imaging techniques. Tarimala and
Dai46 obtained some clear images of fluorescent microspheres at the oil–water inter-
face of an emulsion droplet. As shown in Figure 6.17, 1 �m polystyrene spheres
form a hexagonal close-packed structure but do not completely cover the oil droplet
interface.

Figure 6.15 Freeze fracture SEM micrograph of fumed silica particles at the
oil–water interface in a Miglyol 810N-in-water emulsion. The polydisperse par-
ticles exhibit a close-packed arrangement. Taken from Ref. [58]; with permission
of the Royal Society of Chemistry.
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(a) (b)

(c)

Figure 6.16 Freeze fracture SEM micrographs at different magnifications of the
interfacial structure of a fumed silica-stabilized cyclohexane-in-water emulsion.
Note the presence of silica clusters and particle-free regions. Taken from Ref.
[58]; with permission of the Royal Society of Chemistry.

With freeze fracture TEM, Midmore57 showed areas of close-packed particles at
the interface of oil emulsion droplets stabilized by silica particles and surfactants.
In an emulsion system containing castor oil, water, silica and a nonionic surfactant
with polyoxyethylene chains (Synperonic NP30) the particle coverage of an emul-
sion drop was found to be about 72%, mostly in a single interfacial layer. In add-
ition, multilayer particle domains were observed on the oil droplets from a system
containing a surfactant with fewer polyoxyethylene chains (Synperonic NP2). The
interfacial structure observed by Midmore in the presence of surfactants was similar
to the structures reported by Binks and Kirkland.58

Recently we studied interfacial films of asphaltenes and fumed silica particles
deposited from a planar oil–water interface.59 Interfacial Langmuir films of silica
alone and a mixture of asphaltenes and silica particles were formed at a toluene–water
interface. The Langmuir film was compressed to a desired interfacial pressure and
was then deposited onto a silicon substrate by lifting the vertically oriented thin
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10 µm

Figure 6.17 Partial coverage of an o/w emulsion droplet by 1 �m polystyrene
spheres. Note the hexagonal close-packed arrangement of particles in covered areas.
Scale bar is 10 �m. Taken from Ref. [46]; with permission of the American
Chemical Society.

(a) (b)

Figure 6.18 AFM height images of single layer particle films deposited onto sil-
icon wafers from a planar toluene–water interface. (a) Silica only, (b) 50 wt.%
asphaltene � 50 wt.% silica mixture. Taken from Ref. [59]; with permission of
the University of Alberta.



wafer through the interface (i.e. the Langmuir–Blodgett deposition technique). The
deposited films were then imaged with an atomic force microscope (AFM) and with
a SEM. Shown in Figure 6.18 are the AFM images of transferred films formed by
silica alone and from a mixture of silica and asphaltene.

The film formed with silica alone (a) appears to be less closely packed on the pla-
nar interface than the films observed with freeze fracture SEM of an emulsion
droplet surface reported by Binks and Kirkland.58 When the film is constructed of
particles and asphaltenes (b), particles are flocculated into groups or domains at the
interface. Higher magnification imaging of the films formed with the asphaltene-
silica mixture reveals that areas outside of the silica clusters are occupied by asphal-
tene aggregates. The interfacially active asphaltene molecules behaved differently
from the two surfactants studied by Midmore.57 The asphaltene molecules created
their own interfacial structure, in contrast to the polyoxyethylene surfactants which
only contributed to the structure of the aggregated silica particles. The silica clusters
formed with asphaltenes were large and circular in shape, which is significantly dif-
ferent from the smaller, uneven clusters shown by Binks and Kirkland.58 Whether
the planar interface caused this distinct difference remains to be established.
Considering the size of emulsion droplets and the size of the particle clusters, the
curvature of the interface does not appear to cause such a distinct difference in par-
ticle morphology at interfaces.

These studies indicate the absence of a universal interfacial structure in solids-
stabilized emulsions. Experimental evidence shows that particles can be present in
the five major configurations outlined previously in Figure 6.4: (a) individual par-
ticles form a monolayer or multilayer of complete surface coverage, (b) a single
layer of particles bridges two droplets, (c) particles cluster together into a 2-D
structure at the interface, (d) particles cluster together into closely packed, single
layer domains leaving large areas of the interface uncovered and (e) multilayer par-
ticle domains extend into the continuous phase forming a 3-D network between
emulsion droplets, as was shown in Figure 6.12.

The densely packed particles, either in single or multilayer configuration, can
provide strong steric hindrance to droplet coalescence. The partially covered par-
ticle domains leave some interfacial areas unprotected. Conceptually, emulsion
droplets under these conditions would be more likely to coalesce. The presence of
a 3-D structure should enhance emulsion stability as emulsion droplets are pre-
vented from contacting each other by a network of particles. Thieme et al.26 con-
cluded that the network is responsible only for improved stability. It is recognized
that a relatively high concentration of particles with the correct surface chemistry
is required in order for a network to form. Therefore, the 3-D network is con-
sidered as a secondary structure and the droplet coverage by an interfacial structure
of particles is the primary emulsion stabilizing feature.
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6.4.1 Dynamic interfaces

Other studies have been performed to capture the movement of particles at inter-
faces, or the structure at a more dynamic interface. In these studies the response 
of perturbations to contact with another interface was investigated. Asekomhe
et al.49,60 studied the behaviour of a macroscopic water drop (�3 mm diameter)
covered with silica particles (12 �m diameter) suspended in an oil phase. The drop
was expanded and retracted by increasing and decreasing the volume of a water
droplet hanging on a capillary tube. The behaviour of the interfacial particulate
layer was monitored as the interfacial area was altered. Still images from video
recordings of droplet retraction for cases with the hydrophobic and hydrophilic
particles present are shown in Figures 6.19 and 6.20, respectively. Upon significant
reduction of the interfacial area, the interface containing particles of intermediate

(a)

(c) (d)

(b)

Figure 6.19 Images showing the collapse of a layer of hydrophobic particles
(diameter � 13�m, � � 125°) covering the surface of a pendant water drop
(diameter � 3 mm) in oil. (a) Particles injected in water, (b) water drop crumpling
on retraction but particles do not leave the interface, (c) water drop continues to
crumple on retraction and (d) crumpled interface only. Taken from Ref. [49]; with
permission of the American Chemical Society.
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hydrophobicity crumpled as shown in Figure 6.19. Particles remained attached 
to the oil–water interface due to their bi-wettable nature and strong association
between the particles. The crumpling is reversible, as the interfacial layer became
smooth upon drop expansion. This behaviour demonstrates the strength of densely
packed, particulate interfacial films. In the case of hydrophilic particles, the droplet
appeared to deform with very little crumpling (Figure 6.20). For an emulsion droplet
with a similar interfacial structure, one can anticipate that the particles would remain
at the oil–water interface, even under significant drop deformation. This could lead
to enhanced emulsion stabilization since the interfacial layer is largely resistant to
disruption, preventing the water droplets from coalescing.

The manner that interfaces only partially covered with solids can provide emul-
sion stability is not well established. Some recent information about the interfacial
structure of colliding interfaces may shed some light on the subject. Particles on
sparsely covered droplet interfaces are able to re-distribute on the interface. They

(a)

(c) (d)

(b)

Figure 6.20 Images showing the collapse of a layer of hydrophilic particles
(diameter � 13 �m, � � 45°) covering the surface of a pendant water drop (diam-
eter � 3 mm) in oil. (a) Particles injected in water, (b) water drop remains spher-
ical on retraction, (c) particles get sucked in with water and (d) particles
completely sucked in with very little crumpling. Taken from Refs. [49 and 60];
with permission of the American Chemical Society.



tend to collect near droplet contact areas (from interface or bulk) and may transfer
between droplets.25 The accumulation of particles near the interface of contact
could prevent droplet coalescence. Particles were observed to form a single layer
between the droplet interfaces and “bridge” the droplets.25 This is a possible 
mechanism for prevention of droplet coalescence. A similar bridging effect was
visually observed when examining a water droplet contacting a planar interface,
both covered with polystyrene particles.23,24 Particles were observed to bridge the
two interfaces and form a disc of densely packed particles over the area of contact.
The bridging prevented coalescence and was sufficiently strong to cause deforma-
tion of the droplet upon approach to and retraction from the planar interface.

Investigation into the interfacial structure of emulsion drop and model oil–water
interfaces has led to improved understanding of stabilization mechanisms of emulsions
by fine solids. Interfaces of emulsion droplets can be densely covered by particles.
Spherical or near spherical particles will form a layer of a hexagonal close-packed
structure. In addition to densely covered interfaces, particles can become flocculated
and form aggregates at the interface. Incomplete surface coverage results in the for-
mation of aggregated particle domains at the interface. Surface active molecules, such
as asphaltenes, will influence the behaviour of solids at the interface, contributing to
the formation of round shaped clusters of particles at a planar oil–water interface.59

Emulsion stabilization by solids will certainly be affected by the interfacial structure
of solids. Re-distribution and bridging of particles at partially covered interfaces help
explain the stabilization mechanism of particles without a dense interfacial structure.
Theoretical studies of emulsion stability generally involve the assumption that the
interfaces are covered with a close-packed monolayer of particles. Recent study of
interfacial structures has shown that this is not always the case for many systems.

6.5 Conclusions

The study of solids-stabilized emulsions has progressed substantially since the first
work of Ramsden2 and Pickering.10 The single most important parameter influencing
emulsion formation is the wettability of the particles involved. The wettability will
determine the preferred position of the particle at an oil–water interface and influences
the type of emulsion that is preferentially formed in a system. Particles that are
hydrophilic and have an oil–water contact angle of � � 90° have been shown in many
studies to stabilize o/w emulsions. Conversely hydrophobic particles (� � 90°) tend
to stabilize w/o emulsions. Particle roughness, their initial location and the properties
of the oil phase can all influence the effective wettability of particles and are factors in
the emulsion stabilization. Emulsions will tend to form with the continuous phase
being that in which particles are initially dispersed. In part, this is due to the change in
contact angle (hysteresis) experienced by the particle surface when it is dispersed in a
liquid phase but is also due to their inability to migrate across the interface from one
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phase to another. Hysteresis can be increased by particle roughness affecting the final
emulsion stability. Rough particles have been shown to form less stable emulsions
than similar particles with smoother surfaces.

The theoretical explanations for stability of solids-stabilized emulsions have his-
torically focused on providing reasons for the steric barrier which solid particles fur-
nish. Advances in the thermodynamic treatment of particle adsorption/desorption
free energy have been made to include the contributions of line tension. In addition
to steric hindrance, interfacial particles will also influence the hydrodynamic proper-
ties of the interface and emulsion droplet contact area. Theoretical investigations
have shown that particles provide significant resistance to liquid film drainage and
hence provide emulsion stability.

Many investigations have been performed to record the nature of emulsion droplet
interfaces and particle behaviour at interfaces. Several macroscopic configurations of
solids-stabilized emulsions have been observed in experiments. These include emul-
sion droplets with closely packed layers of particles, single particle layers bridging
between droplets, 2-D aggregation on droplet surfaces, 3-D aggregation between
droplets and the observation of stable droplets poorly covered by domains of close-
packed particles. The stabilization of emulsions with droplets poorly covered by parti-
cles is remarkable and represents a significant challenge for the development of an
adequate theory to explain solids-stabilized emulsions. To date, the substantial increase
in solids-stabilized emulsion research has provided many interesting experimental
results and a firm basis for theory to help explain such results.
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7.1 Introduction

7.1.1 Functional materials

The research in novel nano- and microstructured materials with custom designed
properties, composition and structure (symmetry) has been driven by the potential
of using such materials in forthcoming advanced technologies. There is specific
strong interest in complex one dimensional (1-D) and periodic two dimensional
(2-D) and three dimensional (3-D) structures from colloidal particles. Complex 
1-D assemblies have been considered as novel building blocks for materials with
advanced hierarchical structure.1 Periodic 2-D and 3-D structures from colloidal
particles display several unique and potentially usable properties resulting from the
existence of a long-range order.2–9 The formation of such materials is dependent 
on the interactions of particles with liquid–solid or liquid–liquid interfaces and/or
their confinement in thin liquid films. The need to understand the forces involved
in the assembly of structures from colloidal particles has led to important funda-
mental insights in the field of colloidal forces and self-organization.

The materials formed by organization and assembly of colloidal particles have
a number of unique and potentially utilizable features. Coatings and surface pat-
terning with colloidal particles allow for modification of properties like wetting
and reflectivity. The long-range organization of particles in coatings brings a num-
ber of significant advantages. Particle arrays often display strong interaction with light
and other electromagnetic radiation. The remarkable optical properties of the 3-D
colloidal crystals, such as diffraction, interference, scattering and adsorption, have
for a long time been a subject of interest and fascination. Such 2-D and 3-D col-
loidal crystals can serve as self-assembled diffraction gratings, filters, reflectors,
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waveguides and photonic crystals. The 2-D particle and protein arrays immobil-
ized onto solid surfaces have the property of being “pre-formatted” substrates and
have been considered as media for information storage, where data can be written
if a practical way of flipping the particles in different states is found. Such nano-
magnetic materials could make possible data storage in ever smaller domains.

The structural stability and flexibility (elasticity) of colloid-based materials
depends on the number of adhesive contacts between the particles in the material,
symmetry of the structure and the type of material building the particles. Naturally,
the number of contacts per particle is maximized in the case of close packed arrays;
that can be further increased or decreased by using binary systems of particles with
different size and interaction. Some binary crystals that have been obtained via the
layer-by-layer assembly process display even higher packing than the ones obtained
in bulk crystallization. Catalytic materials formed from aggregated or fused par-
ticles should have high surface/volume ratio, small equally sized pores and good
mechanical properties, which will maximize their catalytic/reactivity throughput
and stability. The assembly of particles onto or near non-planar surfaces can also
impart a number of interesting materials. Making of “supra-particles” with complex
shape by droplet templating makes possible the creation of a whole new range of
material building blocks. Colloidal supra-particles with complex shape could allow
model studies on interaction and self-assembly of “colloidal molecules”. An add-
itional advantage for materials science is opened by the use of functional and respon-
sive colloidal particles, which can assemble into novel responsive (smart) materials.
Such materials can change their properties upon changing environmental conditions
such as pH, temperature and composition of the medium.

The goal of this chapter is to summarize the principles used in the assembly of 
colloidal materials (proteins, nanoparticles and microparticles) at liquid interfaces, to 
discuss the underlying mechanisms and to present examples of materials obtained 
and their potential applications. We will focus our attention mainly on close packed
structures formed on or at the vicinity of a liquid interface(s). The reader interested 
in long-ranged 3-D crystals formed in the bulk of suspensions may refer to recent
reviews.5–13

7.1.2 Forces acting during colloidal assembly

The materials formed by colloidal assembly could be of value only when the processes
for their fabrication are well understood and controlled. This requires characterization
and control of the colloidal interactions between the particles, and between the particles
and the interface(s). The interactions between colloidal particles are governed by a
wide variety of forces, which may promote or prohibit the formation of ordered struc-
tures. In addition, the formation of ordered arrays of particles is often accompanied by



processes such as drying (dewetting) and coating where the particles are pressed
against or confined between (moving) interfacial boundaries. The assembly of struc-
tures from proteins is often based on highly specific interactions such as molecular
complementarity, and recognition and immuno-binding. A brief survey of the various
interactions encountered in colloidal assembly is given below. For more comprehen-
sive information on particle interactions the reader is referred to Chapter 3 and to
some other recent reviews.11,12,14

Electrostatic repulsion and van der Waals attraction are the two omnipresent
components of the intermolecular interactions that always need to be considered in
the analysis of the factors in colloidal assembly.15,16 However, these two compon-
ents are rarely the single or the most important driving forces of particle assembly.
Long-ranged electrostatic repulsion in highly deionized environments increases the
effective volume per particle, which may result in a phase transition to a crystalline
state. Short-ranged electrostatic repulsion is often responsible for the adsorption 
of particles on interfaces, which can then lead to crystallization or particle stick-
ing and aggregation. In almost all assembly processes, the electrostatic repulsion is
opposing the disruptive role of the van der Waals forces. The van der Waals attrac-
tion typically works against the formation of high-quality-ordered assemblies, as it
tends to cause particle aggregation or permanent sticking to the substrate. Strong
electrostatic repulsion is present in many systems to counteract coagulation or
adhesion. A powerful alternative to the electrostatic repulsion, as a means of pro-
tecting the particles against coagulation, is the coating of their surfaces with a pro-
tective layer of (non-)ionic surfactant or polyelectrolyte that give rise to steric
repulsion.15,16 Once the particles are assembled, however, the presence of attractive
interactions may be desirable to bond them in the structure formed.

Another attractive component, the depletion (or structural) force, can appear for
entropic reasons in concentrated systems containing mixtures of colloidal particles
of different size14,17 or close to micropatterned surfaces.12 The presence of a large
fraction of small particles can be used as a means of segregating the larger particles
in a separate phase and compressing them into an ordered array. The depletion
interaction is unique as an assembly tool, as it is the only attractive interaction that
could induce phase separation reversibly and without coagulation.

The processes of colloidal crystallization often include adsorption of particles
onto fluid interfaces or protrusion of particles through liquid interfaces. The deform-
ation of the interfaces leads to the emergence of strong capillary forces that can
move or rearrange the particles.18,19 The first type of capillary force is induced by
deformation of a single surface by particles subjected to external fields. Such
forces occur when particles adsorbed on the surface of a semi-infinite liquid phase
are subjected to a normal force due to an external field such as gravity, electrostat-
ics or magnetic. This force is usually insignificant for sub-micrometre particles.
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The second type of capillary force is induced by particles incorporated in a thin
liquid film and protruding from the surface. At least one of the interfaces of the
film should be fluid, while the other may either be fluid or solid. The same types of
forces can also occur when vertically immobile particles or objects protrude from
a single fluid surface (e.g. on top of a drying colloidal crystal). As the normal posi-
tion of the particles with respect to the interface is sustained, these “immersion”
forces can be large in magnitude even for small particles and could play a role in
the 2-D crystallization of colloidal particles in thin films.18,19

The last type of capillary force is induced by liquid bridges between the parti-
cles and between particles and the surface. This case is realized when the liquid
forms a meniscus between the pairs of particles instead of a continuous film around
them. These are by far the strongest forces that may emerge during the dewetting
or drying of colloidal particles adsorbed on surfaces. The capillary bridges con-
tribute strongly to the re-arrangement and adhesion of particles in drying crystal
arrays.

In most cases, colloidal assembly on liquid interfaces is either driven or strongly
affected by the hydrodynamic forces20 that result from particle and fluid motion.
Other fundamental hydrodynamic problems related to colloidal assembly processes
include the flow of liquid through close packed arrays of particles, the rheological
properties of the colloidal arrays under flow, and shear and the thinning of thin liq-
uid films containing colloidal particles. Many of these problems have been studied
theoretically but explicit solutions for all of the real hydrodynamic interactions
encountered are often not available.

A variety of structures from biological molecules such as protein crystals,
nucleic acids and protein–lipid complexes are formed when the molecules specif-
ically orient each other based on short-ranged recognition and binding; these can be
referred to as bio-specific interactions.15,21,22 The forces underlying the biomolecu-
lar assembly are essentially the ones outlined above – electrostatic, hydrophobic
and steric, plus hydrogen bonding. What makes these interactions unique in biolog-
ical molecules is the intrinsic coupling of the intermolecular forces and shape com-
plementarity of the molecules, their complex, short-ranged nature and the high
energies of association. Examples of such interactions include protein complemen-
tarity during 2-D and 3-D crystallization and immuno-specific and bio-specific
recognition. Another highly selective and widely used biocolloidal interaction is
DNA and RNA complementarity recognition. Matching strands of DNA and RNA
can be used as a lock-and-key tool in the assembly of colloidal structures. The main
advantage of this approach is that the number of matching polynucleotides is virtu-
ally unlimited and they can be synthesized relatively easily. The advances in protein
and nucleic acid biophysics, and genetic engineering and expression, warrant the
expanding application of bio-specific molecules in the assembly of novel colloidal
structures.
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7.1.3 Classification of assembly processes on liquid surfaces

The classification of the mechanisms of colloidal assembly at liquid interfaces can be
done in different ways. In this chapter, we will classify the material assembly
processes on the basis of the type and number of liquid interfaces involved. Further,
we will consider two classes of materials. The first class is formed by particle 
assembly onto or near flat interfaces, which could be liquid–solid, liquid–liquid or liq-
uid–gas, or flat films between any of these types of flat interfaces. The second class of
materials is assembled inside or near spherical surfaces (typically droplets). A
schematic summary of the classification based on the number, types and curvature of
the interfaces is presented in Figure 7.1.

The simplest case, which will be considered in Section 7.2, involves only one
gas–liquid interface (Figure 7.1(a)). Colloidal particles under the action of various
forces can organize into close packed or loose structures floating on the surface. The
second assembly scheme is realized when instead of a gas phase a second liquid
phase, immiscible with the first one, is present (Figure 7.1(b)). Probably the most
technologically relevant assembly techniques are the ones on solid substrates, where
the particles are assembled in the liquid film between a gas–liquid and a liquid–solid
interface (Figure 7.1(c)). This approach typically produces coatings from crystals of
single size and binary crystals from particles of two sizes. A third possible scheme is
to assemble particles in a thin film between two free liquid surfaces. This can be done
either using a wetting film from a colloidal dispersion on a heavier liquid (Figure
7.1(d)) or using a free-standing foam (Figure 7.1(e)) or emulsion film (Figure 7.1(f)).

Assembly on or near spherical interfaces such as emulsion droplets and spherical
lipid layers is gaining more attention due to its potential for making materials of
novel structure and symmetry. In this type of assembly both the interface and the
confined volume by the droplet play an important role. Two major approaches will
be considered here: (i) particles initially present in the dispersed phase and (ii) par-
ticles initially present in the continuous phase. In the first case the assembly process
is driven by removing liquid, e.g. by evaporation, from a droplet that may be dis-
persed in a gas phase (Figure 7.1(g)), another liquid phase (Figure 7.1(h)) or at the
liquid–gas interface (Figure 7.1(i)). In the second case, when the particles collect
around the droplet surface from the surrounding continuous phase, adsorption and
formation of shells may take place at the gas–liquid interface of a bubble (Figure
7.1(j)) or at the liquid–liquid interface of an emulsion droplet (Figure 7.1(k)). All of
these assembly schemes will be discussed in detail in the following sections.

7.2 Materials from Colloidal Structures Assembled on a Single
Liquid Interface

Colloidal particles can be confined at interfaces by two mechanisms. First, the par-
ticles can be physically adsorbed by attraction to the interface and/or adopting a
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Figure 7.1 Schematic classification of colloidal assembly schemes involving 
liquid interfaces. Colloidal assembly schemes involving flat liquid interfaces include: 
(a) assembly at a single gas–liquid interface; (b) assembly at a single liquid–liquid
interface between two immiscible fluids; (c) assembly in a wetting film between a
solid and a liquid interface; (d) assembly between two liquid interfaces – wetting
films on heavier liquid; (e) assembly in a free-standing foam and (f) an emulsion film.
Colloidal assembly schemes involving spherical liquid interfaces include: (g) assem-
bly in a droplet in a gas phase; (h) in a droplet dispersed in another liquid phase or (i)
in a droplet at a liquid–gas interface and (j) at the gas–liquid interface of a gas bubble
or (k) at the liquid–liquid interface of an emulsion droplet. The arrows show the
direction of movement of the liquid interface.



configuration where they protrude through the interface and are partially wetted by
both phases. The mechanisms of particle adsorption at interfaces are described in
detail in Chapter 1 of this book. The particles can be confined at an interface even
if they do not adsorb when they float up towards the top surface of a heavier liquid
(Figure 7.2) or when gravity pulls them towards the bottom liquid interface. The
formation of a material from particles in either case requires developing control-
lable techniques for their organization and assembly into thin layers at the interface.

Techniques for the 2-D assembly at gas–liquid interfaces have been studied
extensively by a number of investigators. On the macroscopic scale, Whitesides et al.
investigated the self-assembly of topologically complex, millimetre-sized objects
floating on the gas–liquid interface.23–27 The particles attract each other laterally
due to the action of flotation capillary forces. In the system of floating hexagonal
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Figure 7.2 Schematic of the two most common approaches to the assembly of 
2-D crystals onto a single gas–liquid surface. (a) Langmuir–Blodgett type of dep-
osition. (b) Adsorption or attraction to an interface.



plates of alternating hydrophobic and hydrophilic facets,24 the immersion force
between capillary multipoles drives the assembly process. Even when the weight
of a floating micrometre-sized particle is too small to deform the surface, attractive
forces could still appear if the contact line on the particle surface is irregular.19

Fascinating and complex ordered structures, such as arrays and gratings with 
different symmetry, “host–guest” templated materials or even analogues of biorecog-
nition and DNA doublets have been assembled when the hydrophobic patches wetted
by the fluorinated oil stick to each other minimizing the surrounding menisci.25–28

The 2-D assembly of truly colloidal, non-interacting particles can be accomplished
by compression techniques similar to the Langmuir–Blodgett manipulation of molec-
ular films.29 Dilute monolayers of colloidal particles can be compressed to the point
of a 2-D phase transition (Figure 7.2(a)). To form a stable 2-D monolayer, the parti-
cles have to be impeded from coagulation by strong enough repulsive interactions.
The method of layer compression was used by Goodwin et al. to form a 2-D ordered
array of latex particles at an air–water surface, which was further transferred onto a
solid substrate (glass) using a method analogous to the molecular Langmuir–Blodgett
films.29 The microspheres were suspended in a water/ethanol mixture and spread on
the surface of an aqueous solution of 0.5 M NaCl. The structure of the layer was
examined by laser diffraction in a transmitted beam. Similar methods have been used
to prepare mono- and multilayers from surfactant-stabilized magnetite nanoparticles,30

from cadmium sulphide clusters,31 silver nanoparticles,32,33 platinum and palladium
nanocrystallites34 and ferroelectric lead zirconium titanate particles.35 The method
can also be applied to form 2-D arrays of proteins.36 A more detailed description of
the methods and mechanisms for making 2-D arrays of proteins and particulates in
liquid films is given in the next section of this chapter.

Dunsmuir et al.37 patented a method whereby adsorbed latex microspheres are
compressed using a Langmuir trough to form a close packed ordered structure and
the particulate layer is then deposited onto a substrate withdrawn from the water
surface (Figure 7.2(a)). To prepare the original monolayer, the latex particles from
suspension are adsorbed on the surface of alumina-modified glass (in a random
adsorbed disordered coating), dried in air and then transferred to the air–water sur-
face by slowly dipping the substrate. The dried particles remain floating on the sur-
face and after being ordered by compression in the trough are deposited onto
another glass substrate. The method is simple and rapid enough to be of practical
value. The coating consists of randomly oriented micrometre-sized domains of
hexagonal ordering. The specific structure of similar compressed particulate layers
has been investigated by Fulda and Tieke,38 who measured the surface pressure
isotherm of latex monolayers and found that the effective area per particle is larger
than the one in an ordered close packed array. A possible reason for this might have
been lateral coagulation of the particles upon compression in a close packed mono-
layer (expressed by the lack of reversibility in the isotherm).
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Organized particulate monolayers may also be formed from particles exhibiting
long-range electrostatic repulsion on the surface. A 2-D array of interacting particles
out of contact, similar to the 3-D crystals in deionized suspensions, is formed. A sim-
ilar system was first studied by Pieranski.39 The long-ranged repulsion between 
the particles in the arrays does not come from trivial charge–charge repulsion, as the
microspheres protrude out of the water surface and the distribution of charges across
the interface is highly asymmetrical. Pieranski suggested a model of dipole–dipole
electrostatic repulsion between the particles.

Aveyard et al.40 have characterized in detail the surface pressure isotherms and
the structure of sulphate latex monolayers on air–water and octane–water interfaces.
Due to the low contact angle, �aw, of the particles at the air–water surface (�30°),
the microspheres are almost completely submerged in the water and the repulsive
forces are relatively weak. The particles form a hexagonal long-ranged ordered
structure, but it is relatively easy to induce collapse and aggregation by adding elec-
trolyte or by compressing them laterally. The situation, however, changes dramati-
cally when the particles are adsorbed at the octane–water interface, where the
contact angle �ow is higher (�70–80°), and large portions of the microspheres are
located in the oil phase, where they strongly repel each other mostly via a Coulombic
force. The microspheres form a very long-ranged hexagonal structure with centre-to-
centre separations that are many times larger than the particle diameter (Figure 7.3(a)).
Interestingly, when this 2-D array is compressed in one direction, it can change into
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Figure 7.3 Examples of the structure of monolayers of 2.6 �m diameter latex
particles adsorbed at an octane–water interface. (a) Non-close packed hexagonal
array formed at low surface pressures due to the long-ranged electrostatic repul-
sion. (b) Anisotropic rhombohedral array of particles compressed close to the col-
lapse pressure of the monolayer where folding occurs. Taken from Ref. [40]; with
permission of the American Chemical Society.



an anisotropic rhombohedral 2-D array (Figure 7.3(b)). The authors derived formu-
lae for the long-ranged interaction potential of the partially submerged particles elec-
trostatically repelling each other through the oil phase. A theoretical surface
pressure–area isotherm was derived that describes the experimental data well. The
extraction and immobilization of such a loose structure formed at an oil–water inter-
face is more complicated. However, the observed highly ordered and eventually
anisotropic 2-D arrays may well be of materials science interest.

An advanced method for the formation of compressed and ordered particulate
layers that are directly transferred to solid substrates has been developed by Picard
et al.41,42 The particles in the “dynamic thin laminar flow device” are adsorbed on
the surface of the thin liquid film surrounding a rotating glass cylinder. The shear
force of the liquid in the film compresses the particles into a densely packed mono-
layer against a Teflon barrier. At first, the monolayer had been transferred onto the 
surface of a wetting film on a hydrophilic glass substrate, and gently deposited on 
the surface of the substrate by drying.41 Subsequently, the apparatus was modified 
to the direct deposition of monolayers onto solid substrates.42 This modification
allowed the use of both hydrophilic and hydrophobic plates as substrates, and the 
formation of multilayers by subsequent deposition of monolayers on top of each other.
The method has also been applied with some success to the deposition of latex
microspheres as small as 50 nm and of protein monolayers.41 More recently, Reculusa
and Ravaine have demonstrated the fabrication of 3-D colloidal crystals of various
thicknesses from silica particles by means of multiple use of the Langmuir–Blodgett
technique as a means of controlling the thickness.43

A qualitatively different approach to particle crystallization on interfaces is to
use attractive interactions that lead to particle clustering and ordering at the inter-
face. The ubiquitous van der Waals attraction could make particles stick together.
The van der Waals interaction, however, is difficult to control and often leads to
irreversible aggregation; thus it is preferable to use controllable long-range attrac-
tive forces. One class of such interactions is the capillary forces that emerge
because of the deformation of the liquid interface around the particles. A detailed
explanation of these forces is given in Chapter 3 of this book. Colloidal particles of
diameter bigger than 5–10 �m can be directly deposited on the interfaces by
spreading a drop of suspension in an evaporating solvent and can deform the sur-
faces enough to bring them together.

Onoda was one of the first to describe the phenomenon of particle organization 
on surfaces by attractive forces.44 He found out that surfactant-stabilized latexes of
1–15 �m in size spontaneously form ordered clusters that become stable above a 
certain number of microspheres in the “nucleus” (�14 for 2 �m in diameter). This
process bears resemblance to molecular 3-D crystallization from solution where a cer-
tain size of the nuclei is required before the crystal growth can proceed. The author
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points out that van der Waals and capillary interactions may exist in his system. The
van der Waals attraction is possibly the predominant cause of particle clustering while
the capillary forces may be of significance only in cluster–cluster interactions.

A similar process of spontaneous 2-D crystallization of floating silica micros-
pheres was reported by Kondo et al.45 This study has been performed with silica par-
ticles coated with alkoxyl chains floating on the surface of benzene (see Chapter 2).
The quality of the 2-D arrays strongly depends on the length of the alkoxyl chain in
the particle coatings. Disordered, fractal aggregates are formed with untreated silica,
changing to short-range-ordered incomplete layers with butyl and decyl chain-coated
spheres and to a dense ordered multi-crystalline monolayer when the silica micros-
pheres are covered by dodecyl chains. Again the attractive van der Waals forces are
expected to be predominant and the attractive capillary interactions are deemed
important during the approach and merging of the initially formed clusters. This
behaviour is widely analogous to the 3-D crystallization of proteins and colloids that
takes place only within a certain window of slightly attractive interactions.46–49

The particle collection and assembly at surfaces can be speeded up and con-
trolled by magnetic forces. Dimitrov et al.50 studied the behaviour of paramagnetic
polystyrene microspheres attracted by external magnetic fields to air–water and
glass–water interfaces. The major forces behind the formation of the patterns
appear to be the lateral component of the magnetic field opposed by the induced
dipole–dipole repulsion. Lateral magnetic forces have also been used recently for
assembling arrays from floating millimetre-size particles.51 Thus, while a large
variety of techniques for particle collection on free liquid interfaces has been
reported, many alternative methods for faster and controlled assembly and
deposition could still be developed. This may also make possible the deposition of
layers from more complex particles with magnetic, electronic or photonic func-
tionality.

7.3 Materials from Colloidal Structures Assembled between 
a Solid and a Liquid Interface

The most simple and facile method of assembling particulate materials from
liquid films is the deposition of coatings on solid surfaces from wetting films of
particle suspensions (Figure 7.1(c)). Ordered structures formed upon drying
of latex suspensions52 or protein solutions53,54 have been observed and reported
more than half a century ago. Assembly of super-lattices from nanocrystals has
been observed more recently.55,56 In this section we will first discuss the mecha-
nism of convective assembly, driven by the evaporation of the solvent in the films,
and then present the wide variety of structures formed by modifications of the
method.
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7.3.1 Basics of convective assembly

The mechanism of convective assembly in wetting films on solid substrates (Figure
7.1(c)) has been established following detailed investigations on particle dynamics
during the controlled drying or dewetting process in model cells (Figure 7.4).57,58

The schematics of the original experimental cell, where the trajectories of the sus-
pended particles were observed directly, is shown in Figure 7.4(a). A drop contain-
ing latex microspheres is spread over a hydrophilic glass surface. The wetting film
is formed inside a Teflon ring with an inclined edge on the inner side. The inclined
edge guides the formation of a concave meniscus which is very important for 
the assembly process. The particles begin to assemble in the centre of the cell when
the thickness of the drying film becomes approximately equal to their diameter. The
drying of the film in the centre brings about water influx from the surrounding
meniscus towards the 2-D particle crystal (Figure 7.4(a)). Particles from the bulk
suspension are dragged by this convective flow to the front of the arrays and
become incorporated into the growing crystals. The front of the ordered array
moves on as new particles arrive and the thin dried film expands outwards. The
water evaporation is facilitated by the large surface of the growing crystal. A well-
known snapshot of the growing 2-D array with the trajectories of the particles
moving towards is shown in Figure 7.4(b).58 A more detailed view of this process
is presented in Figure 7.5. Slower evaporation and thicker menisci lead to the for-
mation of ordered multilayer deposits, while thinner films and quick evaporation
lead to the rapid growth of hexagonal monolayers.59

The solvent flowing from the bulk suspension transports the particles to the crystal,
which acts as a filter for the incoming particles. Due to its concave shape, the menis-
cus cross-section decreases close to the crystal front. As a result of decreased volume,
the particles go through a strong concentration gradient, which most likely induces a
pre-ordering (or pre-crystallization) close to the crystal front. The evaporating solvent
in the drying crystal forms capillary necks between the particles in the arrays. In addi-
tion to shrinkage of the particles, these capillary necks could cause strong attraction
between the particles and may be responsible for crack formation after drying.60

In contrast to the 3-D assembly in the bulk of strongly deionized suspensions,
the long-ranged electrostatic repulsion and the other classic intermolecular forces
are less important in the convective assembly. These colloidal forces, however,
play an important role in the case of nanoparticles and protein assembly. The elec-
trostatic repulsion between the charged microspheres, and between the micros-
pheres and the substrate, also assures that the particles do not coagulate or adhere
to the surface. The lateral capillary forces are important mostly at the nuclei forma-
tion stage when the first particles protrude the surface of the thinning film.58,61 By
using paramagnetic microparticles, Helseth and Fischer have demonstrated that
the capillary forces are of importance for understanding the attraction between the



Evaporation rate
controlled via
T gradientTeflon wall

Evaporation

Thermostated at T2 � T1

Thermostated at T1

Capillary immersion force

Evaporation from array
drives water influx

Meniscus shape
controlled via liquid in/outflux

Liquid

(a)

Figure 7.4 2-D assembly of colloidal particles by liquid convection in a
drying/dewetting liquid film. (a) Schematic of the original cell for 2-D assembly
of latex particles and the possible routes to control the process by the evaporation
rate and liquid film thickness.58,65 The side view below shows the action of the
capillary forces that leads to the final arrangement of the crystal. (b) Optical micro-
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microspheres are carried by the flux caused by the evaporation of the solvent and
are incorporated in the growing crystal (bottom right). The worm-like traces on
the top left are the actual trajectories of the particles moving during the exposure
period. Taken from Ref. [57]; with permission of the Nature Publishing Group.
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Figure 7.5 Detailed mechanism of assembly of particles in a thin wetting film on
a vertical substrate. (a) Schematic presentation of the process leading to the for-
mation of a multilayer colloidal crystal by the convective flow from the bulk sus-
pension towards the drying crystal. The picture on the far left illustrates the
possible mechanism for the preferred growth of fcc crystal packing (see text).
(b) Illustration of the types of attractive capillary forces, which are not critical in
the process, but lead to re-arrangement of the particles in the drying zone.

particles near the contact line of liquid drops.62 The mechanisms of assembly in
wetting films on a solid substrate are also operative in the case of 2-D assembly on
liquid substrates such as fluorinated oil63 or mercury.61

A major breakthrough has been the linear deposition of crystals over relatively
large surfaces. The convective assembly process can be performed in horizontal, ver-
tical or other inclined positions of the substrate. The meniscus can be driven by liquid
withdrawal by evaporation only or with the aid of a moving barrier. Dimitrov and
Nagayama constructed a set-up where a glass plate is withdrawn vertically at a con-
trolled speed out of a cuvette holding the microsphere suspension.64,65 The convective
assembly takes place in the meniscus between the liquid surface in the cell and the
vertical plate. The authors have performed a simplified balance of the aqueous and
particle fluxes leading to the growth of the crystalline area and have suggested the fol-
lowing formula for the rate of substrate withdrawal, vw (experimentally adjusted equal
to the rate of crystal growth)65
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where � is a coefficient of proportionality between the velocity of the particles and
the velocity of the aqueous flux around them, l is the “evaporation length” or the
equivalent distance where the evaporation takes place from within the particulate
array, � and � are the volume fraction of the particles in the suspension and in the
ordered array respectively, hk is the thickness of the deposited crystalline film (for
monolayers hk is equal to the particle diameter, D) and Je is the evaporation flux per
unit area in the drying film. Prevo and Velev59 have simplified this formula further
and have proved that it is valid for a wide range of withdrawal velocities and arbi-
trary thicknesses on the coatings deposited. They investigated the thickness and
structure of crystal multilayers deposited at systematically varied meniscus with-
drawal rate and particle volume fraction and constructed an “operational phase dia-
gram” that relates these parameters to the number of layers and symmetry of the
deposited crystal layers. Detailed theoretical calculations of the speed of 2-D crys-
tal growth have been attempted by Dushkin et al.66,67 Independently, a theoretical
study of the general dynamics of the film thickness profile, particle accumulation
and movement of drying fronts in latex films was published by Routh and Russel.68

Recently, Noris et al.69 suggested a possible mechanism for the preferred face-
centred cubic (fcc) stacking observed in colloidal crystals formed by this mech-
anism. They hypothesized that the solvent flow through the pore space of close
packed spheres plays a major role in the evaporation-driven crystal formation. The
placement of particles on the growing crystal may be directed by the difference in
the flow strength between “clear” and “obscured” niches (Figure 7.5(a), left inset).
An fcc packed crystal may be formed if each subsequent layer of spheres is
deposited exclusively at the clear niches where the flow rate is higher.

7.3.2 Applications of convective assembly

The convective assembly technique has been applied to the fabrication of 2-D and 3-D
structured materials on all length scales, from microparticles to nanoparticles and pro-
tein molecules. The simplest example is a drying wetting film from latex suspensions
on solid substrates; this process is interesting due to its practical application in paint-
ing and coating. Latex microspheres can be assembled into monolayers of 2-D arrays
of particles, complex 2-D patterns, thin layers and thin colloidal crystals. Convective
assembly has been performed both on homogeneous substrates and on substrates that
have been chemically or physically patterned. Applied sequentially, it allows the cre-
ation of supra-crystals and binary crystals of particles of two different sizes. Several
strategies for the fabrication of 2-D and 3-D assemblies are discussed below.

7.3.2.1 2-D and 3-D colloidal crystals

Even during simple evaporation of a drop of a suspension on a solid surface, one
observes that the particles contained in the droplet are deposited in the vicinity of the
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receding contact line of the drying drop. Adachi et al.70 have experimentally studied
the circular patterns deposited by drying latex droplets on glass surfaces. A non-linear
model of the jump-wise contact line movement that leads to the formation of “striped”
deposits is developed. The formation of such “coffee ring” deposits by drying 
drops has been examined by Deegan et al.71 In a similar way, Maenosono et al.72

obtained and investigated rings of semi-conductor nanoparticles. Ring-shaped
structures from particles can also be created during expansion of the contact line;
when a thinning suspension film breaks, the receding contact line around the grow-
ing hole may collect the particles into an annular ring-like array.73 The simplest
way to obtain uniform monolayers from droplets, instead of a multilayered “coffee
ring”, is to spread out the droplet before drying.74 This can be achieved by spin-
coating.75–78 By varying the particle concentration and spin speed, monolayers and
bilayers of hexagonal packing could be fabricated.79

The cell for radial growth of 2-D crystals has been applied by Dushkin et al.80,81

to the formation of crystalline multilayers from sub-micrometre (55- and 144 nm-
sized) particles on glass and mica substrates, and study of their optical properties.
A simple combination between the drying of spread droplets and the convective
assembly method was suggested by Micheletto et al.82 Droplets of latex suspen-
sion were spread onto the surface of a slightly tilted (�9°) glass plate. The evap-
oration starts from the top side of the droplet and the crystal grows downwards
until a transition to disordered multilayers occurs about halfway through the orig-
inal droplet length. The technique was used to estimate the role of particle polydis-
persity in the formation of latex arrays on silicon substrates.83

Dimitrov and Nagayama have shown how, by withdrawing a glass plate vertically
from a cuvette with a suspension, one can construct a quasi-stationary process that
allows coating of large areas.64,65 A convenient and simple modification of this tech-
nique was later developed by Jiang et al.84 The substrates were immersed into vials
with a dispersion of silica microspheres in ethanol (1–4 vol.%). After allowing slow
evaporation of the ethanol from the suspension at a constant evaporation rate, homo-
geneous coatings of multilayer colloidal crystals up to a few centimetres in size were
fabricated. Several examples of crystals from different types of colloidal particles fab-
ricated by this method are shown in Figure 7.6. The number of crystal layers depends
linearly on the particle volume fraction and on the inverse particle diameter, i.e. the
bigger the particles, the smaller the number of layers in the crystal. The method has
been applied to the assembly of different types of colloidal particles including core-
shell ones (Figure 7.6(d)).85 The vertical convective assembly can be used for the suc-
cessive deposition of multiple layers on top of the crystal formed from a previous
deposition. This allows the fabrication of crystals many tens of layers thick.86,87 The
method was further extended to a layer-by-layer deposition of particles of two differ-
ent sizes.88 The growth of binary crystals will be discussed later in this chapter.
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(a)

(b) (c)

(d)

5 µm

Figure 7.6 SEM micrographs of colloidal crystals assembled from different close
packed colloidal particles. (a) Silica particles (diameter 220 nm) building a 12
layer thick crystal assembled on a glass substrate. Top view showing the (111)
crystal plane (cracks formed after drying are clearly visible). The inset shows a
Fourier transform of a 10.76 � 10.76 �m2 region. Courtesy of K.P. Velikov. (b)
Side view of a thin colloidal crystal as seen from the top in (a). (c) Large silica
spheres (diameter 855 nm) assembled directly on a silicon wafer. Taken from Ref.
[90]; with permission of the Nature Publishing Group. (d) ZnS (core)-SiO2 (shell)
colloidal particles of total radius 128 nm with a 44 nm shell. The scale bar is 2 �m.
Taken from Ref. [85]; with permission of the American Institute of Physics.
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A major challenge in the convective assembly on vertical substrates is the depos-
ition of large particles where solvent evaporation must compete with sedimentation.
Large particles sediment rapidly and cannot be confined in the drying meniscus.
Three principal approaches for keeping sedimenting large spheres suspended during
the deposition process have been proposed: mechanical agitation,89 convection
induced by a temperature gradient90 and isothermal heating evaporation.91 Mechanical
agitation was used by Ozin et al. for crystallization of large silica spheres within sur-
face relief patterns on optical microchips.89,92 In another approach developed by 
the same group, low pressure was used to accelerate ethanol evaporation and to 
counteract sedimentation.93 This method appears successful for assembling poly-
styrene latex spheres of size up to 1.5 �m; however, counteracting the sedimentation 
rate of faster sedimenting silica colloids of ca. 
 1 �m in size seems to be quite 
challenging.

Vlasov et al.90 addressed this problem in coating silicon wafers placed vertically
in a vial containing a suspension of silica spheres (855 nm in size, 1% by volume) in
ethanol. Vertical flow was generated by a temperature gradient across the vial (from
80°C at the bottom to 65°C near the top). This approach yields up to 20-layer-thick
crystals that coat centimetre-scale areas of the Si wafer (Figure 7.6(c)). The authors
speculated that the improved quality of these samples is due to a meniscus-induced
shear that aligns the close packed layers into an fcc crystal during deposition.94

Several other groups have reported similar results obtained by heating sphere disper-
sions.95–97 Wong et al. proposed an isothermal heating method,91 whereby heating
the solvent (ethanol) very close to the boiling point (79.8°C) is able to keep spheres
suspended in the dispersion by convective flows, and the time of growth is shortened
to about 1 h for centimetre-size films. In order to obtain thick colloidal crystal films,
high concentrations of silica sphere dispersions (up to 25 wt. %) had to be used. The
thickness of the crystals produced by isothermal heating is about a factor of 2 smaller
than that reported by Jiang et al. for natural ethanol evaporation.84

The quality of the crystals deposited by various convective assembly techniques
has always been a major research problem. Abundant defects such as vacancies,
crystal boundaries and stacking faults form during the self-assembly process. It is
commonly accepted that the polydispersity of colloidal spheres should be smaller
than 2% to minimize crystal imperfections, as required for demanding optical
applications. Wong et al. demonstrated that the polydispersity may not be a very
indicative predictive parameter for the order of the colloidal crystal films contain-
ing a minor amount of impurity particles with appreciably different sizes.91 They
conclude that exhaustive purification of silica spheres is necessary for producing
high-quality colloidal crystals.

The second major problem on the road to the elusive photonic materials is the for-
mation of cracks in the colloidal crystals due to shrinkage during drying. Chabanov



et al.60 reported that this can be avoided by sintering of the silica spheres as dry
powders at temperatures as high as 600°C; cracks do not appear in a subsequent
infiltration step. In addition, they found that the heat treatment of the silica spheres
can significantly change their refractive index, depending on the temperature and
their solvent history.

Most of the approaches described work well only for low volume, laboratory-
scale crystal deposition. Their scaling-up to an industrial-scale mass fabrication is
difficult because the process is very slow, and it is difficult to control the uniformity
or crystalline thickness over large areas. To address this problem, Velev and Prevo
developed an operational basis for rapid and controlled deposition of crystal coat-
ings from particles of a wide size range.59 They fabricated colloidal crystal coatings
by dragging with constant velocity a small volume of highly concentrated suspen-
sion confined in a meniscus between two plates. The two major process parameters
that allow control over the coating thickness and structure were the deposition speed
and particle volume fraction. The evaporation rate was not found to affect the process
to a large extent. The method has been proven to work for both latex microspheres and
gold nanoparticles.98 Jiang and McFarland99 reported the use of the spin-coating
technique for rapid fabrication of high-quality wafer scale size colloidal crystals.
They used a dispersion of monodisperse silica colloids in triacrylate monomer that
was spin coated onto a variety of substrates. The method allows the fabrication of
colloidal crystal–polymer nanocomposites with highly uniform thickness that can
be controlled simply by changing the spin speed and time.

7.3.2.2 Convective assembly of nanoparticles and nanocrystals

The field of assembly of nanoparticles and nanocrystals is developing rapidly, driven
in part by the unique physical properties of nanoscale domain materials. The 
important quantum size effects in these materials are discussed in many recent
reviews.100–109 The first 2-D and 3-D assemblies were observed with Ag2S and CdSe
nanocrystals.55,56,110–112 Since then, several groups have succeeded in preparing vari-
ous self-organized lattices of silver, gold, cobalt and cobalt oxide nanoparticles 
(e.g. see Refs. [100–109] and references therein). An example of a highly ordered 
2-D crystal from gold nanoparticles113 is presented in Figure 7.7(a). Most structures
have been assembled from nanocrystals stabilized with alkanethiols deposited by
evaporation of the suspension on a solid substrate or by using the Langmuir– Blodget
technique.32–34,114,115

A variety of nanoparticle super-lattice structures has been observed at different
deposition conditions. For example, circular monolayer domains surrounded by
regions of bare substrate have formed from silver,116,117 gold,112 CdS72 and barium
ferrite118 nanocrystals. The formation of these structures has been correlated to
either substrate and nanoparticle wetting characteristics72,112,116,117 or magnetic118
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properties. Shafi et al.119 have observed that barium ferrite nanoparticles can com-
bine into “Olympic rings” (intersecting rings of diameter 0.6–5 �m). The intersection
of two rings is not immediately understandable, as it contradicts the proposed mecha-
nism for ring formation in drying holes. The mechanism of intersected ring building
has been attributed to the interplay of magnetic forces with regular particle–substrate
interactions. Maillard et al.120,121 found that the formation of rings of nanoparticles
(silver, copper, cobalt and silver sulphide) in the micrometre range is related to
Benard–Marangoni instabilities in the liquid films. Tripp et al.122 showed that Co
nanoparticles can self-assemble in similar rings as a consequence of the following
processes: dipole-directed self-assembly (typically 5–12 particles, ring diameter
between 50 and 100 nm) and evaporation-driven hole formation in viscous wetting
layers (ring diameter ranging from 0.5 to 10 �m). Govor et al.123 presented exper-
imental evidence for phase separation in a thin film of a binary mixture that includes
polymer and CoPt3 nanoparticles with a stabilizer. This phase separation was
found to give rise to self-organized rings of nanoparticles of diameter ranging from
0.6 to 1.5 �m.

Wyrwa et al.124 have described 1-D arrangements of metal nanoparticles at the
phase boundary between water and dichloromethane. Under other assembly condi-
tions, large “wires” composed of silver nanoparticles were observed.125 The degree
of self-organization has been found to vary with the length of the alkyl chains stabi-
lizing the nanoparticles.126 Stowell and Korgel127 reported that sterically stabilized
gold nanocrystals self-assemble into hexagonal networks or 2-D honeycombs during

(a)

200 nm

(b)

30 nm

Figure 7.7 TEM micrographs of 2-D arrays from nanoparticles and proteins. (a)
Highly ordered gold nanocrystal monolayer. The inset shows a fast Fourier trans-
form of the 2-D crystal. Taken from Ref. [113]; with permission of the American
Institute of Physics. (b) Apoferritin grown on the surface of a glucose solu-
tion.36,153,155 Courtesy of H. Yoshimura, Nagayama Protein Array Project.



drop casting of a dispersion onto a substrate. By changing the particle concentration,
the microscopic morphology of self-assembled structures can be tuned from rings at
high concentrations to honeycombs at low concentrations.

It has been demonstrated that 3-D super-lattices of nanocrystals are often organized
in an fcc structure.55,56,110,111,128,129 In other cases, the particles pack in a hexagonal
lattice.130,131 The physical properties of 2-D and/or 3-D assemblies of silver nanocrys-
tals differ from those of isolated nanoparticles.112,129,132–136 These changes in the phys-
ical properties are due to the close vicinity of nanocrystals in the super-lattice.135,137,138

Furthermore, the electron transport properties change drastically with the nanocrystal
organization.118,139

It is accepted that these self-assembly processes occur at the liquid–substrate
interface,109 where the competing effects from the diffusion of nanocrystals along
the substrate and solvent dewetting could lead to pattern formation at conditions
far away from equilibrium.140 Narayanan et al.113 found that highly ordered 2-D
assemblies are formed at the liquid–air surface of droplets during solvent evap-
oration. Changing the solvent evaporation rate can influence whether 2-D or 3-D
assemblies will be formed using the same colloidal nanocrystals. A slower initial
evaporation rate could allow the nanocrystals to diffuse away from the gas–liquid
surface before the concentration reaches its critical value for 2-D crystallization.
The formation of 3-D assemblies will then occur in the bulk of the droplet. At a
faster initial evaporation rate the nanocrystals will accumulate at the 2-D liquid–air
surface and eventually induce 2-D crystallization. Obviously, convective processes
are present in such systems. The control of the convective assembly process can
lead to the deposition of large areas of uniform films from as-synthesized “naked”
Au nanoparticles.98 These films have controllable electrical and optical properties.

Shah et al.141 have studied the time-dependent structural reorganization of mono-
layers of gold nanocrystals deposited from liquid carbon dioxide. By comparing the
translational and orientational correlation functions and a translational order param-
eter with a computer-simulated equilibrium state, they found that the nanocrystal
organization kinetics is slower than single particle diffusion limited assembly and
is most likely dominated by crystal organization. Compressed carbon dioxide is an
interesting assembly medium as it has variable density and does not exhibit dewet-
ting instabilities; this may allow deposition of spatially continuous monolayers at
fast evaporation rates.

7.3.2.3 Assembly of protein layers in wetting films

The convective assembly and monolayer adsorption techniques can also be used
for the assembly of 2-D layers of proteins. This vast field will only be exemplified
here. The proteins behave to some extent as colloidal particles, but also have a
rich functionality and range of bio-specific interactions. The strategies for 2-D
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protein crystallization are diverse and include chemical and physical modifica-
tion of the surfaces, by e.g. using charged lipid layers, orienting of the proteins
by specific binding and modifying both the non-specific and specific-colloidal
interactions.

Price et al.53 found by electron microscopy that an aqueous suspension of a
purified plant virus evaporated on microscopy grids had formed 2-D (and some-
times 3-D) crystals. Crystals from other plant viruses were obtained by this simple
method.142,143 Horne and Ronchett144 later formulated the negative staining carbon
film protocol for preparing 2-D arrays of viruses and proteins. As a necessary step
this method involves spreading and drying of a suspension on a solid substrate.
Many 2-D crystals of various viruses145 and proteins146–148 have been observed.

Ferritin has been one of the most studied model proteins for 2-D crystallization.
This high molecular weight protein has a spherical shape and core from biomineral-
ized iron (Figure 7.7(b)).149 The first report on 2-D ferritin crystallization was based
on protein attraction to lipid monolayers of opposite charge at an air–water sur-
face.150 More recently ferritin has been crystallized on clean water surfaces by the
“spreading” method of Yoshimura et al.36,151–153 The protein solution is injected
below the surface of a denser glucose-containing sub-phase, upon which it sponta-
neously spreads by buoyancy. The existence of a thin adsorption layer of denatured
and unfolded protein segments on the surface has been observed and believed of
importance for the crystallization process.36,151

The large spherical shape of ferritin makes it possible to treat this molecule as a
small colloidal particle and apply the convective crystallization technique to form
2-D crystals. Ferritin has been crystallized in 2-D by using convective assembly in
thin wetting films on solid and liquid supports.152,154 However, ferritin also has some
specific and directional interactions that can be triggered in appropriate environ-
ments. Typically, the crystallization is enhanced by the presence of ca. 10 mM of
Cd2� ions that specifically contribute to the short-range electrostatic binding of the
neighbouring molecules in the arrays.153,155 Site-directed mutagenesis of apofer-
ritin, the iron-less precursor of ferritin, can lead to the change of the original
hexagonal lattice to ones of oblique and square symmetry.151,153

Streptavidin is another protein that has been widely crystallized on liquid inter-
faces. Streptavidin and its homologous glycoprotein, avidin, are well known for their
high affinity to biotin, a low molecular weight compound.22,156 Biotin can easily be
conjugated to various lipids. Thus lipid monolayers and bilayers with biotin on their
surface can be formed, that can attach avidin and streptavidin.22,157,158 The tetragonal
streptavidin crystals grow in a variety of dendritic and “butterfly” shapes. These strep-
tavidin arrays can serve as precursors for the formation of multilayered and function-
alized arrays via the two binding sites on the opposite side of the monolayer. Various
assemblies and devices based on 2-D streptavidin crystals have been reported.159
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A big group of “S-layer” proteins, used by bacteria to build cell envelopes, has been
designed by nature as self-assembling 2-D arrays. These proteins possess “side-on”
specific-binding sites (operating mostly by H-bonds) that guide their spontaneous
assembly into stable, highly crystalline lattices.160–164 The symmetry of the lattices
varies within the different species from oblique to square and hexagonal.160–164 These
proteins can be easily re-crystallized in suspension or onto various supporting sur-
faces including Langmuir–Blodgett films, liposomes, silicon wafers, etc.160–165

The assembly of 2-D protein crystals is key to the study of the fundamentals of
protein–lipid and protein–protein interactions.22,166 In structural biology, 2-D pro-
tein arrays are used for determining the 3-D structure of the proteins by electron
crystallography.167 The processing of the diffraction image by computers allows
reconstruction of the 3-D conformation of the protein molecules from the X-ray
diffraction pattern of the 2-D crystal. The method has specific advantages for char-
acterizing membrane proteins, protein–lipid complexes and complex membrane
structures that are not prone to 3-D crystallization. Protein arrays have found appli-
cation in biosensors,168 ultrafiltration membranes,161,163,165 surface patterning and
functionalization,161 and have potential in advanced catalysis, memory storage and
energy conversion devices.152 Details on the numerous 2-D crystallization strat-
egies for many proteins are available in the literature.22,147,163,166,169

7.3.2.4 Binary particle crystals

A mixture of particles of two sizes can self-organize into 2-D170 and 3-D171–174

binary crystals, which can have different stoichiometries and crystal symme-
tries depending on the size ratio and concentration. Binary colloidal crystals of 
large (L) and small (S) particles were first observed in nature. Two types of struc-
tures, with stoichiometry LS2 (atomic analogue AlB2) and LS13 (atomic analogue
NaZn13), were found in Brazilian opals.171 Later, binary crystals with particles of
different size ratio (RS/RL) were observed in suspensions of charge-stabilized poly-
styrene175 and of hard-sphere-like polymethylmethacrylate (PMMA) particles.174

Geometrical packing arguments can be used to predict which crystal phase will
form if volume fractions are significantly higher than the equilibrium volume 
fractions.171,172 Computer simulations have also shown that entropy alone is suffi-
cient to cause bulk crystallization of LS2 and LS13 crystals from a mixture of hard
spheres of two sizes.176 Interestingly, binary crystals from proteins have not been
observed yet.

Several observations of assembly of 2-D and 3-D binary crystals in dewetting/
drying films on solid substrates have been reported. An advantage of using the con-
trolled drying method is its simplicity: both 2-D and 3-D assemblies can be pre-
pared simply by placing a drop of a colloidal dispersion of monodisperse particles
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on a flat substrate and allowing the solvent to evaporate slowly. Ohara et al.112

reported observations of reversible 2-D assembly of polydisperse gold nanocrystals
from suspension. The structures are characterized by hexagonal domains of large par-
ticles at the centre, surrounded radially by successively smaller particles. Antonietti 
et al.177 studied the 2-D assembly during drying under controlled conditions of dilute
suspensions of polydisperse polystyrene microgel particles (5–50 nm) in organic sol-
vents. The resulting “Zenon”-packed structures can be described as a special form of
a regular lattice. A systematic variation of the solvent quality and the surface ten-
sion of the suspension showed that the ordering is driven by size-dispersive van der
Waals attraction between the particles.

The formation of small 2-D binary crystals was originally observed in a mixture
of alkanethiol-derivatized gold nanoparticles (Figure 7.8(a)).170,178 Three different
types of self-organization are recognized. First, in the mixture of particles with size
ratio equal to 0.58, binary 2-D crystals with a local stoichiometry corresponding to
LS2 formed. For a size ratio �0.48, segregation into two hexagonal closed packed
2-D crystals was observed. Large particles with similar radii of size ratio �0.87
form a random 2-D alloy. These results are consistent with the results obtained for bulk
crystallization of binary colloidal crystals and for inter-metallic alloys. Subsequently,
2-D binary crystals of LS stoichiometry were observed in the same system (Figure
7.8(b)).179

The formation of binary 2-D crystals from nanoparticles, in addition to entropic
factors, is a result of the balance of attractive van der Waals and repulsive steric
forces. Capillary forces operating in thin liquid films may also lead to size segrega-
tion.180 Some mixtures of bidisperse hard spheres organize into 3-D super-
lattices driven entirely by the entropic gain,181 and it has been speculated that the
same was true for the 2-D lattices.178,182 However, it was shown that ordered lattices
of bidisperse particles cannot form with hard-sphere interactions183 and only LS (but
not LS2) crystals form with soft-sphere interactions.184

Shevchenko et al.185 reported a trilayer super-lattice of magnetic CoPt3
nanoparticles of two different sizes (4.5 and 2.6 nm) consistent with the LS5 struc-
ture (Figure 7.8(c)). Redl et al.186 reported the next logical step in the development
of nanoparticle-based binary crystals – the preparation of 3-D superstructures from
materials with distinctly different properties (PbSe and Fe2O3 nanocrystals).
Precisely ordered, large single domains (up to 2 mm2) of LS2 and LS13 super-
lattices were obtained by simply allowing the solvent (dibutyl ether) to evaporate
overnight. Co-crystallized assemblies of PbSe and �-Fe2O3 nanocrystals were pre-
pared following the examples of binary crystals from colloidal particles.172,173,187,188

The LS2 and LS13 super-lattices of best quality have been formed at a size ratio � 0.58,
which is in good agreement with the calculated value for the assembly of micrometre-
sized colloidal hard spheres.176 A projection of the (001) plane of 3-D LS2 binary
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(b)
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(c)
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(a)
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q p

Figure 7.8 TEM micrographs showing examples of binary crystals from nanopar-
ticles. (a) LS2 2-D crystals from Au nanoparticles of two distinct sizes with size
ratio � 0.58. The super-lattice planes marked as p and q have a measured inter-
planar angle of 30° and average periodicities of 13 and 8 nm, respectively. Taken
from Ref. [170]; with permission of the Nature Publishing Group. (b) Section of a
2-D LS (NaCl-type) super-lattice of two different size silver nanoparticles stabi-
lized by decanethiol. Taken from Ref. [179]; with permission of Wiley-VCH. (c)
Trilayer LS5 super-lattice (isostructural with CaCu5) of CoPt3 nanoparticles of two
different sizes (4.5 and 2.6 nm). Taken from Ref. [185]; with permission of the
American Chemical Society. 
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crystals of 11 nm �-Fe2O3 and 6 nm PbSe nanoparticles is shown in Figure 7.8(d).
A transmission electron microscope (TEM) image of the (100) plane projection of the
LS13 super-lattice, with each large Fe2O3 nanoparticle surrounded by eight small PbSe
nanocrystals to form a square array, is shown in Figure 7.8(e).

Velikov et al.88 reported the first fabrication of binary colloidal crystals using a
controlled drying process on a vertical substrate in a layer-by-layer process. A 2-D
hexagonal close packed (hcp) crystal of large silica spheres (406 nm) was used as a
template, on which small silica (202 and 220 nm) or polystyrene (394 nm) particles

(e)

40 nm

(d)

20 nm 100 nm

Figure 7.8 (continued) (d) Projection of the (001) plane of 3-D LS2 binary crystals
(isostructural with AlB2) of 11 nm �-Fe2O3 and 6 nm PbSe nanocrystals built up of
alternating layers of large and small particles. The insets show a high magnification
(left) and a fast Fourier transform (right). Taken from Ref. [186]; with permission of
the Nature Publishing Group. (e) Depiction of a (100) plane on an LS13 super-
lattices (isostructural with NaZn13) of 11 nm �-Fe2O3 and 6 nm PbSe nanocrystals.
Taken from Ref. [186]; with permission of the Nature Publishing Group.



were deposited (Figure 7.9). They studied a narrow range of size ratios, 0.48–0.54,
where the formation of the LS2 structure was expected on the basis of experimental
observations in bulk crystallization173,174 and on packing arguments.172,187

For a size ratio � 0.54 and a relatively high volume fraction (� � 4.3 � 10�4),
a slightly corrugated but “complete” close packed layer of small particles on top of
the large ones was observed. Decrease of the volume fraction (to 2.1 � 10�4) led
to the formation of large (�200 �m2) areas still with hexagonal but more open
packing with three neighbours (Figure 7.9(b)); the small spheres filled in all the
hexagonally arranged crevices made by the first layer of larger spheres. The next
layer of large particles deposited itself exactly on top of the first layer, which leads
to the formation of the LS2 binary colloidal crystal. Continuation in a layer-by-
layer fashion leads to an LS2 binary colloidal crystal of desired thickness. Further
decrease of the volume fraction led to the formation of another open structure with
hexagonal symmetry. This structure, with stoichiometry LS, is similar to LS2 but
instead of six particles there are now three small particles touching each large one
(Figure 7.9(a)). Binary colloidal crystals of the NaCl type have been predicted to
be a stable phase in bulk crystallization,189 however small crystallites of binary
crystal of stoichiometry LS were only observed recently for the first time.188

A completely different arrangement of the small spheres, in addition to the
already described LS and LS2 structures, for size ratios between 0.48 and 0.5 was
observed.88 At volume fractions (� � 2.1 � 10�4) lower than the one required for
a “complete” coverage on the top of the big particles, each small sphere had four
neighbours (Figure 7.9(c)). Each large sphere was surrounded in a ring by six small
spheres (similar to the LS2 binary crystal), but now the rings were rotated in such a
way that the crevices formed in between the large spheres were filled with three
small spheres arranged in a (planar) triangle or kagomé lattice. So far, the forma-
tion of LS3 binary crystals has not been observed in bulk crystallization.

The complex structure formation in the second layer is the result of the interplay of
geometrical packing constraints, minimization of the surface free energy of the drying
liquid film and surface forces due to the curved menisci. During the drying process, the
partially immersed particles experience attractive capillary forces. The specific pack-
ing that is obtained is determined by the local particle concentration, the symme-
try and orientation of the already deposited layers and local hydrodynamic fluxes.69 A
schematic representation of the process is given in Figure 7.9(d). At sufficiently high
volume fraction the smaller particles form a 2-D hexagonal but not flat layer with lines
of touching particles parallel with the drying front. At slightly lower volume fraction,
�3, complete coverage by the second layer is not possible so that the dark particles (see
Figure 7.9(d)), which are sticking out of the drying film the most, are lost first. This
leads to the formation of a kagomé net (Figure 7.9(c)). At yet lower volume fraction,
�2, the structures formed are again explained by having fewer particles in the drying
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(a)

(b)

Figure 7.9 Binary colloidal crystals grown using a layer-by-layer deposition of
particles. (a) SEM micrograph of a colloidal crystal (size ratio � 0.48) with a sto-
ichiometry LS. Small spheres ordered in an open hexagonal lattice on top of a 
2-D crystal of large spheres. Scale bars � 2 	m. (b) SEM micrograph showing
binary colloidal crystals from silica particles (size ratio � 0.54) with a stoichiom-
etry of LS2. Open packing with hexagonal symmetry occurs where each small
sphere has three neighbours on top of a 2-D crystal of large spheres. Scale
bar � 2 �m.

front and placing them at the lowest available points; the crevices formed by the hexag-
onally arranged first layer are guiding the formation of LS2 structure (Figure 7.9(b)).
At �1 there are even fewer particles in the drying front and now filling up lowest points
in a line parallel to the drying film results in the LS structure shown in Figure 7.9(a).
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Figure 7.9 (continued) (c) SEM image of colloidal crystals (size ratio � 0.50)
with stoichiometry LS3. This is a magnified region with a kagomé net of small
spheres on top of a 2-D crystal of large spheres. Scale bar � 1 �m. (d) Schematic
representation of the structure of small spheres arranged onto a 2-D hexagonal
layer of larger spheres with size ratio � 0.5 as a function of the particle volume
fraction. Particles are lined up parallel to the drying front and go into sites
favoured by the templating effect of the first layer and the forces resulting from
the particle–liquid interfacial tension. The volume fraction, �, determines how
many of the available low lying sites can be occupied. The next layer of large par-
ticles will form LS, LS2 and LS3 binary crystals respectively. Images (a)–(c) taken
from Ref. [88]; with permission of the American Institute for the Advancement of
Science.



Velikov et al.88 also demonstrated the fabrication of non-close packed crystals
with a low packing fraction of � � 0.6046 from single size spheres using binary
crystals of two types of particles. In the first step, a composite LS2 binary crystal of
alternating layers of inorganic (e.g. silica) and organic (e.g. polystyrene) particles
was prepared. Then, the organic particles were removed by burning. This non-
close packed structure is yet another example of how the layer-by-layer method
can be used to create new crystal structures that cannot be grown in bulk. Later on,
Wang and Möhwald190 extended this layer-by-layer approach using spin-coating.
This method provides significant acceleration of the growth process.

Kitaev and Ozin93 used accelerated evaporation-induced co-assembly of binary
dispersions of monodisperse particles with large size ratios to produce hexagonally
closed packed monolayers of large spheres with superimposed patterns of small
spheres confined within the natural surface relief of interstitial spaces in the large
spheres’ lattice (Figure 7.10). In this approach, binary assembly has been possible
for a size ratio �0.225. For larger ratios, smaller spheres do not arrange well
within the interstices. For size ratios �0.3, the small spheres start to disrupt the
ordering of the large spheres resulting in the formation of a totally disordered film.

Binary colloidal crystals formed in thin films provide a rich variety of new struc-
tures and composition, some of which are impossible to achieve by bulk crystalliza-
tion.88,93 These materials could find application in photonic crystals. Although in an
initial stage of development, they also hold promise for making materials responsive
to magnetic, electrical, optical and mechanical stimuli.106

7.3.2.5 Template-directed assembly

Templates have been incorporated in a number of different ways to both direct and
control the assembly of colloidal particles into well-defined structures and aggre-
gates. Liquid droplets have been used by Stöber191 and Velev et al.192–194 to act as
templates to direct and assemble colloidal particles into well-ordered spherical
aggregates. The methods using droplets as a template will be considered in detail
later in this chapter. The use of physical templates to direct the direction of crystal
growth was demonstrated by van Blaaderen et al.195 Two major techniques were
used to create templates: (i) physical and (ii) chemical patterning of the substrate (see
Figure 7.11). A comprehensive review of various unconventional techniques for fab-
ricating complex nanostructures was recently published by Xia et al.196

(i) Physically patterned substrates
Physical templates based on a pre-fabricated relief pattern on the surface of a sub-
strate that dictates and guides the nucleation and growth of colloidal crystals have
been used by many groups.4,7,8,195,197,198 Templates consisting of 2-D arrays of holes
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(a)

(b)

Figure 7.10 SEM micrographs of the surface patterns produced by accelerated
evaporation co-assembly of large (diameter 1280 nm) and small colloidal particles
of different sizes and different volume fractions. (a) size ratio � 0.203, �L
(large) � 0.014, �S (small) � 2.5 � 10�4. (b) size ratio � 0.113, �L � 0.017,
�S � 4.1 � 10�4. Taken from Ref. [93]; with permission of Wiley-VCH.

or trenches can be fabricated using lithography techniques (for an overview of
lithography, see e.g. Ref. [196]). As the suspension dries and slowly dewets the tem-
plate, the particles are pushed into the holes and/or ditches to form densely packed
structures (Figure 7.11). During the liquid dewetting process, capillary and hydro-
dynamic forces are exerted on each particle and also lead to attraction between the
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Figure 7.11 Schematics of the mechanism of template-assisted assembly in dry-
ing liquid films on (a) physically and (b) chemically patterned substrates. (a) A
cross-sectional view of the process of crystal formation, illustrating the action of
the capillary force (Fc) on the colloidal particles next to the rear edge of the liquid
meniscus. (b) Ordering and focusing of particles on patterned solid surfaces of
different wettability due to the action of the lateral capillary force.

particles and between the particle and the substrate (Figure 7.11(a)). The capillary
force is partially directed toward the template, and thus capable of pushing parti-
cles into template holes. The excess spheres are moved along with the dewetting
liquid with the help of hydrodynamic forces. These observations are consistent
with the results of Velikov et al.88 for layer-by-layer templating, starting from a 
2-D layer of colloidal particles. In their study, they noticed that particles in the sec-
ond layer were carried by the capillary forces and liquid flow along the edge of the
liquid layer and placed at the crevices between the hexagonal packed big particles
from the first layer. The maximum number of particles that each template hole can



accommodate and the structural arrangement are determined by the ratio of the
particle size and template dimensions.

Xia et al. demonstrated the use of physically patterned templates in the assembly of
spherical colloidal particles into 1-D and 2-D aggregates with well-defined shapes.4,199

They showed how to make a rich variety of polygonal, polyhedral, spiral and hybrid
aggregates that are difficult (or impossible) to fabricate using other methods (see
Figure 7.12). The aggregates have been assembled from polystyrene spheres using
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(a)

(c) (d)

(b)

�2 �m �3 �m

Figure 7.12 SEM micrographs of aggregates with complex shapes formed by tem-
plating polystyrene spheres against physical templates with different shapes and
dimensions. (a) and (b) 2-D arrays of colloidal aggregates assembled by confine-
ment in templates with cylindrical holes. Scale bars � 2 �m. Taken from Ref. [199];
with permission of the American Chemical Society. (c) 2-D arrays of aggregates
assembled using a template with square holes. Taken from Ref. [199]; with permis-
sion of the American Chemical Society. (d) Arrays of colloidal aggregates assem-
bled in trenches. The arrows in (c) and (d) indicate the flow direction for the liquid
slug. Taken from Ref. [199]; with permission of the American Chemical Society.
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templates with different geometries.196 The depth of the template plays an important
role, leading to the formation of double layer structures. An example of the square
pyramidal clusters is presented in Figure 7.12(e). These micro-clusters can be sintered
together by heating slightly above the temperature of glass transition of the polymer
material. The “welded” aggregates can then be released from the substrate by dissolv-
ing the (photoresist) template, followed by sonication in a liquid bath. The method is
capable of generating complex aggregates with potential use in photonics and elec-
tronics and as model systems in condensed matter physics. However, a noticeable
drawback of this process is the significantly low yield of aggregates.

Two-step deposition allows the formation of even more complex structures. In
the second deposition step, the assemblies resulting from the first deposition step
serve as templates with newly defined geometrical parameters. Increasing the con-
centration of colloidal particles also affects the assembly process and leads to more
complex structures. Examples of aggregates of spherical particles assembled at rela-
tively high particle concentrations are shown in Figure 7.12(f). Physical templates
have been employed by several groups for directing the orientation of colloidal
crystals obtained by convective self-assembly.197,200–203 Yin et al.203 employed 2-D
regular arrays of square pyramidal pits or V-shaped grooves etched into the sur-
faces of Si (100) substrates for the fabrication of large colloidal crystals with their
(100) planes oriented parallel to the surfaces of the supporting substrates. The
capability and feasibility of this approach has been demonstrated by crystallizing
spherical colloids (�250 nm) into (100)-oriented crystals over areas as large as
several square centimetres (see Figure 7.13(a)).

(e)

�2 �m

(f)

�3 �m

Figure 7.12 (continued) (e) Double layer array of square pyramidal clusters 
in pyramidal cavities. Taken from Ref. [4]; with permission of Wiley-VCH. 
(f) Complex aggregates assembled in cylindrical holes at high particle concentra-
tion. Taken from Ref. [4]; with permission of Wiley-VCH.



Materials from Colloidal Structures 259

(a)

(b)

Figure 7.13 SEM micrographs showing examples of the use of physical templates
used to grow colloidal crystals. (a) Three layers of a (100)-oriented colloidal crys-
tal arranged on square pyramidal pits that were patterned in the surfaces of Si(100).
Scale bar � 2 �m. Taken from Ref. [203]; with permission of the American
Chemical Society. (b) One layer of colloidal particles arranged on a square sym-
metric pillar-shaped silicon template. Scale bar � 500 nm. Taken from Ref. [197];
with permission of the American Chemical Society.
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(c)

(d)

Figure 7.13 (continued) (c) Three layers of colloidal particles arranged on a
square symmetric pillar-shaped silicon template. Scale bar � 1 �m. Taken from
Ref. [197]; with permission of the American Chemical Society. (d) Two-layer bcc
square structure grown on a template with a pitch comparable to the particle diam-
eter (202 nm). The left inset is an enlargement of the structure whilst the right inset
shows ordering of vacancies in a monolayer of spheres deposited at a lower parti-
cle concentration. Scale bar � 1 �m. Taken from Ref. [197]; with permission of the
American Chemical Society.

Hoogenboom et al.197 investigated the influence of the parameters that deter-
mine how the surface topography of templates affects colloidal crystal structures
made by the vertical deposition method. They demonstrated that with the use of
pillar-shaped templates, large defect-free square symmetric monolayers and body-
centred cubic (bcc) and simple cubic (sc) colloidal crystals could be grown (Figure
7.13). Their results indicate that the direction of gravity plays a crucial role in the



template-directed convective assembly. A two-layer bcc square structure made by
“controlled drying” on a template with a pitch comparable to the particle diameter
is shown in Figure 7.13(d). The left inset is a zoomed-in enlargement of the structure;
the right inset shows ordering of vacancies in a monolayer of spheres deposited at a
lower particle concentration.8,197

Schaak et al.204 used a similar approach to assemble crystal arrays on lithographi-
cally templated surfaces. They further extended the method to assemble 2-D colloidal
crystal binary super-lattices that can adopt a variety of structures. Graphite, kagomé,
bcc, open hexagonal, tetragonal and linear chain structures can be formed by adjust-
ing the ratio of the sphere diameter to the template diameter. Colloidal templating was
also demonstrated in micro-capillaries leading to the formation of colloidal crystals of
cylindrical shape.205

(ii) Chemically patterned substrates
Templates for particle assembly can also be made by using solid substrates whose
surface is chemically patterned into domains with different wettability or surface
charge of desired shape and size. Areas with positive or negative surface charges
selectively attract particles of opposite charge. During the dewetting process, the
deposited particles will be rearranged under the action of the capillary forces,
Figure 7.11(b). When the templates are created with domains of different wettabil-
ity, the shape of the withdrawing meniscus changes. This will give rise to selective
deposition of particles only in the regions with concave meniscus.

Whitesides et al. pioneered the used of patterned molecular monolayers as tem-
plates directing the deposition and assembly of charged objects on a solid sub-
strate.196,206–208 This approach was developed further by Aizenberg et al.209 and
Hammond et al.210,211 Aizenberg et al. used micro-patterned substrates with cationic
and anionic regions. After dewetting, the particles attached are entrapped in residual
water droplets on the surface. During the evaporation of water, the capillary force
“focuses” the particles in the domain centre leaving an ordered cluster after drying
is complete (Figure 7.11(b)). Very well-ordered 2-D particle arrays of desired sym-
metry and lattice constant much larger than the particle diameter were produced 
by this procedure.209 It was demonstrated that other types of colloidal interactions
can be used to deposit particles onto patterned substrates.198,210 Hammond et al.
demonstrated how to fabricate 2-D arrays of particles (Figure 7.14(a)–(d)), on
polyelectrolyte surfaces using patterned layer-by-layer polyelectrolyte films as
functional templates.210,212 The particle position is determined by the electrostatic
interaction.

Masuda et al.213 developed a process for fabrication of particle wires through
self-assembly onto hydrophilic regions of self-assembled molecular layers. Layers
of octadecyltrichlorosilane were formed on a silicon substrate and modified by 
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UV irradiation to create a pattern of hydrophobic octadecyl and hydrophilic silanol
groups. Suspensions of particles (550 or 800 nm) in ethanol or water were dropped
onto the patterns. Due to selective wetting of the hydrophilic areas, particle wires
formed between two droplets and colloid crystals formed at both ends of the par-
ticle wire after complete drying of the solution.

Fustin et al.214 demonstrated the growth of microscopically structured colloidal
crystals via convective self-assembly onto chemically patterned substrates. The
authors deposited colloidal crystals on chemically patterned surfaces with hydrophilic
and hydrophobic areas (Figure 7.14(e)–(h)). They used pattern dimensions much
larger than the individual particle size to control the microscopic crystal shape 
rather than influence the crystal lattice geometry (as achieved in colloidal epitaxy).
Better results were obtained when the lines of a stripe pattern are oriented parallel to
the withdrawing direction rather than perpendicular to it. The deposition resolution
(defined as the minimum feature size on which particles can be deposited) was found
to depend on the wetting contrast and increases with lower average hydrophobicity
of the substrate. In contrast to nanopatterned substrates, they found a non-linear
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(a)

(c) (d)

(b)

Figure 7.14 Examples of using chemically patterned templates for particle assem-
bly. (a)–(d) Optical images of 2-D colloidal arrays with a different number of par-
ticles formed on circularly patterned polyelectrolyte templates. Particle diameter �
4.34 �m. Taken from Ref. [212]; with permission of Wiley-VCH.



(e) (f)
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(h)

50 µm 2 µm

2 µm

10 µm

Figure 7.14 (continued) (e) SEM image showing vertical stripes of colloidal crys-
tals of varying width grown on a perfluorodecyltrichlorosilane-SiOH pattern. The
arrows indicate the direction in which the suspension was withdrawn. The dark
areas correspond to the silica surface (SiOH) covered by latex particles, while the
bright regions correspond to the hydrophobic perfluorodecyltrichlorosilane mono-
layer. Taken from Ref. [214]; with permission of the American Chemical Society.
(f) SEM image showing the stepwise increase of the thickness from the edge to the
centre of the stripe (top view stripe edge). The arrows indicate the withdrawing
direction from the latex suspension. Taken from Ref. [214]; with permission of the
American Chemical Society. (g) Cross-section through a stripe (after breaking the
substrate). Taken from Ref. [214]; with permission of the American Chemical
Society. (h) Edge at the beginning of a stripe (top view). Taken from Ref. [214];
with permission of the American Chemical Society.



dependence of the colloid concentration and substrate withdrawal speed for line
patterns with dimensions below about 100 �m.

The formation of stripes during the convective assembly of crystals occurs due to
instabilities in the hydrodynamics of the wetting liquid films. Kondic and Diez215

used numerical simulation of the flow on a homogeneous substrate to show that 
the contact line becomes unstable and develops periodic patterns. This mechanism
could explain the results of Masuda et al.216 Using convective assembly under con-
trolled drying conditions, they obtained an ordered array of particle wires con-
structed from close packed particles without the need for patterned templates.

Materials assembled from colloidal particles could find a variety of different appli-
cations. First of all, the process of particle ordering in wetting films, which resembles
in some aspects the convective assembly process, is related to paint coating.217,218

Due to their periodic structure, colloidal crystals are important for applications 
and processes as diverse as photonic crystals,3,6,9,60,85,87,90,91,219–225 diffraction grat-
ings, interference filters, anti-reflection coatings, micro-lenses,80,84 optical filters and
switches,226 chemical sensors227 and substrates for surface-enhanced Raman scatter-
ing.228 Crystals assembled from particles can serve as templates for the creation of
highly mesoporous and macroporous materials.5,228–233

The use of patterned substrates allows one to obtain 2-D crystal symmetries 
different from the simple close packed hexagonal array.234 Recently, 3-D colloidal
crystals were also utilized to produce a surface with 2-D nanopatterned arrays.235

Tan et al.236 reported the use of convective assembly for the fabrication of a 2-D
periodic non-close packed array of non-spherical particles. They used reactive ion
etching that converts the spheres into non-spherical particles. They also report the
use of the resultant patterned Si substrates as templates for assembly of uniquely
arranged microspheres of different diameters.

Ordered 2-D particle monolayers have been successfully applied as lithographic
masks.79,200,234,237,238 Deckman et al.37,76–78,239,240 first demonstrated that 2-D close
packed monolayers of particles could be used as masks into which metal or another
material can be deposited by thermal evaporation, electron beam deposition or pulsed
laser deposition from a source normal to the substrate (see Figure 7.15). After
metal deposition, the nanosphere mask can be removed by sonicating the sample
in a solvent, leaving behind the material deposited through the nanosphere mask on
the substrate. Later, Van Duyne et al. extended the method for the development of
double layer nanosphere masks.237,241–245 This method is now recognized as an inex-
pensive and general materials nanofabrication technique.79,241–249 Ingert and Pileni250

later demonstrated colloidal lithography based on 10 nm ferrite nanocrystals.
In biological studies, ordered arrays serve as convenient micro-patterned 

surfaces for studying processes such as cell adhesion.251 The wide range of avail-
able particle sizes and compositions, along with the possibility to graft various 
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bio-active molecules onto the particle surface, imply that these studies will expand
in the future.

7.4 Materials from Colloidal Structures Assembled between 
Two Liquid Interfaces

7.4.1 Assembly in wetting films on a heavier liquid

In this method, schematically illustrated in Figure 7.16(a), colloidal structures are
formed during the evaporation of a colloidal suspension on top of an inert heavier
liquid. The fluidity of the two interfaces provides specific advantages over the
assembly on a solid substrate. The method can, for example, be used to assemble
small particles and biomolecules, as both interfaces of the fluid film are molecu-
larly smooth. In addition, the tangential mobility of the surfaces provides a “non-
sticky” substrate, where the particles are free to move, rotate and rearrange into
defect-free lattices. The lack of friction between the particles and the substrate also
enhances the action of the strongly attractive capillary forces that may facilitate the
assembly process in films thinner than the particle diameter. However, one needs
appropriate liquid substrates that are more dense than the particle dispersion and
immiscible with it. Up to now, only two liquids have been used as substrates – 
mercury and fluorinated oil.
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Single layer Double layer

Figure 7.15 Schematic illustration of the use of single layer and double layer col-
loidal crystals in nanosphere lithography.237 The black areas represent the areas
where the metal is deposited.
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The first convenient liquid substrate that can be used for 2-D assembly is perflu-
orinated oil which is an inert dense liquid with low volatility. Lazarov et al.63 were
the first to characterize the mechanism of latex microsphere assembly on perfluo-
romethyldecalin (PFMD). To ensure good and even spreading of the film, the
authors used a mixture of fluorinated surfactants. The dynamics of the assembly
process in wetting films on a heavier liquid was similar in many aspects to the
assembly process in wetting films on solid surfaces. When the film thickness
becomes approximately equal to the particle diameter, the particles in the film 
centre exhibit extraordinarily long-ranged attraction from tens of micrometres
away caused by capillary forces. The particles organize into small well-ordered
islands. If the rate of evaporation is high, the water film around the ordered aggre-
gates may dry completely and the aggregated islands are left behind as separate
discontinuous domains. At moderate and slow evaporation rates, however, the
aggregates attract each other, merging and rearranging into larger ordered clusters.
Eventually, at higher concentrations of particles, “2-D foams” are formed, where
the ordered particles are packed into a continuous structure with large areas void of
particles surrounded by particle bridges.

The growth of large crystalline areas is brought about via convective assembly
by flux resulting from the evaporation of water, similar to the wetting films on solid

Evaporation
Air–water
interface

Air–water
interface

Air–water
interface

Water–liquid
interface

Liquid

Wetting films on
liquid interfaces

PressureFree-foam films

(a)

(b)

Saturated humid air

Figure 7.16 Schematic representation of particle assembly in (a) a wetting film
on top of a heavier liquid and (b) a free standing thin liquid film.



substrates. Bilayers and trilayers can be formed at a decreased rate of water evap-
oration and increased particle concentration. Notably, the multilayers formed show
an absence of square lattice bands in the transition regions, observed when at least
one of the interfaces is solid. The reason is that as both of the interfaces are fluid,
they can eventually bend and accommodate a sharper transition between the stable
close packed hexagonal multilayers. The 2-D crystals formed can be mounted onto
solid surfaces by evaporation of the fluorinated oil that leads to gentle deposition
of the arrays on the substrate below.63

2-D crystallization of proteins on a mercury surface in a closed trough was
reported by Nagayama et al.252–255 The wettability of the mercury surface was
increased by keeping the surface clean under an environment of pure oxygen. The
spreading and drying process is relatively quick and after a period of 10–60 s the
protein arrays formed are picked up on a carbon film-coated electron microscopy
grid dropped from above. The method was successful in crystallization in more
than 1/3 of the proteins studied (including ferritin, ATP-ase and membrane pro-
teins) and appears particularly promising to the study of membrane proteins that
are difficult to crystallize in 3-D.252 The crystallization process is enhanced in the
presence of glycerol and glucose, possibly through slower water evaporation and
osmotic resistance to film rupture.180,255 Mercury was used as a substrate for the
crystallization of micrometre-sized latex particles.61

7.4.2 Assembly in free-standing liquid films

Solid particles are often present in the free liquid films formed between bubbles 
of foams or droplets of emulsions. Systems containing solid particles in thin liquid
films are, e.g., the “Pickering” emulsions stabilized by solid particles. Naturally,
foam and emulsion liquid films could also serve as sites for 2-D assembly of 
colloidal arrays. Model free standing thin liquid films can be formed by sucking
liquid out of a biconcave meniscus held in a capillary (Figure 7.16(b)). The micro-
scopic observation is carried out in reflected monochromatic illumination that
allows measuring the film thickness via interferometry. The first system of interest
studied by this method was the stratification of micelles inside foam films.256–258 It
was shown that the stratification can be a major factor in the stabilization of liquid
films in foams and emulsions. This phenomenon can also be observed with
nanometre-sized latex particles and protein molecules.259–261

We have investigated the dynamics of structure formation in foam films contain-
ing negatively charged sulphate latex microspheres and different molecular stabil-
izers (surfactants) of the film.262,263 The major factor affecting the particle dynamics
and the resulting structures was the type of the surface active film stabilizer used.
Foam films from solutions containing sodium dodecyl sulphate (SDS), a strong
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anionic surfactant, were very stable but all entrapped latex particles were immedi-
ately pushed out of the film area during the first few seconds of film thinning and
before finishing the thinning stage of film evolution. In the case of films stabilized by
protein (bovine serum albumin, BSA) entrapment of a few particles inside the film
area for short periods of time was achieved, due to the high interfacial viscoelasticity
of the protein monolayers. The entrapped particles were typically collected inside the
thicker “dimple” in the film centre and formed small 2-D arrays, attracting each other
by the lateral capillary forces from distances that could reach up to 100 �m. The
small ordered clusters were “spit” out at a later stage of the film thinning. At higher
particle coverage of the surfaces (�50% by area) the density of the particle aggre-
gates changed from single clusters to “bridges” and 2-D foam-like metastable struc-
tures similar to those observed on the surface of fluorinated oil were formed.

A major change in the particle dynamics was observed in films stabilized by
dodecyltrimethylammonium bromide (DTAB) or hexadecyltrimethylammonium
bromide (HTAB) cationic surfactants which are charged oppositely to the particles.
These surfactants modify the surfaces of the polystyrene microspheres by coupling
to the intrinsic negative charges. This results in particle hydrophobization. The
modified particles tend to adsorb directly on the air–water surfaces of the film
because of their increased hydrophobicity.

Micrographs of the basic stages of film evolution in the case of cationic surfac-
tants are shown in Figure 7.17.262,263 After the first formation of the film, the parti-
cles were pushed out into the surrounding meniscus and the film area was void of
particles. During the expansion of the first film, however, the particles in the ring
closest to the periphery got in contact with the upper surface and stuck to it, link-
ing together the lower and the upper surfaces (Figure 7.17(a)). After separating the
surfaces by closing the film, these particles got sucked into the middle (Figure
7.17(b) and (c)). An ordered cluster of particles formed binding the two film sur-
faces together. Each subsequent opening and closing of the film added new par-
ticles to the ones already stuck in between the interfaces, leading to the formation of
high-quality 2-D particle arrays with almost no lattice defects (Figure 7.17(d)–(f)).
The size of the single crystalline domains obtained was up to 3 � 104�m2. Recently,
detailed observations of the interesting dynamics of particles between two
approaching oil–water interfaces with adsorbed colloidal particles were made by
Horozov et al.,264 discussed already in Chapter 1.

These results prove that the major factor for 2-D assembly in free-standing
liquid films is the capillary interaction between the particles. Capillary interaction
could occur both above and below a film thickness equal to the particle diameter,
but the menisci around the particles will have different curvatures. Notably, both of
these interactions are attractive and the interaction energy can exceed the thermal
energy kT by many orders of magnitude for distances as large as 100 times the 
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(a) (b)

(c) (d)

(e) (f)

Figure 7.17 Micrographs of the formation of 2-D latex crystals in a free-standing
foam film. Successive opening, (a) and (d), and closing, (c) and (f), of the film
leads to particle structuring via the “zipping” mechanism – a particle bridges the
two liquid surfaces.262,263 The microspheres are 7 �m in diameter. Taken from
Ref. [262]; with permission of the American Chemical Society.



particle diameter.262 Strong interaction between particles in a free-standing liquid
film has also been observed by Sur and Pak in experiments with micron-sized poly-
styrene latex particles.265 In another study, it was found that capillary forces acting
on particles attached to a lipid membrane can cause aggregation.266

Understanding the attractive interactions between the microspheres in films alone
is, however, insufficient to describe the behaviour of the system in all of the cases
observed. Another factor to be considered is the capillary interaction between the 
particles and the curved menisci surrounding the film. The particle – cell meniscus
interaction can be attractive or repulsive depending on the sign of the parameter
sin �1sin �2 (where �1 and �2 denote the slope angles at the cell and particle menisci
respectively).267–269 The meniscus around the particles is convex (sin �2 � 0) for
hydrophilic particles, and concave (sin �2 � 0) for hydrophobic particles attached to
the surfaces of a thicker film, whereas the film meniscus in the hydrophilic glass cap-
illary is always convex (sin �1 � 0). 2-D particle assemblies are expelled in thinning
SDS or protein-stabilized films because sin �1sin �2 � 0, i.e. these particles will be
attracted to the film periphery (Figure 7.18(a)). Adversely, the interaction between the
meniscus and hydrophobic particles will be repulsive (sin �1sin �2 � 0) and these
particles will be pushed towards the film centre (Figure 7.18(b)). This is exactly the
case with thickening DTAB or HTAB films, where the particles bridging the sur-
faces are repelled from the film periphery and compressed in the centre (Figure
7.17(c)). Although the particle–particle capillary attraction always enhances the 2-D
crystallization, intrinsically stable structures are obtained only in films with repul-
sive capillary forces between the particles and the meniscus.

The practical application of 2-D arrays assembled in freely standing films
requires development of procedures for extraction of the assembled layers as sep-
arate solid state materials. This method is technologically more complicated than
the ones reported in the previous sections, though it has the potential advantage to
create single crystalline arrays of bigger size. One way to achieve this is the ultra-
fast freezing of the foam films by quick plunging in liquefied gasses.261,270 The
frozen films can be detached from the cell, placed upon an appropriate substrate
and the water can be removed by melting or sublimation.

Particle assembly in thin liquid films has recently become a focus of interest
from both academia and industry due to the effective stabilization of foams and
emulsions by solid particles, and additional possibilities for making novel macro-
porous material and solid foams.271 Alargova et al.272 recently developed a new
class of polymer microrods that can be used as “super-stabilizers” of foams.273 The
intertwined cylindrical particles adsorbed on the film surfaces form a thick barrier
that prevents any drying and breakdown. Foams of extreme stability were reported,
where the liquid can be all dried out and the structure is still preserved by the 
entangled microrods. In contrast, Binks and Horozov274 showed how, by optimizing
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Figure 7.18 Schematic of the capillary interactions acting between particle arrays
in a free-foam film and in the surrounding meniscus for (a) an unstable and (b) a
stable configuration. The structure within the film is compressed by the lateral
capillary forces and is in a stable configuration (b) only when the particles are par-
tially hydrophobized in the presence of cationic surfactant due to the repulsion
between the convex and concave menisci.

particle hydrophobicity, nanoparticles of silica can be effective foam stabilizers
alone, discussed in Chapter 1.

7.5 Materials from Colloidal Structures Assembled 
Around and Inside Droplets

The preceding sections demonstrate that assembly of colloidal particles on a wide
variety of flat solid or fluid surfaces can be achieved by appropriate design of inter-
actions and processes. Interesting materials, however, can also be obtained when col-
loids are assembled at spherical instead of flat surfaces. Examples of systems where
the surfaces are parts of self-contained colloidal objects are emulsion droplets and
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lipid vesicles. The assembly process driven by the liquid–liquid interfaces of a
droplet can take place both at the interface and inside the droplet. A schematic
of the possible assembly processes around and inside a spherical liquid–liquid
interface is shown in Figure 7.19.

7.5.1 Structured shell assembly around droplets

The assembly of colloidal particles at spherical interfaces was first studied in the
context of emulsion stabilization. Beginning with the pioneering work of Ramsden275

Fluid
interface

Assembly onto
droplets or
liposomes

Water

3-D assembly
into droplets

(a)

(b)

High particle
volume fraction

Low particle
volume fraction

Figure 7.19 Schematic of the two modes of particle assembly (a) around and 
(b) inside liquid droplets.



and Pickering,276 shells of colloidal particles adsorbed around droplets have been
used as an alternative to surfactant molecules to stabilize emulsions. Extensive
reviews have been written on this subject.277,278

The first extensive demonstration of the use of emulsion droplets as templates
for the assembly of monodisperse latex particles was reported by Velev et al.192–194

Latex microspheres were collected, ordered and fixed together on the surfaces of
micron-size octanol droplets in water. Subsequently, the droplets were dissolved in
the surrounding environment to obtain a suspension of microspheres in the form of
ordered hollow “supra-particles” (i.e. capsules with surfaces that are composed of
a close packed layer of colloidal particles linked together to form a solid shell).
The stages of the assembly process are schematically presented in Figure 7.20.

In the first step, the surface of negatively charged latex particles was modified
by adding the amino acid lysine at neutral pH. As a result, the particles spon-
taneously adsorb and assemble on the droplet surfaces due to screening of the sur-
face charges. The next step in the assembly was to add octanol and stir the oil and
sensitized latex together. During this process the oil is dispersed into droplets and
the latex microspheres adsorb around these droplets and form close packed ordered
shells. Casein that adsorbs and forms a protective barrier by steric repulsion is
added at the next stage to stabilize the latex-covered emulsion droplets. The
droplets covered by an ordered layer of particles remain dispersed and stable after
being sterically protected with casein. To bind the particles in the shells, a mixture
of HCl and CaCl2 was added in the next step. The particles around the droplet stick
to each other to form a fixed rigid structure. In the next step of the process the tem-
plate octanol droplets were removed by adding 50 vol.% of ethanol to the water
phase. The process results in hollow “supra-particles” from microstructured latex
particles (see Figure 7.21).

The droplet templating concept can be modified in several ways by using differ-
ent particles and binding techniques. On the macroscopic scale, Huck et al.279

employed emulsion droplets to assemble balls out of complex hexagonal objects 
of sub-millimetre size. Hexagons with one hydrophobic face are assembled around
oil droplets in water, while hexagons with one hydrophilic face are assembled
around water droplets in oil.

A similar class of supra-particles was prepared by assembling particles around
droplet as templates in water-in-oil emulsions (Figure 7.22).280 This technique for
the preparation of hollow, elastic capsules with sizes ranging from micrometres to
millimetres was developed by Dinsmore et al. The fabrication process is based on a
general three-step assembly (Figure 7.22(a)). First, a suspension of the material to
be encapsulated is emulsified in an immiscible fluid containing colloidal particles
that adsorb on the surface of the emulsion droplets. Second, a shell is formed by
locking the particles together around the droplets by controlled heating. Third, if
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Figure 7.20 Schematic of the approach of Velev et al.192–194 for the assembly of
ordered supra-particles using emulsion droplets as templates.
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(a)

(b)

(c)

10 µm

Figure 7.21 Optical microscopy images of supra-particles assembled from
octanol-in-water droplets stabilized by 1 �m latex microspheres. (a) and (b) Top
and bottom images of the same supra-particle. (c) An elongated particle formed
when some octanol is ejected from the carrier droplet. Taken from Ref. [192];
with permission of the American Chemical Society.



required, the “colloidosome” capsules are transferred (e.g. by centrifugation) into
a solvent that is typically the same as the internal phase. This eliminates the inter-
face between the internal and external fluids and allows the interstitial holes to con-
trol the colloidosome permeability. The interstices between the particles form an
array of uniform pores, whose size is easily adjusted to control the permeability
(Figure 7.22(b)–(d)).

In a continuation of their work, Weitz et al. have demonstrated the fabrication of
capsules comprising a single layer network of polymer adsorbed onto colloidal
particles.281 These capsules are made using directed self-assembly of the polymer
and particles at the interfaces of emulsion droplets. The properties of these structures
are reminiscent but different to the ones of colloidosomes. Due to the adsorbed poly-
mer layer, these capsules are much more resilient to mechanical deformation than
sintered colloidosomes. The fabrication of colloidosome microcapsules with a
shell of polymeric microrods (Figure 7.22(e)), was also demonstrated recently.282

The underlying principle of the method is similar to the one illustrated in Figure
7.22(a). The synthesis involves three stages: (i) A hot aqueous solution of agarose
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Figure 7.22 Schematic and examples of “colloidosome” formation. (a) Illustration
of the process: (i) aqueous solution is added to oil containing colloidal particles
or, alternatively, oil is added to aqueous dispersion of particles; (ii) the system is
emulsified by allowing the particles to adsorb onto the surface of the water
droplets; (iii) the particles are locked together by addition of polycations, by 
van der Waals forces or by sintering; (iv) the structure is transferred to water by 
centrifugation. Re-drawn from Ref. [280].



is emulsified in oil in the presence of rod-like polymeric particles to produce a
water-in-oil emulsion stabilized by the solid particles, and the system is cooled to
set the agarose gel. The function of the gel cores is to support the particle shell and
to give the microcapsules enough stiffness to be separated from the oil phase by
centrifugation. (ii) The suspension of aqueous gel microcapsules obtained is
diluted with ethanol and centrifuged to separate them from the supernatant. (iii)
The microcapsules are washed with ethanol and water and re-dispersed into water.
This technique allows preparation of colloidosome capsules of diameters ranging
from several tens to several hundreds of micrometres.
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(b) (c)

(d)

(e)

100 µm

0.5 µm

Figure 7.22 (continued) (b) SEM image of a dried, 10 �m diameter colloidosome
composed of 0.9 �m diameter polystyrene spheres. (c) and (d) Close-ups of 
(b) and (c) respectively. The arrow points to one of the 0.15 �m holes that define the
permeability. (e) “Hairy” colloidosome microcapsule produced by transferring
micro-rod-coated agarose beads into water. (b)–(d) taken from Ref. [280]; with
permission of the American Institute for the Advancement of Science and (e)
from Ref. [282]; with permission of the American Chemical Society.
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Recently, Croll and Stöver have demonstrated that soft, swellable microgel par-
ticles can be assembled and then covalently linked at the oil–water interface to
form gel “tectocapsules”.283,284 The particles are first allowed to self-assemble at
the oil–water interfaces of a propyl acetate–water mixture and then are covalently
fixed in place to form flexible microgel capsules. The wall thickness and stability
of the capsules can be controlled by varying the particle loading in the oil phase
and the solvent composition.

Nanoparticle assembly on droplet interfaces can also lead to a multitude of materi-
als with interesting properties. Size-dependent self-assembly and 2-D phase separa-
tion on liquid–liquid interfaces has been shown by Russell and collaborators.285

In contrast to micron-sized particles, the thermal energy causing spatial fluctuations
of the nanoparticles is comparable to the interfacial energy in their system. The lig-
and-stabilized nanoparticles are weakly attached to the fluid interface, which can 
be used to induce size-selective particle assembly. The authors show that size-
dependent adsorption and desorption could give rise to a 2-D phase separation at 
the fluid–fluid interface. Later the same group also demonstrated chemical cross-
linking of the ligands attached to the nanoparticles.286 This allows stabilization of
the nanoparticle shell via cross-linking. The composite organic–inorganic, nanometer
thick membranes prevent convection but allow diffusion of small molecules across
the interface.

Lipid vesicles are supra-molecular structures that can be used as a template for
colloid assembly instead of droplets. Nanometre-sized species such as biomole-
cules can be a subject of template-based, interaction tailored assembly. A variety of
membrane-specific proteins have been assembled into ordered structures onto
reconstituted or specially prepared liposomes. A few of the best-known examples
are bacteriorhodopsin,287–290 cholera toxin, human coagulation factor291–293 and the
S-proteins presented in the previous sub-section. The possibility for incorporation
of large micron-sized particles in a spherical lipid bilayer has also been demon-
strated.294,295 Liposomes have been used for the binding and assembly of ferritin
using electrostatic attraction.296 The liposomes are positively charged by a small
fraction of the cationic surfactant HTAB. As the environment is sustained at pH � 6,
the ferritin molecules are above their isoelectric point of 4.8 and possess a negative
charge. Vesicles covered with ordered ferritin shells have been obtained (Figure
7.23). The ferritin shells can be fixed by glutaraldehyde, a common agent for pro-
tein molecule cross-linking. Moreover, the liposomes inside the cross-linked fer-
ritin structures can be extracted by solubilization with nonionic surfactant, leaving
behind ordered aggregates of cross-bound protein that are analogues of the latex
supra-particles described above.

Russell and collaborators have demonstrated hierarchically structured nanoparticle
arrays fabricated by a combination of two self-assembly processes on different length



scales.297 They used the condensation of micrometre-sized water droplets on the 
surface of a polymer solution as spherical cavities that self-assemble into a well-
ordered hexagonal array (“breath figures”), in combination with self-assembly of
CdSe nanoparticles at the polymer solution–water droplet interface. Complete 
evaporation of the solvent and water leaves the particles assembled into an array of
spherical cavities and allows for ex situ investigation. Fluorescence, confocal, trans-
mission electron and scanning electron microscope images show that the CdSe
nanoparticles are confined at the polymer solution–water interface, where they form a
5–7 nm thick layer. The wide range of assembly techniques of particles around
droplets overviewed above opens new routes to encapsulation and to fabricating
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(a)

(b)

100 nm

100 nm

Figure 7.23 TEM micrographs of supra-particle assemblies from ferritin around
liposome templates. (a) Vesicle with adherent non-fixed ferritin array. The lipo-
somes are positively charged by incorporating some amount of HTAB. (b) Ferritin
shell cross-linked by glutaraldehyde around a liposome. Courtesy of O.D. Velev.



highly functionalized ordered materials, potentially useful in sensory, separation
membrane or catalytic applications.

7.5.2 3-D assembly inside droplets

A general limitation of the methods described in the previous section (i.e. Section
7.5.1) is that the final geometry of the structure assembled is always a spherical or
close to spherical shell. Therefore, methods for the assembly of particles into 3-D
spheres and in non-spherical close packed structures or into aggregates with com-
plex shape are of technological importance. Several examples of particle assembly
in droplets that are dispersed in a gas or liquid or are suspended at the gas–liquid
interface are presented in this sub-section.

Stöber191 demonstrated in 1969 how aerosol liquid droplets can act as templates
for the assembly of latex particles into polygonal and polyhedral aggregates of var-
ious sizes and shapes (Figure 7.24(a) and (b)). Iskandar et al.298–300 used a spray-
drying method to produce silica particles with ordered mesopores. A colloidal
mixture of silica nanoparticles and polystyrene latex nanoparticles was sprayed as
droplets into a vertical reactor separated into two temperature zones. The solvent
in the droplets had evaporated at the front part of the reactor to produce composite
assemblies consisting of silica and polystyrene nanoparticles (Figure 7.24(c) and (d)).
The polystyrene nanoparticles in the droplets had then evaporated in the back 
portion of the reactor to produce a powder consisting of mesoporous silica spheres.
The mesopores had been arranged into a hexagonal pattern, indicating that a 
self-organization process occurred spontaneously during the solvent evaporation.
The entire process is completed in only several seconds. In related work, Moon 
et al. have demonstrated how electrospraying of an aqueous colloidal suspen-
sion can be used to make uniform 3-D assemblies and their inverse structures – 
“photonic balls”.301 The size of the balls can be controlled through the strength and fre-
quency of the electric field and particle loading in the suspension. The photonic balls
display angle independent colour and could be used as pigments for reflection-based
coatings.

Velev et al.229 have developed an “outside-in” templating technique to make
3-D organized balls inside emulsion droplets suspended at liquid interfaces. The
particles are assembled inside suspended droplets that act as well-defined confine-
ment templates for the growth of 3-D supra-particles of defined size and shape.
The template water droplets float on the surface of PFMD, a heavier liquid immis-
cible with water. The colloidal particles inside the droplets are gradually concen-
trated by drying to form 3-D crystals, yielding a variety of novel microstructured
symmetric supra-particles. The structures are to a certain extent the 3-D analogues
of the supra-particles described in Section 7.5.1 and in Refs. [192–194].
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A major issue in the practical implementation of this method is the control of the
shapes of the obtained particles via the initial shapes of the suspended template
droplets. The shape of a floating droplet (or lens) is controlled by the interplay of
the gravity and interfacial tension, which is captured by the Bond number �. The
droplet shape is close to spherical at values of � l 0 and flattens as the Bond num-
ber increases. Examples of the theoretically attainable shapes of the template
droplets are displayed in Figure 7.25. The shape of the periphery of the droplet at
the three-phase contact line is determined by the balance of the three interfacial
tensions acting there. For water droplets floating on PFMD, the tension at the lens-
air boundary is approximately equal to the sum of the tensions at the other two
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(a) (b)

(c) (d)

300 nm

Figure 7.24 SEM micrographs of structures assembled in evaporating water
droplets. (a) and (b) Silica particle aggregates with complex shape (particle 
diameter � 790 nm). Taken from Ref. [191]; with permission of Elsevier. (c) and
(d) Spherical silica particles produced by spray drying and pyrolysis of a suspen-
sion containing different amounts of polystyrene latex (diameter 79 nm) and silica 
particles (diameter 5 nm). Taken from Ref. [300]; with permission of the American
Chemical Society.



interfaces. These droplets will have a smooth boundary at the three-phase contact
line rather than a sharp contact edge.

For 1 �l template droplets from pure liquids, � � 0.05, and thus the droplet shape
is essentially spherical. The assembly resulted in smooth symmetric balls � 0.5 mm
in size and of low density. In low-magnification optical microscopy, the particles are
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Figure 7.25 Examples of different initial shapes of suspended template droplets
that can be realized by varying the effects of gravity and the interfacial tensions.
(a) Small, nearly spherical droplet at an air–liquid surface. (b) Flat discoidal or
ellipsoidal droplet. (c) Lens. (d) Spherical droplet suspended under microgravity.
(e) Nearly spherical droplet. (f) Nearly hemi-spherical droplet.



seen as composed of brightly reflecting coloured patches, e.g. green and red for
assemblies made of 300 nm latexes – Figure 7.26(a). The colours observed give a
clear indication of the long-range ordering of the latexes in the large supra-particles.
The direct visualization of the structure by SEM showed large domains of hexago-
nally packed particles on the supra-particle surface (Figure 7.27). The internal struc-
ture of the balls, studied along the edges of broken particles (Figure 7.27(b)), showed
that the bulk is made up of 3-D long-range ordered microspheres.

The most interesting feature of this method is the easy control of the shape of
the assemblies via the droplet size and interfacial tension. Different values of the
Bond number at the lower and upper droplet interfaces can be adjusted experimen-
tally by varying the relative densities of the fluids or by adding appropriate surfac-
tants (Figure 7.28). The fluorocarbon–water–air system provides a great degree of
flexibility in independently controlling the interfacial tensions by use of surfac-
tants that adsorb exclusively on the different interfaces.302 For larger droplets in the
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(a) (b)

(c) (d)

Figure 7.26 Examples of different crystalline assemblies obtained by outside-in
templating – assembly inside droplets suspended at a gas–liquid surface. (a) Balls
from crystals of 270 nm diameter latex particles. (b) Discs with different thick-
nesses from flattened droplets. (c) Doughnut-like toroidal assemblies formed in
the presence of fluorinated surfactant. (d) Anisotropic spherical assemblies from
separated regular (white) and magnetic (grey) latex particles. Scale bar � 500 �m.
Taken from Ref. [229]; with permission of the American Institute for the
Advancement of Science.



presence of surfactants, values of � � 1 are accessible; thus, lens-like, discoidal and
ellipsoidal templates with various three-phase contact angles can be obtained. The
shape of the supra-particles formed, however, is also strongly impacted by the cou-
pling of hydrodynamics and mass accumulation during the drying/crystallization
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(b)(a)

Figure 7.27 SEM micrographs of the structure of 3-D supra-particles. (a) A typ-
ical area on the surface. (b) A view of the bulk along the edge of a broken par-
ticle. Courtesy of O.D. Velev.

Small droplets, f � 20%, b → 0

Fluorinated surfactant added, b � 1

Surfactant

(a)

(b)

Figure 7.28 Two examples of how the process of outside-in templating can lead
to assemblies of different shape and structure. (a) Smooth, symmetric spheres and
(b) doughnut-like toroids.



process. If the initial volume fraction of the microspheres in the droplets is close to
the crystallization threshold of ca. 50–60 vol.%, the assemblies obtained are close
in size and shape to those of the original droplets. However, if the latex concentra-
tion is below about 20%, the particles accumulate at the droplet periphery during
water evaporation, which leads to the formation of flattened discs or ellipsoids
(Figure 7.28(b)).

Further change in the supra-particle shape can be achieved by adding a fluorinated
surfactant, sodium perfluorooctanoate. Droplets containing surfactant first flatten
and then develop a dimple during drying, which at higher surfactant concentrations
forms a hole in the middle. These dried assemblies are sub-millimetre toroids or
crystalline “doughnuts” (Figure 7.26(c)). Similar behaviour has been also observed
in spray-dried nanoparticle suspensions.298 Another important practical feature of
this method is that complex composite and aniosotropic assemblies can be fabricated
when the original drop contains a mixture of different types of particles. Magnetic par-
ticles could be segregated by applying constant magnetic field during the drying/
crystallization process. Complete separation of regular and magnetic microparticles
into two hemispheres of dried assemblies is demonstrated in Figure 7.26(d). A valu-
able property of such anisotropic particles is that they can be aligned and manipulated
by a magnetic field. The arrays flip and change the displayed face from white to brown
and back as the gradient of the field is reversed. As the wetting of the particles plays
an important role in this assembly, the method can be modified to make particles of
anisotropic wettability, similar to the so-called “Janus” beads.303,304

Similarly to the approach of Stöber,191 Pine and collaborators demonstrated the
fabrication of supra-particles with complex geometry using the confinement into
emulsion droplets to organize particles inside into close packed structures.305 To
produce these complex structures, they used the method of removing the liquid
from emulsion droplets, originally demonstrated by Velev and Nagayama.194 The
process begins with a suspension of latex particles in an organic solvent such as
toluene. The swollen particles interact only through short-ranged steric (entropic)
repulsion and to a good approximation can be considered as hard spheres. After the
spheres are dispersed in toluene, water was added and mixed to create an oil-in-
water emulsion consisting of small droplets of toluene ranging from 1 to 10 �m in
diameter. The toluene was then evaporated from the system, forcing the hard
sphere–like particles inside each droplet to pack together. The critical step of the
evaporation process is a mechanically stable intermediate stage with spherical
packing, formed when the particles touch one another on the surface of the droplet.
Removing more oil at this stage causes the droplet to deform, generating capillary
forces that ultimately lead to very quick re-arrangement of the particles.

After the toluene is completely evaporated, the particles de-swell, at which point
the inter-particle van der Waals attractions increase and the particles stick to one
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another forming small colloidal aggregates. The surface charges on the outer par-
ticles prevent the clusters from aggregating with other clusters in the water phase.
The clusters formed range from doublets, triangles and tetrahedra to exotic polyhe-
dra not found in infinite lattices (Figure 7.29). Each cluster originates from a single
droplet containing n spheres, but n varies from cluster to cluster because the initial
droplets are not uniform in size. If the centre of each sphere is treated as a vertex of
a polyhedron, the first few observed configurations are a line segment (n � 2), tri-
angle (n � 3), tetrahedron (n � 4), triangular dipyramid (n � 5) and octahedron
(n � 6). Similar structures occur in many common molecules or coordination com-
plexes. Clusters containing 7–10 particles have been identified as members of a set
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Figure 7.29 SEM micrographs exemplifying some of the complex particle “mol-
ecules” containing different numbers of spheres (given) assembled in droplets. Taken
from Ref. [305]; with permission of the American Institute for the Advancement
of Science.
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of highly symmetric polyhedra known as convex deltahedra. It seems that a key fac-
tor responsible for the observed configuration is the minimization of the total sur-
face area of the drying liquid between the spheres. A similar case of unusual
arrangement of the particles because of surface area minimization was observed in
earlier experiments on 2-D assembly of colloidal particles.85

The clusters assembled in droplets can be separated into fractions of single size
by gradient centrifugation. The controlled structure of the separated assemblies
offers a variety of new areas for further development and potential application. For
example, aggregates of complex shape can serve as a tool to study the interaction
and crystallization of “colloid molecules” with non-spherical interaction potential,
tuning the symmetry of colloidal sphere crystals or controlling nucleation in col-
loidal crystals. Yin and Xia have shown that adding a small amount of square
(n � 4) clusters to a dense suspension of spheres influences the epitaxial growth
direction of colloidal crystals on flat substrates.306

Mesoporous particles with complex shape and composition can find many use-
ful applications. For instance, the “doughnuts” (Figure 7.26(c)) may offer advan-
tages in chromatography over the usual spherical particles by virtue of their
combination of reduced mass transfer length scale, reduced pressure drop and uni-
form porosity. Particles with magnetic and colour anisotropy (Figure 7.26(d)) can
find application in switchable coatings, electronic paper, magneto-optical devices
or in electrorheological or magnetorheological fluids. In addition to being anisotropic
and magnetic, these particles are also of uniform porosity, monodisperse in size
and highly structured, and can be produced in different shapes. These methods can
be modified to the assembly of inorganic particles from silica, TiO2, ZrO2, metals
or semi-conductors or particles where the structure of the crystal is replicated in 
a solid matrix. Millman et al.307 have recently demonstrated how droplet-based
microfluidic chips controlled by electric fields can serve as microscopic factories,
where a wide variety of particles and capsules can be assembled or synthesized
from polymer precursors.

7.6 Concluding Remarks

In concluding this chapter we look back to see a breathtaking variety of nano- and
microstructured materials that have been assembled with the use of fluid–fluid inter-
faces. Many of these structures modify the properties of solid surfaces where they
are deposited as coatings (e.g. Sections 7.2 and 7.3). Others exist as self-
sustained objects of unique structure and properties, e.g. Sections 7.4 and 7.5. Many
structures act as stabilizers in colloidal systems such as foams and emulsions. The
assembly of various biological molecules adds another level of material functional-
ity. The surface-based or surface-guided processes appear to be the key to the future
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fabrication of functional nanostructures. Many new applications, especially in areas
bridging colloidal assembly and high technologies, are still forthcoming possibly
including various micro-sensors, nanodevices, media for ultrahigh density memory
storage, photonic materials, better catalysts and drastically improved consumer
products.
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Interfacial Particles in Food Emulsions and Foams
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8.1 Introduction

Many food colloids are stabilized, at least in part, by the presence of particulate mater-
ial that accumulates at oil–water or air–water interfaces. As applied to emulsion
droplets, this type of stabilization mechanism is commonly referred to as Pickering
stabilization.* Some examples of particles involved in Pickering stabilization in food
emulsions are casein micelles (in homogenized milk), egg-yolk lipoprotein granules
(in mayonnaise) and fat crystals (in spreads and margarine).1,2 In addition, dairy-type
foams such as whipped creams and toppings are stabilized by a protective layer of
partially aggregated emulsion droplets (or fat crystals) which adhere to the air bub-
bles during whipping.1,2

This chapter reviews recent progress in the making and stabilization of food
emulsions and foams using solid particles. To put the topic into context, we need
to make direct comparison with the interfacial and stabilizing roles of the key
molecular species – emulsifiers, proteins and hydrocolloids. It will be assumed
that the reader is familiar with the basic physico-chemical principles of surfactant
and polymer adsorption, with the meaning of terms commonly used in colloid sci-
ence like “flocculation” and “coalescence”, and with the essence of the established
theories of stabilization (and destabilization) of food emulsions and foams, as
described in existing texts.1–4

At their simplest, adsorbed particles at a liquid interface provide a mechanical
barrier against instability. In keeping with this idea, an emulsion is better protected
against flocculation or coalescence when the adsorbed particles are preferentially
wetted by the continuous phase, and thus lie predominantly on the convex side of
the oil–water interface. The angle � (measured into the aqueous phase) defines the
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*Though widely attributed to Pickering (1907), it seems that the phenomenon was actually described 4 years
earlier by W. Ramsden (Proc. Roy. Soc., 72 (1903), 156) as discussed in Chapter 1.
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position of the particle with respect to that interface, as illustrated in Figure 8.1 for
the case of a spherical particle that is preferentially wetted by water (� � 90°).
Resolving the forces (per unit length) parallel to the solid surface at the junction of
the three phases leads to Young’s famous equation5

(8.1)

where �po, �pw and �ow are the particle–oil, particle–water and oil–water surface
energies, respectively.

The value of the parameter � is the single most important indicator of the type
of emulsion likely to be stabilized by a particular kind of particles – whether they
be silica beads, polystyrene latices or even bacteria.6 So, in the food context,
adsorbed protein particles (� � 90°) can stabilize oil-in-water (o/w) emulsions by
forming a steric barrier layer on the outside of dispersed oil droplets. Conversely,
fat crystals (� � 90°) can stabilize water-in-oil (w/o) emulsions by coating the out-
side of dispersed water droplets.

Once a particle has become attached to a fluid interface with a finite contact angle,
it can be regarded as being irreversibly adsorbed, since the free energy of sponta-
neous desorption, 
Gd, is very high compared with the thermal energy. That is, for a
spherical particle of radius r at an air–water (a–w) interface of tension �aw, we have

(8.2)

Taking �aw � 72 mN m�1 and � � 45°, equation (8.2) gives a desorption free
energy having an incredible magnitude of 1.2 � 104kT for a particle of diameter
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Figure 8.1 Representation of the location of a predominantly hydrophilic spher-
ical particle at the oil–water interface. The contact angle �, measured through
water, is defined as the angle formed at the junction point of the phases – particle
(p), oil (o) and water (w). The energies at the three interfaces are �po, �pw and �ow.
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100 nm (r � 50 nm). Even though the energy is reduced to 
Gd � 118 kT for an
equivalent 10 nm diameter particle, this still represents a negligible probability of
desorption over normal experimental timescales. This simple calculation indicates
that even a relatively small nanoparticle (down to the size of a large protein mol-
ecule) can be regarded as being essentially irreversibly adsorbed, so long as the con-
tact angle is not too low.

In practice, the situation in a food emulsion or foam is complicated by the presence
of other surface-active species present in addition to adsorbed particles. As well as
reducing the tension at the oil–water or air–water interface, small-molecule surfac-
tants (emulsifiers) may adsorb to the surface of the solid particles, thereby changing
their wetting properties with respect to bulk oil and aqueous phases. Furthermore,
where the particle is itself composed of lipid or protein, the sticking of the particle to
the fluid surface may be followed immediately by spreading of lipid or protein mole-
cules at the oil–water or air–water interface. Of particular importance in relation to 
the stabilization of aerated dairy emulsions is the spreading of emulsion droplets at the
surface of newly formed bubbles during whipping. In such a complex situation, the
stability properties of the system are influenced by the local dynamic interfacial prop-
erties as determined by the specific processing conditions and the particular combina-
tion of surface-active species present – particles, proteins and low-molecular-weight
emulsifiers.

In order to understand the benefits, and also the disadvantages, of using solid
particles in the formulation of food colloids, we need to be aware of the roles of the
various surface-active species naturally present in foods, as well as those deliber-
ately added during processing to facilitate dispersion, emulsification, fat-binding,
thickening, foaming, gelation and water-holding.7,8 Briefly reviewing this back-
ground allows us to recall the key molecular structural requirements for colloidal
stabilization in general. At the same time, it reminds us that the range of chemicals
available for food applications is considerably more restricted than that available
for use in most other technologies.

8.2 Stabilizing Agents in Food Colloids

In formulating emulsions and foams, the food technologist employs two kinds of
molecular species – surfactants and stabilizers. In practice, however, a single food
ingredient, like the milk protein casein, can embrace both of these functional char-
acteristics. And some complex multi-component ingredients, like whole egg yolk,
contain a mixture of both kinds of molecules.

The role of the emulsifying (or foaming) agent is to promote emulsion (or foam)
formation and short-term stabilization by means of interfacial action.1,2 There are
two broad classes of such species used in food processing – the small-molecule



surfactants (lecithin, monoglycerides, polysorbates (Tweens), sugar esters, etc.)
and the macromolecular surfactants, mainly proteins (from milk, egg, etc.), but
also including some hydrocolloids (gum arabic, modified starch, propylene glycol
alginate, etc.). The small-molecule surfactants used in foods are mainly nonionic
(Spans, Tweens, monoglycerides) or zwitterionic (phosphatidylcholine). Some anionic
surfactants are also used, such as the diacetyl tartaric esters of monoglycerides
(DATEM), but cationic surfactants are not permitted. In practice, this means that
emulsifiers with a wide range of hydrophile–lipophile balance (HLB) number are
available, from anionic sodium stearoyl-2-lactylate, one of the most hydrophilic of
food surfactants (HLB � 21), to oil-soluble propylene glycol stearate, one of the
most lipophilic (HLB � 2). Although proteins (and some gums) commonly act in
an emulsifying capacity in the food industry, the technical term “emulsifier” is
confined almost exclusively to the low-molecular-weight amphiphiles. Somewhat
confusingly, this same term also includes those small molecules that affect texture
or shelf-life in ways other than by adsorbing at fluid interfaces, e.g. by interacting
with starch or modifying fat crystallization.7,8

The role of the stabilizer in a food emulsion (or foam) is to enhance long-term
physico-chemical stability (shelf-life). This may be achieved by adsorption, but not
necessarily so.9 Stabilizers are typically water-soluble macromolecules (proteins
or polysaccharides) or dispersed particles composed of crystallized lipids (fat crys-
tals) or insoluble biopolymers (casein micelles, starch granules). Being predomi-
nantly hydrophilic, the main stabilizing action of polysaccharides is to thicken and
immobilize the aqueous continuous phase of foams and o/w emulsions via viscos-
ity modification or gelation.9,10 By contrast, the amphiphilic proteins have a strong
tendency to adsorb at air–water and oil–water interfaces, forming stabilizing layers
around gas bubbles and oil droplets. Therefore proteins are able to fulfil the foam-
ing/emulsifying role as well as the stabilizing role.1–3

Small-molecule surfactants are good foaming/emulsifying agents because they
diffuse rapidly to interfaces. This means that they are extremely efficient at rapidly
lowering the interfacial free energy, and hence facilitating the formation of small
bubbles/droplets under conditions of mechanical agitation.11 In addition, prior to
reaching full saturation coverage, surfactants are effective in generating interfacial
tension gradients during close approach of newly formed colliding bubbles/droplets,
thereby providing short-term dynamic stabilization via the Gibbs–Marangoni mech-
anism.11 The lower diffusion coefficients of macromolecules and nanoparticles,
and their less distinctly amphiphilic character, makes them potentially less suitable
for operating in this role. Once the dispersed system has been produced, however,
considerations of surface activity and/or surface tension gradients are of relatively
little consequence as far as long-term stability with respect to aggregation and coa-
lescence is concerned. The relevant physico-chemical factors then involved are the

Stabilizing Agents in Food Colloids 301



ones relating to the classical colloid stability mechanisms of electrostatic stabiliza-
tion and, even more importantly, steric stabilization.1,2

Once adsorbed at the surface of a droplet or bubble, the good stabilizing agent
must remain permanently attached to the air–water or oil–water interface. To confer
long-term protection against flocculation or coalescence, the stabilizer should also be
present at sufficient concentration to fully saturate the surface. Moreover, for effec-
tive steric stabilization, the protective polymeric layer should be of a thickness (at
least a few nanometres) to provide surface-to-surface repulsion of sufficient range
and strength to overcome the combined effects of fluctuating Brownian motion,
externally applied forces, and the ubiquitous van der Waals attractive forces which
inevitably drive any metastable colloidal system towards its final phase-separated
equilibrium condition. For a polyelectrolyte stabilizing agent, or any copolymer
adsorbing at a charged surface or in combination with other charged species (small
ions or surfactants), the steric repulsion is supplemented by a repulsive electrostatic
contribution. In reality, the separation of the steric and electrostatic components of
the stabilization is not clear-cut, because the repulsion between the charged groups
on the hydrophilic parts of stabilizing macromolecules is often an essential feature of
the configurations of the adsorbate species providing the required layer thickness
associated with good steric stabilization. This is the case, for instance, in the stabi-
lization of o/w emulsions by adsorbed layers of �-casein or sodium caseinate.12–14

So long as they can be anchored permanently at full adsorbate surface coverage,
polysaccharides are the ideal steric stabilizers9 in aqueous media due to their high
molecular weight and strongly hydrophilic character, features which together lead to
highly expanded hydrated layers under “good solvent” conditions. For the most
widely used hydrocolloid emulsifying agent, gum arabic (Acacia senegal), the strong
anchoring to the surface of droplets of flavour oils (e.g. orange oil) has been attrib-
uted15–17 to a small fraction (a few per cent) of covalently bound protein. While the
presence of residual protein has also been implicated in the emulsion stabilizing
properties of other hydrocolloids, such as certain fractions of pectin,18 most of the
commonly used polysaccharide stabilizers (xanthan, carrageenan, starch, etc.) lack
the capacity for strong adsorption at fluid interfaces.9 On the other hand, the covalent
linking of a surface-active protein (e.g. �-lactoglobulin) to a non-surface-active poly-
saccharide (e.g. dextran) can be made to generate a hybrid biopolymer conjugate
with excellent emulsifying properties.19 This greatly enhanced stabilizing behaviour
of the conjugate over the mixture of the separate individual biopolymers can now be
readily explained20 in terms of modern polymer adsorption theory.21

Many of the proteinaceous ingredients used for emulsification and foaming in
food product formulation do actually exist as colloidal particles. In some cases the
particulate form arises as a result of ingredient processing. For instance, the whey
proteins in their native form in milk are highly soluble, but they become denatured
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and aggregated into particles of micron size and larger during the heating and dry-
ing processes used in the preparation of whey protein concentrates.22 The other
main protein component of milk, casein, occurs naturally in the form of self-
assembled complexes with calcium phosphate. Although not as effective at low
protein concentrations as the much less aggregated sodium caseinate, the micellar
casein form is still a good emulsion stabilizing agent.23,24 Together with the soluble
milk proteins and some casein micellar fragments (sub-micelles), it is now well
established25–27 that polydisperse casein micelles (mean size a few hundred nm)
are the main stabilizing entities in homogenized milk, as well as in recombined and
synthetic o/w emulsions prepared with skim milk powder as emulsifier. Another
ingredient containing polydisperse surface-active particles is egg yolk;28 this is the
traditional emulsifying agent used to make mayonnaise and salad dressings. The
intact egg-yolk granules (mean size around 1 �m) are reasonably effective in sta-
bilizing o/w emulsions,29 although they are not so effective, apparently, as the mix-
ture of dissociated lipoproteins and phosvitin released from the granules by
extraction with salt.30 Presumably the main reason for the greater stabilizing ability
of dissociated casein micelles or dissociated egg yolk granules is that the monomeric
proteins (or small aggregates thereof) can more readily give full saturated coverage
of the surface of the oil droplets, which is an essential requirement for effective
steric stabilization.

Foams are more difficult to stabilize. This is partly because the gas bubbles in an
aerated solution of surfactant or protein are typically much larger and less dense
than homogenized oil droplets, which leads to much higher rates of gravity cream-
ing and coalescence.1,2 But even more important is the significant solubility of the
gas in the aqueous phase which allows relentless diffusive mass transport between
bubbles of different sizes under the influence of Laplace pressure gradients. Unless
bubbles are embedded in a solid matrix or surrounded by a rigid shell-like adsorbed
layer, this disproportionation (Ostwald ripening) eventually leads to the loss of all
but the largest bubbles in the system. There is current interest31 in the potential of
protein-based nanoparticles for inhibiting disproportionation in aerated food sys-
tems. This issue will be addressed later (see Section 8.5).

In contrast to o/w emulsions and foams, there are no equivalent oil-soluble poly-
mers available to the food technologist for stabilizing w/o emulsions. The ubiqui-
tous monoglycerides, and most of their common chemical derivatives, have
lipophilic tails that are too short to provide long-term steric stabilization. Reason-
ably satisfactory in practice, however, for stabilizing the fine internal water
droplets of w/o/w multiple emulsions,32 are polyglycerol polyricinoleate (PGPR)
or phosphatidylcholine-depleted soya lecithin. (PGPR is widely used in chocolate
making as a viscosity modifier and dispersant of sugar granules.33) The most
important w/o food emulsions are the fatty spreads. However, the long-term stability
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of margarine and many other yellow spreads is provided not by these small-
molecule emulsifiers, but by the texture-controlling network of fat crystals dispersed
in the continuous phase, some of which adhere to the surface of the dispersed water
droplets.34 As a result of their commercial importance in determining the texture of
these semi-solid w/o emulsions, fat crystals are the class of particles that have been
investigated in most detail in the context of food colloid stabilization. Accordingly,
the behaviour of systems containing fat crystals is given substantial emphasis in
this chapter (see Sections 8.3 and 8.4). First, though, we set the scene by reviewing
briefly the classical theory of the origin of the wetting of solid particles by oil and
aqueous phases.

8.3 Wettability and Contact Angles

The very existence of an interface between a pair of liquid phases is indicative of a
strong imbalance of intermolecular forces. For an oil–water interface, the value of
the tension depends on the characteristics of the molecular interaction potential
between the unlike species (Uow) relative to the characteristics of the potentials act-
ing between the like species (Uoo and Uww). To a good approximation, the oil–oil
and oil–water pair potentials, Uoo and Uow, can each be regarded as made up from
a short-range repulsive part (the excluded volume interaction) and a long-range
attractive part (the van der Waals interaction). Together with both these isotropic
contributions, the more complex water–water potential, Uww, has an extra
medium-range contribution that is attractive and directional (the hydrogen bonding
interaction). While the short-range repulsive interaction determines the interfacial
thickness and structure,1 it has relatively little influence on the actual numerical
value of the interfacial tension.

It was argued semi-intuitively by Foulkes35 that additivity of attractive energies
on the molecular scale is consistent with independent contributions to the oil–
water tension from hydrogen bonding and dispersion forces. Taking the oil–water
dispersion term as the geometric mean of the oil–oil and water–water dispersion
terms, �o

d and �w
d , by analogy with the geometric mean rule of molecular disper-

sion energies, the interfacial tension is given by

(8.3)

where �oa (� �o
d) is the surface tension of the non-polar oil (with air) and �aw is the

surface tension of water. Pragmatic support for the generality of applicability of the
geometric mean rule comes from the success of the solubility parameter concept36 for
the prediction of the solubility of many non-electrolytes. Nevertheless, it was pro-
posed37 that an extra term Iow be added to equation (8.3) to allow for the contribution
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w
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from polar intermolecular forces

(8.4)

The value of �w
d in equations (8.3) and (8.4) has been estimated35 to be 21.8 mN m�1

at 20°C, meaning that approximately 70% of the surface tension of pure water is
attributable to hydrogen bonding interactions. The strongly preferred orientation
of individual H2O molecules at the air–water surface is reflected thermodynam-
ically in the much lower surface entropy for liquid water as compared with a hydro-
carbon or a triglyceride oil.1

Turning now to the case of a (solid) particle phase in contact with the two liquid
phases, we can write down equivalent expressions to equation (8.4) for both �po

and �pw as follows

(8.5)

(8.6)

By combining equations (8.4)–(8.6) with Young’s equation (equation (8.1)), an
expression can be obtained38 for the three-phase contact angle in terms of the vari-
ous interfacial energy parameters. Since typical liquid vegetable oils and solid
triglyceride fat phases are both rather non-polar, we can assume that Ipo � 0 and
�oa � �o

d for food systems. Therefore, the contact angle � is related to the oil–water
interfacial tension by

(8.7)

where the coefficient C is defined by

(8.8)

If Iow is insignificant compared with Ipw, equation (8.7) reduces to

(8.9)

Sets of equations similar to equations (8.7)–(8.9) have been presented by van
Voorst Vader,39 Lucassen-Reynders,40 Campbell38 and Johansson and Bergenståhl.41

In applying this theory to the case of triglyceride crystals at the oil–water inter-
face, it has been recognized38,42 that the constant term (Ipw � C) in equation (8.9)
is small compared with �ow. This means that, for solid particles composed of non-
polar material and for typical values of �ow in the range 30–50 mN m�1, the contact
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angle will tend to be high (� → 180°), corresponding to nearly complete wetting of
the particle by the oil. The contact angle becomes reduced for moderately polar
monoglyceride particles at the interface between water and liquid vegetable oils.
Only for low oil–water interfacial tensions, as produced for instance by adding
emulsifiers to the system, does the contact angle become sensitive to �ow.

Campbell reported38 the effect of various food emulsifiers on the contact angle
in a system of solid fat (hardened palm oil) � soybean oil � water. The five com-
mercial emulsifiers investigated were three types of monoglyceride sample (sat-
urated, part-saturated, unsaturated), a sorbitan ester sample (HLB � 4.3) and a
mixed phospholipid sample (lecithin). Table 8.1 shows that there is no significant
effect on the measured contact angle of � � 150 � 1° on adding 0.3 wt.% of any
of these emulsifiers to the oil phase. However, with the addition of 1 wt.% sodium
caseinate to the aqueous phase, it was found38 that the measured contact angles
were lower than 150° and dependent on the type of emulsifier. The zwitterionic
lecithin, which is known to complex with proteins in solution and at interfaces,
reduced the contact angle very substantially in the presence of sodium caseinate. It
was suggested38 that, as the measured �ow was not appreciably lower with protein
than without it, the reason for the lowering of the contact angle in the presence of
sodium caseinate is that the quantity Ipw in equation (8.7) is significantly affected
by protein adsorption. Presumably the nature of the emulsifier influences the extent
of protein adsorption at the solid fat surface.

Further experiments were carried out by Campbell38 with the same emulsifiers
added to the hardened palm oil phase. The results are shown in Table 8.2. We see
that the measured contact angle falls as the fat phase becomes more polar due to the
incorporation of the emulsifier. Considerable differences between the monoglyceride

Table 8.1 Contact angle 	 (measured through the aqueous phase) in the three-phase
system of hardened palm oil (solid fat) � soybean oil (liquid) � water, with emulsifier
(0.3% w/w) added to the oil phase, and with or without sodium caseinate (1% w/w)
added to the aqueous phase. Taken from Ref. [38]; with permission of the Royal Society
of Chemistry.

� (°)
Emulsifier Without protein With protein

Saturated monoglyceride 150 148
Partly saturated monoglyceride 151 142
Unsaturated monoglyceride 150 130
Sorbitan monooleate (Span 80) 151 130
Soybean lecithin 149 82
No emulsifier 150 –
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samples are apparent, with the unsaturated one giving a much larger reduction in �
at the 1% level than does the saturated one at the 10% level. Surprisingly, however,
when pure solid monoglyceride (100% emulsifier) is used instead of hardened
palm oil, the low contact angle obtained (� � 60–65°) is nearly independent of the
monoglyceride type. Thus it is clear that the monoglyceride crystals themselves
can be regarded as being moderately polar in nature.

Johansson and Bergenståhl41 used equation (8.7) to estimate the polar energy
excess Iexcess � Ipw � Iow for particle–water as compared with oil–water as influ-
enced by various food emulsifiers. The quantity Iexcess measures a particle’s ten-
dency to adsorb at the oil–water interface, whereas the quantity �ow represents the
interfacial resistance to particle adsorption. The values of Iexcess reported in Table
8.3 were separately estimated for palm stearin �� crystals approaching the soybean
oil–water interface from the water side (advancing contact angles) and the oil side
(receding contact angles). The polar excess energy is always positive, which means
that fat crystals always have the tendency to adsorb at the triglyceride oil–water
interface, even in the absence of emulsifiers. The excess energy is of the order of
10�14J for a hypothetical particle of diameter 1 �m, corresponding to around
105–106 more hydrogen bonds per particle than an oil–water interface of the same
area.41 The generally higher value of Iexcess when crystals approach the oil–water
interface from the water side can be attributed to the higher polarity of the surface
of the particles when dispersed in water. The data in Table 8.3 show that the high-
est polar energy excess values are for the lactic acid esters of monoglycerides. In
contrast, the lowest Iexcess values are given by the hydrophobic lecithins, which
have relatively little preference for the fat crystal–water interface as compared with
the oil–water interface.

Table 8.2 Contact angle 	 (measured through the aqueous phase) in the three-phase
system of hardened palm oil (solid) � soybean oil (liquid) � water, with various contents
of emulsifier (1, 10 or 100 wt.%) in the solid fat phase. Taken from Ref. [38]; with
permission of the Royal Society of Chemistry.

� (°)
Emulsifier 1% 10% 100%

Saturated monoglyceride 146 142 61
Partly saturated monoglyceride 138 81 63
Unsaturated monoglyceride 125 73 66
Sorbitan monooleate (Span 80) 142 – –
Soybean lecithin 132 109 –
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8.4 Stabilization of w/o Emulsions by Fat Crystals

Dispersed fat crystals are the essential structural components of margarines and
edible fatty spreads.43 They crystallize from the partially saturated oil phase of w/o
emulsions in the form of colloidal particles. The crystals interact and aggregate to
form a three-dimensional network which provides long-term stability to the dis-
persed water droplets and a solid-like textural character to the food product.44–46

Small-molecule emulsifiers are added to control the fat crystallization,47,48 and
they also influence the particle–particle interactions, as does the small amount of
water present in the oil.49 Emulsifiers also affect the wetting properties of the fat
crystals at the oil–water interface.

Fat crystals contribute to the stability of margarine-type w/o emulsions43 by
attaching themselves to the surfaces of aqueous droplets and protecting them
against coalescence via Pickering stabilization.50 The effectiveness of the crystals
in this role depends on their size, shape and morphology, as well as on the crystal
surface wettability as influenced by the presence of other surface-active species
such as emulsifiers and proteins.38,40,51,52 The effect of the polarity of the crystal
surface on the stability of w/o emulsions was demonstrated by Campbell.38 Based
on visual observations of emulsions (50 wt.% soybean oil) 1 h after preparation in
a laboratory turbine-type mixer, it was found that the emulsion samples made with
1 wt.% monoglyceride crystals were stable, whereas those made with 1 wt.%
triglyceride crystals (composed of tristearin or hardened palm oil) were not stable.
This difference could be attributed to the high polarity of the monoglyceride crystals

Table 8.3 Effect of emulsifiers (1–2 wt.%) on the polar energy excess Iexcess � Ipw � Iow
for palm stearin �� crystals and soybean oil for advancing and receding contact angles.
The receding contact angle corresponds to particles approaching the oil–water interface
from the “normal” oil side, whereas the advancing contact angle refers to particles
approaching from the water side, where they could be pushed by shear forces during
mixing or homogenization. Taken from Ref. [41]; with permission of the American Oil
Chemists’ Society.

Iexcess (mJ m�2)
Emulsifier Advancing � Receding �

Lecithins 1.8–3.3 1.5–3.1
Monoolein 5.0 1.5
Lactic acid esters of monoglycerides 14.5 8.5
Ethoxylated alkyl ether 4.9 2.6
Ethoxylated sorbitan monostearate 2.6 2.6

(Tween 60)
No emulsifier 7.2 2.5
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(� � 60°) as compared with the triglyceride crystals (� � 150°), as illustrated by
the data in Tables 8.1 and 8.2. Under the same conditions, it was observed38 that
0.8 wt.% of the unsaturated monoglyceride was required for stability, whereas just
0.2 wt.% of the saturated monoglyceride was sufficient. This can be explained in
terms of the difference in solubility of the monoglycerides in the oil phase; and 
it confirms the supposition that it is indeed the presence of dispersed fat crystals in
the emulsion that is conferring stability, and not just the soluble emulsifier.

The influence of fat crystal concentration on w/o emulsion stability has been sys-
tematically investigated by Johansson et al.52 The emulsions were prepared by Ultra-
Turrax homogenization and droplet-size distributions were determined by static light
scattering (Malvern Mastersizer) with a correction made for scattering from the fat
crystals. Figure 8.2 shows a plot of the initial droplet size (mode value of the volume
distribution) for monoolein-stabilized emulsions (95% or 80% soybean oil) as a
function of the concentration of palm stearin �� crystals (specific surface area �
9 m 2g�1). In the absence of fat crystals the monoglyceride-stabilized emulsions
were rather coarse, with an initial diameter in the range 15–55 �m, depending on the
relative proportions of emulsifier and water. We can see from Figure 8.2 that the
addition of fat crystals leads to a slightly increased droplet size at low concentrations
followed by a substantial decrease at higher concentrations. Similar trends of behav-
iour were found for emulsions prepared with pure soybean phosphatidylcholine or a
commercial lecithin as the emulsifying agent instead of monoolein.

Using sedimentation experiments, Johansson et al.52 investigated the effect of
fat crystals on the long-term stability of these w/o emulsions. Figure 8.3 shows the
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Figure 8.2 Influence of the concentration of triglyceride crystals (palm stearin
��) in oil on the droplet diameter (mode value) of monoolein-stabilized water-in-
soybean oil emulsions: �, 2% monoolein, 20% water; �, 4% monoolein, 5%
water; �, 2% monoolein, 5% water. Taken from Ref. [52]; with permission of the
American Oil Chemists’ Society.
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sediment volume due to coalescence of monoolein-stabilized emulsions (4% emul-
sifier, 20% water) after 1, 6 and 28 days. We can see that the sample without fat
crystals was rather unstable with respect to coalescence: 60–70% of the dispersed
aqueous phase separated into a distinct lower layer after 1 day, and this same state
was essentially the same after 1 month. The stability was gradually improved by
addition of palm stearin �� crystals to the oil. A particle content of �0.5% was
required to produce a significant lowering of the sediment volume. For a particle
content of 3–4%, no phase separation was visible within 1 week, and only 10–20%
of the water separated after 1 month. Figure 8.4 shows the corresponding sedi-
mentation data for emulsions (25% water) stabilized with commercial lecithin (0.5%).
In this case the reference emulsion (no fat crystals) with smaller water droplets
(initial diameter � 35 �m) was found to be substantially more stable than the
monoolein emulsion: only �25% of the dispersed aqueous phase separated after 
4 days, and still only �40% after 4 weeks. Inhibition of water separation from 
the lecithin-stabilized emulsion over a period of several days could be achieved
with particle concentrations as low as 0.1–0.2%. For emulsion stabilization over 
a period of 1 month, the data in Figure 8.4 suggest an optimum fat crystal concen-
tration of 1–2%, with higher fat contents leading to some loss of stability.

Mechanistically, the addition of fat crystals might be considered to enhance w/o
emulsion stability in various ways. There are both bulk and interfacial rheological
effects. The viscosity of the continuous phase increases,53,54 which reduces the
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Figure 8.3 Influence of the concentration of fat crystals (palm stearin ��) in oil
on the volume of water separated from monoolein-stabilized water-in-soybean oil
emulsions (4% emulsifier, 20% water, total emulsion volume 7.0 ml) due to coa-
lescence. Water volume is plotted against the fat crystal content: �, after 1 day;
�, after 6 days; �, after 4 weeks. Taken from Ref. [52]; with permission of the
American Oil Chemists’ Society.
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rates of droplet sedimentation and flocculation. When the inter-droplet interactions
are net attractive, and the droplet concentration is sufficient to form a gel-like net-
work with a finite yield stress, the processes of sedimentation and flocculation may
be inhibited completely. Association of fat crystals with the oil–water interface will
typically tend to enhance the interfacial viscoelasticity, especially when the interac-
tions between the adsorbed crystals are net attractive. This surface rheological effect
will contribute towards stabilizing the emulsion against coalescence, in addition to
the protection provided by the steric barriers of crystals surrounding the droplets.
Another pertinent factor is that fat crystals are of higher density than the liquid oil.
Therefore, the rate of sedimentation, as well as the associated gravity-driven floc-
culation and coalescence, is reduced in the presence of crystalline fat, because of the
lower density difference between the dispersed phase and the continuous phase.

At low levels of addition, fat crystals may have a detrimental effect on emulsion
stability due to bridging flocculation, as illustrated schematically in Figure 8.5(a).
Fat crystal wetting by the aqueous phase, as determined by the value of the contact
angle, is an important requirement for the formation of fat crystal bridges between
dispersed water droplets. This bridging flocculation may lead on to enhanced 
coalescence, especially in the presence of a shear field. The increased droplet size
at low fat contents observed in the monoolein-stabilized emulsion data in Figure
8.2 can probably be attributed to this mechanism. That this putative phenomenon
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Figure 8.4 Influence of the concentration of fat crystals (palm stearin ��) in oil
on the volume of water separated from lecithin-stabilized water-in-soybean oil
emulsions (0.5% emulsifier, 25% water, total emulsion volume 6.8 ml) due to 
coalescence. Water volume is plotted against the fat crystal content: �, after 
4 days; �, after 6 days; �, after 4 weeks. The dashed line indicates maximum sta-
bility at 1–2 wt.% fat crystal content. Taken from Ref. [52]; with permission of the
American Oil Chemists’ Society.
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seems not to be also reflected in the sedimentation behaviour for the same system
(Figure 8.3) has been explained52 in terms of hindering effects dominating the con-
solidation process in these highly concentrated systems.

At higher levels of fat crystal addition, various stabilizing mechanisms take
over: these are associated with the formation of a viscoelastic layer of fat crystals
at the oil–water interface and with changes in rheology and density within the oil
dispersion medium. Crystals inhibit coalescence by preventing droplets from
touching each other, as illustrated in Figure 8.5(b). Johansson et al. have esti-
mated52 that the monoolein-based w/o emulsions (Figures 8.2 and 8.3) require
thinner layers for long-term stabilization than do the lecithin-based w/o emulsions
(Figure 8.4). This is attributed to the greater penetration of the crystals into the
water droplets in the presence of commercial lecithin, i.e. the lower contact
angles.55 When an emulsion is prepared with a concentration of fat crystals below

(a)

(b) 

Crystal

Oil
Water
droplet

Figure 8.5 Highly schematic representation of the effect of the distribution of fat
crystals on the stability of water droplets dispersed in oil. (a) Bridging floccula-
tion at fat crystal contents well below full saturation coverage of the oil–water
interface, and (b) inhibition of coalescence due to screening of droplets at fat crys-
tal contents near full saturation coverage.



that corresponding to saturation coverage of the oil–water interface, destabilization
occurs due to combined sedimentation, flocculation and coalescence. Once satur-
ation coverage has been reached as a result of loss of interfacial area, further 
coalescence is inhibited by Pickering stabilization.

8.5 Stabilization of Air Bubbles in Water by Proteins and Nanoparticles

Compared to emulsions, it is generally an even greater challenge to control the sta-
bility of aerated systems. In many food foam formulations, the aqueous continuous
phase is initially liquid-like, but it is commonly transformed into a solid-like matrix
through subsequent cooking/processing, e.g. in the baking of a cake or the freezing of
ice-cream.1,2 In a wet foam, there is drainage of the intervening fluid between adja-
cent bubbles due to the combined effects of gravity and capillary action. This leads on
to film thinning, bubble coalescence, structural collapse and finally the loss of foam
volume, especially with accompanying mechanical or thermal disturbance. Further-
more, diffusion of gas occurs between bubbles of different sizes and Laplace pres-
sures, leading to foam coarsening (disproportionation). For many wet foams, the
kinetics of coarsening is well described by classical Lifshitz–Slyozov–Wagner (LSW)
theory,56 which uses a mean-field approach in a closed system, such that the concen-
tration of gas is assumed to rise uniformly throughout the aqueous phase as smaller
bubbles gradually dissolve and eventually disappear. This mass transport process is
difficult to stop because even the most well-packed monolayer of small-molecule sur-
factants provides only a limited barrier to gas permeability.57 And, of course, protein
layers have even bigger holes through which gas molecules can readily diffuse.

Nevertheless, one potential way to retard or even prevent bubble shrinkage/growth
is through the mechanical properties of the matrix or film surrounding the bubbles.58

In order to become smaller, a bubble has to do work against the surface dilatational
viscoelasticity. Hence, the rheological character of the material located around the
bubble surface can provide a resistance to slow down the rate of bubble shrinkage, or
may be even a barrier to prevent it altogether. At the level of LSW theory, it has been
recently shown,59 however, that the complete cessation of disproportionation is pos-
sible only for bubbles that possess a purely elastic adsorbed layer, or are contained
within a purely elastic matrix, i.e. a solid foam. A highly viscous continuous phase
can considerably slow down the shrinkage rate, but it cannot stop it completely.

It is well established60,61 that irreversibly adsorbed globular proteins like 
�-lactoglobulin and ovalbumin form highly viscoelastic films at the air–water 
surface. It has also long been assumed by various authors – including this one2 –
that such globular proteins can be used as long-term foam stabilizing agents to prevent
coarsening due to the formation of an elastic skin around expanding or shrinking
bubbles. Recently, however, some direct experimental observations of single 
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bubbles62 and small clusters of bubbles63 at a planar interface has provided
unequivocal evidence that none of the common food proteins is actually capable of
stopping the disproportionation process. Furthermore, in practice, none appears
capable of slowing down the rate of bubble shrinkage by much more than a factor
of, say, 2–3 times. This is illustrated by the data in Figure 8.6 which shows plots of
the measured time-dependent radius Ra(t) for bubbles stabilized by various food
proteins,64 together with the values of the surface dilatational modulus � used as a
single surface rheological parameter to fit the experimental data to the theory.62

The a posteriori explanation for the modest influence of surface viscoelasticity on
the coarsening rate is that, although the protein film is indeed predominantly elas-
tic at short timescales (i.e. those typically measured in surface rheology experi-
ments60,61), it is predominantly viscous at the relatively long timescales over which
the surface area of a bubble changes during disproportionation. There may be some
loss of interfacial material to the bulk phase as the bubble shrinks, although full
protein desorption is usually taken to be an extremely slow process.65 More likely,
under the influence of the applied stresses, is partial displacement of the adsorbed
protein layer, involving just a proportion of the originally adsorbed molecules,
leading to buckling and wrinkling of the film, as recently predicted by computer

0 100 200
0

100

200

X
XXXXXXXXXX

X
X

R
a 

(µ
m

)

t (min)

Figure 8.6 Plot of bubble radius Ra versus time t for isolated bubbles near a 
planar–air water surface stabilized at pH 7 by different proteins: � , sodium
caseinate; O, whey protein isolate (WPI); �, gelatin; �, ovalbumin; �, 
�-lactoglobulin; �, soy glycinin. The lines drawn through the points indicate the
best fits of the theory to the experimental data, i.e. requiring the following values
of the dilatational modulus, � (mN m�1): 0 (constant surface tension) for sodium
caseinate and WPI; 2.3 for gelatin; 7.0 for �-lactoglobulin; 8.5 for soy glycinin;
12.5 for ovalbumin. Taken from Ref. [64]; with permission of the Royal Society
of Chemistry.
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simulation.66 In the final stages of accelerating bubble shrinkage and film wrin-
kling, a rapidly disappearing gas bubble coated with �-lactoglobulin or soy
glycinin leaves behind it an irregularly shaped particle of the aggregated denatured
protein.62,64 In the case of ovalbumin, which is well known65 for its susceptibility
to interfacial coagulation, we have observed,64 even in the early stages of bubble
shrinkage, the presence of stringy interfacial aggregates and some coagulated pro-
tein located between the surfaces of adjacent bubbles. (We have also found64 oval-
bumin to be exceptional in being the only protein that cannot be fitted well by our
simple theory,62 using � as a single adjustable parameter; see Figure 8.6.)

Thus it would appear that protein films are generally capable only of slowing
down bubble shrinkage/expansion, and not preventing it altogether. The question
arises, then, whether there is any kind of interfacial film capable of arresting shrink-
age completely. Small-molecule surfactants seem unlikely candidates, except 
perhaps for the unique case of gas micro-cells stabilized by sucrose esters at high-
sugar contents, which have a special kind of crystalline polyhedral domain struc-
ture.67 On the other hand, the use of partly hydrophobic nanoparticles would seem
to be an idea worthy of consideration for this purpose, in the light of the recent suc-
cess of Binks et al.68–70 in using silica nanoparticles to stabilize emulsions based
on various kinds of oil phases, including triglyceride oil.69 Indeed, a preliminary
study using the same kind of surface-active particles has shown71 that very stable
gas bubbles can be obtained. Moreover, it has been found72 to be important to opti-
mize the degree of hydrophobicity, in order to achieve a suitable balance between
maximizing the extent of particle adsorption and minimizing the tendency for par-
ticle aggregation in the bulk phase prior to adsorption. For the case of silica par-
ticles (diameter 20 nm) with a third of the SiOH surface groups hydrophobically
modified (67% SiOH), the addition of 3 M NaCl to the aqueous phase has been
used to tune the hydrophilic–hydrophobic balance. It is essential that particles are
not too hydrophobic, as otherwise they tend to bridge the surfaces of bubbles and
cause coalescence;73 in fact, such a bridging process is the basic instability mech-
anism underlying the use of hydrophobic particles as anti-foaming agents;74 see
Chapter 10 for a full discussion.

The level of bubble stability that can be achieved64,72 with partly hydrophobic sil-
ica nanoparticles is very much greater than that obtainable with adsorbed proteins.
Figure 8.7 shows that, whereas �-lactoglobulin-stabilized bubbles of size 50–100 �m
shrink and disappear within a matter of several minutes, the equivalent nanoparticle-
stabilized bubbles can be made to remain stable almost indefinitely (many hours or
days). Microscopic observation would appear to indicate71 that the formation of a
rigid shell of strongly adsorbed nanoparticles around the surface is what prevents
bubble collapse (see Figure 8.8). However, more recent images from confocal
microscopy64,72 suggest that a more complex structure-stabilizing mechanism may
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be involved. The hydrophilic–hydrophobic balance (� � 40°) giving good interfacial
stabilization is close to that also favouring nanoparticle aggregation, and hence
much of the adsorbed particulate material is likely to be highly aggregated, and
therefore unlikely to be present as a perfectly uniform close-packed monolayer
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Figure 8.7 Plot of bubble radius Ra versus time t for two bubbles (�, �) near a pla-
nar air–solution surface. The bubbles are stabilized in a 3 M aqueous NaCl solution
by partially hydrophobic silica particles. Shown for comparison (dashed lines) are
experimental data for �-lactoglobulin-stabilized bubbles of similar size. Taken from
Ref. [64]; with permission of the Royal Society of Chemistry.

Figure 8.8 Confocal micrograph of a gas bubble stabilized by a layer of partially
hydrophobic silica particles in 3 M aqueous NaCl solution. The particles were
stained with the fluorescent dye Rhodamine B. The arrow shows the location of an
aggregate of silica particles stuck to the bubble surface. Bar � 40 �m. Courtesy of
Mr. Thomas Kostakis, University of Leeds.



Spreading of Droplets and the Whipping of Cream 317

around each bubble surface. Moreover, we have observed64,72 that, whenever signif-
icant bubble stabilization by nanoparticles does takes place, these particles tend to
form a weak gel-like network throughout the aqueous phase, with the particles
adhering to the bubble surface also forming part of the same bulk gel network.
What this implies is that it is the resistance to collapse of the whole network, as
much as the resistance to collapse of the nanoparticle layer around an individual
bubble, that actually determines the overall stability of the system.

The presence of protein particles is evident when aerated high-sugar systems of
egg white (egg albumen) are observed by confocal microscopy.75 We have specu-
lated recently64 that the special whipping and foam stabilizing properties of this
familiar food ingredient might be attributable to stabilization by protein nanopar-
ticles. Evidence for this comes from recent experiments64 on rates of shrinkage of
single bubbles stabilized by the major egg white protein, ovalbumin. Unlike results
obtained with several other food proteins, those for ovalbumin were found not to
be so reproducible, and occasionally some very long bubble lifetimes were recorded
that did not fit the simple theory (see Figure 8.6). Moreover, visual observation under
the confocal microscope has shown31,64 that ovalbumin forms protein particles
around individual bubbles as they shrink, and that some of the aggregates appear
already to have formed part of a semi-soluble interfacial protein network before
much shrinkage has actually taken place. We are tempted, therefore, to draw an
analogy between the behaviour of whipped egg white protein and that of the sys-
tem of bubbles stabilized by the partly hydrophobic silica nanoparticles. That is,
we speculate that the well-known functionality of ovalbumin is associated with its
tendency to form coagulated protein networks and surface-active stabilizing par-
ticles. This begs the question, of course, as to whether other kinds of food protein
particles, with an even greater degree of effectiveness, could be directly engineered
for this same purpose.

8.6 Spreading of Droplets and the Whipping of Cream

In a polyhedral foam, the presence of even a small quantity of particulate material
is often highly detrimental to stability.58,74 For a hydrophobic particle large enough
to touch both surfaces of the thin liquid film between a pair of bubbles, the Laplace
pressure in the film adjacent to the extraneous particle may become positive. This
induces liquid flow away from the particle, causing the liquid to break contact with
the particle, leading to film rupture. Another type of contaminating particle is one
that spreads its contents at the air–water surface. The nearby film liquid is made to
move in the same direction as the spreading particulate material, which induces a
local thinning of the film and so enhances the probability of rupture.2,58 Both of these
mechanisms are probably involved in the destabilization of aqueous food foams by
fatty particles. By way of example, we can refer to the considerably poorer foam



stability of whole milk, which contains fat globules, as compared to (fat-free) skim
milk. Another example – very familiar to the cook – is the detrimental effect of a trace
of egg yolk on the foaming behaviour of egg white. Nevertheless, despite all this,
the spreading of oil/fat at the air–water surface is actually a requirement for the
making and stabilization of food colloids such as whipped cream, ice-cream and
cake batter.

In commercial terms, the whipped dairy-based emulsion is a very important
class of food colloid. To some extent it is a particle-stabilized foam, since the gas
cells are stabilized by partly coalesced fat globules.76–78 It has been demonstrated
that the orthokinetic destabilization of the o/w emulsion is affected by shearing
conditions,79 the crystallization state of the fat,51,80 and the presence of emulsi-
fiers.81–83 During shear-induced air incorporation there is controlled spreading of
some liquid fat on the bubble surfaces,51,77 which enhances droplet adsorption and
aggregation. Hence the mechanism of spreading of individual fat globules at the
air–water surface is highly relevant for understanding the factors controlling the
whipping of dairy emulsions.

Whether an oil droplet will enter the air–water surface or remain in the bulk
aqueous phase is thermodynamically determined by the so-called entering coeffi-
cient E defined by84

(8.10)

The droplet enters the air–water surface under the condition E � 0. Once this has
occurred, the droplet may either form a lens at the surface (partial wetting) or
spread out at the surface (complete wetting). The tendency for a droplet to spread
at the air–water surface is determined thermodynamically by the spreading coeffi-
cient S defined by85

(8.11)

Spreading occurs under the condition S 
 0. This condition is readily satisfied for
many food-grade triglyceride oils on clean water, although not so for the less polar
higher alkanes.

Figure 8.9 shows a schematic diagram of an oil lens resting at the air–water 
surface. The three-phase boundary disappears under three alternative conditions:
(i) the oil droplet becomes expelled into the water (E � 0), (ii) the oil droplet becomes
expelled into the air (�ow � �oa � �aw), or (iii) the oil spreads at the surface (S � 0).
For a sunflower oil droplet, Hotrum et al.86 have calculated the lens radius aL as a
function of the air–water surface tension �aw, assuming that the volumes of the upper
and lower lens caps are given by87,88

S � � �g g gaw ow oa

E � � �g g gaw ow oa

318 Interfacial Particles in Food Emulsions and Foams



Spreading of Droplets and the Whipping of Cream 319

(8.12)

(8.13)

where the angles � and � are defined in Figure 8.9. The size of the lens increases
with increasing �aw until the condition S � 0 is reached. Taking measured values
of �ow � 29 mN m�1 and �oa � 28 mN m�1, this means that aL grows asymptot-
ically to infinity as �aw → 57 mN m�1.

While the above analysis is based on equilibrium thermodynamics, the processes
of entering and spreading of oil droplets at air–water surfaces are kinetic processes.
For stable emulsion droplets covered with a protein adsorbed layer, repulsive col-
loidal interactions provide an effective kinetic barrier, especially under quiescent
conditions.89 This means that, even when the condition E � 0 is satisfied, the
entering of emulsion droplets may not be observed in practice.90,91 Furthermore,
the difference between the equilibrium and dynamic tensions has to be considered
in real systems, where surfactants and/or proteins are present at the air–water sur-
face, as well as at the oil–water interface. The tensions will be influenced by the
rate of expansion of the interfaces, as well as by the concentrations of the various
surface-active species present. Also, during spreading, the tensions may change
due to the compression of the adsorbed layer by the expanding film.86 So spread-
ing may be transiently favoured when the dynamic air–water tension is high, but it
may stop later (S � 0) following the lowering of �aw by adsorption of fresh surface-
active material from the bulk.

The spreading behaviour of protein-stabilized oil droplets has been investigated
experimentally recently86,92 for solutions of milk proteins at various concentrations
and surface expansion rates. Oil droplet spreading was observed for values of the
dynamic steady-state air–water surface pressure �aw (�72 mN m�1 � �aw) of
around 15 mN m�1 or lower, but no spreading was found for �aw � 15 mN m�1.
Hence the value of 15 mN m�1 represents the critical surface pressure �cr above
which spreading is inhibited. This relatively high value of �cr for triglyceride oil

V alower L� � �( / sin )(cos cos )p a a a3 3 33 3 2

V aupper L� � �( / sin )(cos cos )p b b b3 3 33 3 2

gaw

goa

gow

Oil

Air

Water

b

a

Figure 8.9 Representation of an oil lens resting at the air–water surface with con-
tact angles � and �, respectively, on the water and air sides of the surface. The three
tensions (�aw, �ow and �oa) satisfy the equation: �aw � �owcos � � �oacos �.
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spreading out of protein-stabilized oil droplets indicates that the air–water surface
does not have to be completely void of adsorbed protein for spreading to occur.93

This is relevant to the whipping of dairy emulsions, since the air bubbles incorpo-
rated during the early stages of whipping are stabilized by adsorbed protein,94 which
could potentially inhibit oil droplet spreading. Also relevant to emulsion whipping
is the observation93 that the presence of a competitively adsorbing small-molecule
surfactant (Tween 20) can increase the critical surface pressure to �cr � 22 mN m�1,
and so can enhance the rate of spreading of liquid fat under less severe surface
expansion conditions.

During the whipping of natural cream (fat content �35 wt.%), the partially crys-
talline fat globules adhere to bubble surfaces, and they subsequently become
clumped together by a process of surface-mediated partial coalescence,93 as illus-
trated schematically in Figure 8.10. This process continues until a three-dimensional
network of clumped fat globules is built up, which holds and stabilizes the incor-
porated bubbles, and gives the desired texture and mechanical strength (yield
stress) to the final whipped cream (with a typical gas-to-liquid volume ratio 
of �120%). Based on the results of the droplet spreading experiments described
above, it seems reasonable to assume that fat droplet spreading and surface-mediated
partial coalescence can only occur at bubble surfaces for which the dynamic surface
pressure is below �cr. It has been suggested93 that interfaces around (different)
bubbles can be described by a surface pressure distribution, with newly formed
bubble surfaces having low surface pressures, and bubble surfaces that are com-
pressed, or at which protein is adsorbed, having higher surface pressures. The 

(a) (b)

(d)

(c)

Water

Air

Oil
droplets

Clump

Figure 8.10 Representation of the process of surface-mediated partial coales-
cence. For S � 0, the fat globules attach to the protein-covered bubble surface to
form interfacial flocs, which are subjected to partial coalescence (a). If a bubble
bursts, a partially coalesced fat clump remains in the bulk (c). If a bubble does 
not burst (b), a fat clump from the bulk may partially coalesce with the adsorbed
fat clump (d). Taken from Ref. [93]; with permission of the Royal Society of
Chemistry.



technological implication is that, by modifying the formulation and/or the whip-
ping conditions, the fraction of the total surface area for which the condition S � 0
is satisfied can be manipulated, thereby influencing the rate of droplet adhesion
and spreading, and hence optimizing the whipping process.

8.7 Some Concluding Remarks

It is clear that particles with sizes from the nanometre scale to the micrometre scale
(and beyond) do play an important role in controlling the structure, rheology and
stability of food colloids. The application of the underlying basic principles95–98 to
these systems is, however, still somewhat limited. This is due to a number of inter-
related factors: the compositional complexity of food colloids, the effect of pro-
cessing conditions (hydrodynamic, thermal, etc.) on the ingredient properties and
on the system microstructure, and the lack of quantitative experimental informa-
tion on the physico-chemical properties of particles (contact angles, size distribu-
tions, aggregation state, etc.) and their influence on the properties of fluid interfaces
(adsorbed layer structure, surface rheology, etc.).

In order to make further significant progress, new techniques of contact angle
measurement will have to be developed and exploited. Direct microscopic quan-
tification of wettability is relatively straightforward for three-phase oil–water–fat
systems,38,55 since macroscopic solid fat surfaces can be reliably prepared with
similar properties to those of small stabilizing particles. But, in the case of non-
crystalline particles, which have to be compressed into a powder tablet or
deposited on a surface, the directly measured contact angle is typically dependent
on the particle packing density. And similar uncertainties exist with average con-
tact angles determined indirectly from liquid penetration experiments using par-
ticle powder beds. For some protein-based particles, it may be feasible to determine
contact angles at liquid interfaces by measuring “pull-off” forces of individual par-
ticles attached to the cantilever of an atomic force microscope.99 Another promis-
ing novel technique100 involves immobilizing the adsorbed particles at a macroscopic
liquid interface by gelling the aqueous phase with a non-surface-active hydrocol-
loid (e.g. gellan gum), then fixing the liquid interface using a curable silicone elasto-
mer, and imaging the relative penetration into the two bulk phases using scanning
electron microscopy. The availability of more reliable data on contact angles for
hydrophilic particles such as casein micelles and protein-coated droplets at various
fluid interfaces would be an aid to the development of improved bio-nanoparticles
for emulsion and foam stabilization.

There is also a need to design and exploit new techniques to determine the rela-
tionship between the state of aggregation and packing of particles at fluid inter-
faces and the properties of the corresponding emulsions and foams. One such
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promising technique is light backscattering,101 which has already been used to study
“fat structure formation” in emulsions containing food hydrocolloids.83,102 Various
types of light microscopy are already available for investigating particle structuring
and dynamics on flat interfaces103,104 and droplet surfaces.105 As particle structuring
at fluid interfaces influences their mechanical and viscoelastic properties, there is a
requirement for information on the surface rheology of adsorbed particle monolay-
ers in systems containing surface-active ingredients that can affect the inter-particle
interactions as well as the contact angles (see Table 8.1). Steady-state surface shear
viscometry, for instance, has been successfully used106–108 to provide information
on interactions of fat crystals at the oil–water interface in the presence of food pro-
teins. When globular protein layers are subjected to large-scale deformation, non-
linear fracture behaviour occurs,109,110 with important implications for the bulk
stability properties. The spreading behaviour of oil droplets at the air–water sur-
face111,112 is dependent on the large-deformation surface rheology of protein films, as
illustrated schematically in Figure 8.11.113 For a disordered protein (e.g. �-casein)
forming a liquid-like adsorbed layer, the emulsion droplets can enter the interface at
many different places, and it has been observed113 that the oil spreads in a radial pat-
tern. In contrast, for a globular protein (e.g. �-lactoglobulin or soy glycinin) form-
ing a solid-like layer that fractures due to stress build-up during expansion, the

(a) (b)

(i)

(ii)

Oil
Oil

ProteinProtein

Figure 8.11 Influence on emulsion droplet spreading of the large-deformation
mechanical behaviour of a protein film as viewed (i) from above the air–water sur-
face and (ii) from the side. (a) For a liquid-like protein adsorbed layer, the droplets
enter the interface at many points, and the oil (white) spreads radially. (b) For a
solid-like protein adsorbed layer, the droplets enter the interface at cracks in the
fractured film, and the oil spreads erratically. Taken from Ref. [113]; with per-
mission of Elsevier.
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droplet entering and spreading behaviour is initiated in the growing cracks of the
fragmented protein film. This contrasting behaviour of the large-deformation inter-
facial rheology for different kinds of food proteins has been reproduced66 in recent
Brownian dynamics simulations of the expansion of gel-like adsorbed proteins lay-
ers. Further progress in the application of computer simulation in this field is antic-
ipated. For instance, the same kind of Brownian dynamics model has also been
successfully used114 to simulate the evolving microstructure of a nanoparticle
monolayer at a fluid interface subjected to uniaxial compression.

The author’s intention in this chapter has been to convince the reader of the
important role of solid particles at fluid interfaces in controlling the texture and
shelf-life of traditional foods. In focusing on the colloid science aspects, of course,
some other significant food science issues have had to be condensed or simplified,
e.g. the effects of fat composition, temperature and emulsifiers on fat crystal for-
mation and morphology in emulsions and foams.4,43–48,115,116 Nevertheless, these
related topics are already well covered in some of the references cited herein. The
aim here has been to review those modern developments which seem to pertain
most directly to some of the major scientific issues currently faced by the food
industry. Looking ahead, there is good reason to believe that the intense current
research interest in colloidal particles at liquid interfaces will generate exciting
developments in the areas of improved food shelf-life, nutrient encapsulation tech-
nology and novel food formulations.
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9.1 Introduction

Froth flotation has a long history (over 100 years) of development and widespread
applications. Essentially, the process involves the attachment of finely dispersed
hydrophobic particles to air bubbles to produce so-called “three-phase froths” on
the surface of the flotation cell with the hydrophilic particles remaining dispersed in
the suspension. In this way, the particles are separated, based on their differences 
in surface wettability. Although froth flotation includes several major elementary 
sub-processes, one of the most important operations involves the interaction of the
selected suspended particles with a chemical reagent (a flotation collector) in order
to make the surfaces sufficiently hydrophobic and become “targets” for bubbles
generated in the cell. The “gangue” particles remain hydrophilic and do not interact
with the collector reagent but remain dispersed in the suspension.

The following unit processes are also important:

(i) Generation and dispersion of gas bubbles in the presence of a surfactant (frother) in
the pulp and the formation of the froth layer.

(ii) Collision of hydrophobic particles with gas bubbles.
(iii) Adhesion of hydrophobic particles to gas bubbles and the formation of particle–

bubble aggregates.
(iv) Ascension of particle–bubble aggregates from the pulp into the three-phase froth.

Both the fundamental and practical aspects of froth flotation have been well stud-
ied and developed but the process still undergoes modification and advancement.
In fact, froth flotation has been applied in many diverse industrial areas in addition
to mineral processing. In recent years it has been adopted for the treatment and util-
ization of industrial wastewater, the recycling of plastics and bacteria separation 
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in bioengineering. Flotation has also been used to remove ink from used fibre 
(de-inking) enabling the fibre to be recycled and re-used in the manufacture of new
paper. It has also been applied to the recovery of metallic silver from photographic
residues and to separate heavy crude oil from tar sands. Flotation processes were
reported to be used for the separation of biological materials, e.g. enzymes, albu-
min, penicillin, viruses and organic pollutants, e.g. phenols and chlorophenols.1

9.2 Mineral Flotation

This is by far the most important industrial application of surface chemistry. In
recent years, one aspect which has received considerable interest involves both the
role of the particle and the chemical frother on the stability of the bubbles. Overall,
the dynamic behaviour of particles and the interaction with frothers are critical but
poorly understood steps in industrial froth flotation and usually lead to loss of recov-
ery across the froth phase. The frothers are usually nonionic molecules, which
adsorb at the air–water surface and aid in the production of bubbles and stabilize
the flotation froths. Frothers can be essentially divided into four chemical groups.
The first group consists of aromatic alcohols such as cresol and 2,3-xylenol. A sec-
ond group is the alkoxy types such as triethoxy butane (TEB). The third group con-
sists of aliphatic alcohols such as 2-ethyl hexanol, diacetone and methyl isobutyl
carbinol (MIBC). In recent years, a fourth important group of synthetic frothers
consisting of polyethylene oxide (PEO), polypropylene oxide (PPO) and polybuty-
lene oxide (PBO) groups has been introduced into the market.2

In addition to the chemical frother, mineral particles also play an important role 
in controlling the stability of the froth. Although it has been clearly established that
foam stability can be increased or decreased by many different types of particles (see
Chapter 10), to some extent the mechanism is complex, since frequently there are
several different mechanisms operating in the same system. Usually, the particles
have some critical degree of hydrophobicity, which plays a crucial role in the dynam-
ics of the rupturing of thin foam (air–water–air) films. In fact, the use of particles as
foam breakers is well known throughout industry, and hydrophobic particles are
important ingredients in many foam-breaking formulations.3 Both the particle size
and shape have also been shown to play an important role in the flotation of minerals
and systems have been studied with particles possessing a wide size range.4,5

9.3 Influence of Particles on the Structure and Stability of Froths

While foams (two-phase gas–liquid systems) are stabilized by adsorbed frother (sur-
factant) molecules (Figure 9.1(a)), froths (three-phase gas–liquid–solid systems) are
usually stabilized by small particles with a critical degree of wetting, attached at the
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gas–liquid surface and cause the bubbles to become “armoured” (Figure 9.1(b)). In
the real world situation of mineral processing the bubbles are frequently stabilized
by both particles and surfactants. In Figure 9.2(a) and (b) two extreme situations
are shown corresponding to a heavily loaded particle-stabilized froth and a surfactant-
stabilized foam.

In early studies, several ideas were developed based on the premise that coales-
cence of froths is prevented due to a steric interaction of particles attached to the
interface.6 Strongly adhering particles to the bubble generally produce more stable
froths, and an increase in the contact angle that particles exhibit at the air–water
surface to a certain critical value benefits froth stability. Also, as reported by many

(a) (b)

Figure 9.1 Schematic of the different types of stabilizer for air bubbles in water;
(a) frother molecules and (b) solid particles.

(a) (b)

Figure 9.2 (a) Photograph of froth heavily loaded with galena (PbS) particles, (b)
froth stabilized by frother molecules during the flotation of fluorspar. Bubbles are in
the mm–cm size range in both cases. Courtesy of Clariant, Germany.
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flotation researchers, the stability and drainage of a three-phase froth (through the
Plateau borders) depends on the hydrophobicity of the mineral particles present in 
the froth. Froths become stabilized and drainage of the liquid from a thin layer is
restricted by hydrophobic solid particles. As the liquid film drains to a critical thick-
ness, the non-wetted particles can reduce froth stability by inducing the liquid to de-
wet around the particle causing the liquid to recede from the particle at areas indicated
by the arrows in Figure 9.3(a). This leads to rapid rupture. However, in the case of par-
tial wetting, the particles trap the liquid making the film more stable, Figure 9.3(b).
However, the influence of particle concentration, density and shape needs to be taken
into consideration. As shown in Figure 9.4, the effect of low and high concentrations
of non-wetting particles and the effect of plate-like particles, e.g. clay, on the thin film
stability are suggested.

9.3.1 Capillary effects on froth stability

At least two alternative mechanisms have been suggested to explain the froth sta-
bilization effects caused by hydrophobic particles adsorbed at the interface. The
first effect results from a change in capillary pressure.7 This is caused by the pres-
ence of adsorbed particles modifying the curvature of the gas–liquid surface,

(a) Non-wetting particles

(b) Wetting particles

Figure 9.3 Influence of particle wettability on aqueous film stability as the film
thickness approaches that of the particle diameter. (a) Non-wetting particles cause
recession of the liquid around them and rupture of the film at the three-phase 
contact line as indicated by arrows. (b) Wetting particles retain liquid within the
film delaying rupture. Taken from Ref. [7]; with permission of Elsevier.
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which reduces the pressure difference between the Plateau borders and the three
films associated with it. The situation is illustrated in Figure 9.5. In the case of the
foam with no particles (Figure 9.5(a)), the liquid can flow from the film into the
Plateau border, and then through the structure by gravity. The flow rate is propor-
tional to the pressure difference 
P expressed by


P � PFilm � PPB � �aw/RPB (9.1)

where PFilm is the pressure in the films, PPB is the pressure in the Plateau border,
�aw is the surface tension of the liquid and RPB is the radius of curvature of 
the gas–liquid surface (see Figures 9.5(b) and (c)). Therefore, when 
P is high, the
flow rate is increased which causes faster drainage, and the foam becomes less 
stable. If many hydrophobic particles are attached to the gas–liquid interface (see
Figure 9.5(d)), the radius of curvature of the gas–liquid interface would be almost
equal to that of the gas–Plateau border interface (see Figures 9.5(e) and (f)). This will
cause the pressure difference to decrease leading to a more stable froth.

It is interesting to note that according to Lucassen,8 capillary effects are especially
important for small particles attached to interfaces where gravitational forces are
negligible. This results from the fact that small floating solid particles at the fluid
interface can interact with neighbouring particles because any solid particle will
nearly always cause deformation of the interface. The extent of deformation becomes

Air

Air

Water

(a)

(b)

(c)

Figure 9.4 Effect of hydrophobic particles on bubble stability. (a) Poor mineral-
ization of bubbles with very hydrophobic particles, (b) high mineralization of
bubbles with bridging particle layers, (c) effect of plate-like particles.
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altered by the approach of the neighbouring particle. This is especially important in
cases where particles have an irregular wetting perimeter which disturbs the smooth-
ness of the interface. Calculations made for a model particle with a sinusoidal edge
indicate that the disturbances can become significant in magnitude.

9.3.2 Restricted drainage mechanism

It has also been suggested that particles attached to the thin film interface can hin-
der the overall drainage within the thin film causing the liquid passages to become
constricted and tortuous. To some extent, the volume of the particle-stabilized
froth must therefore be approximately proportional to the amount of hydrophobic
solids present, but there is an upper limit and this will be discussed later in this
chapter. In addition, particle size is important and if the size of the hydrophobic
particle is small compared with the film thickness as discussed previously, then
particles can arrange themselves at the gas–liquid interface and stabilize the 
films by the capillary mechanism described. If the particles are large, i.e. their
diameter is larger than the film thickness, the particles can bridge and may rupture
the film.
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Figure 9.5 The effect of hydrophobic particles on the pressure difference between
the foam film and the Plateau border. Taken from Ref. [7]; with permission of
Elsevier.
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9.3.3 Entrainment of particles in the froth phase and flotation

The process leading to the formation of three-phase froth layers involves not only the
hydrophobic particles carried over in the froth but also the hydrophilic entrained
particles in the gangue suspension.9 These latter particles can only feebly adhere to
the gas bubbles or are situated in the water film in the froth and are usually washed
out during drainage, Figure 9.6. At the same time, the ascending air bubbles carry
the hydrophobic particles to the top of the froth. Thus, the top of three-phase froth
contains the more hydrophobic particles and has the higher grade; the grades of the
floated material decrease from top to bottom of the froth. This phenomenon is
referred to as a “secondary concentration effect,” and is useful for upgrading the
concentrate quality and has found its application in column flotation.

In most cases, complete separation between gangue and valuable mineral particles
in the pulp zone is difficult to achieve, and nearly always some gangue minerals are
transported into the froth with the entrained liquid. As the froth ages, some of the
hydrophilic gangue returns back to the pulp due to drainage of slurry, while the
remainder is carried up with the concentrate reducing the quality of the product. 

Air

Air

Air

Air

Figure 9.6 Schematic illustration of drainage in a particle-containing froth.
Taken from Ref. [9]; with permission of Wiley.
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It has been shown that the drainage of hydrophilic particles (or recovery of gangue in
the concentrate) is largely affected by properties of the gangue minerals such as dens-
ity and particle size. To date, the effect of the gangue characteristics on the drainage
has been well established, but the influence of the froth characteristics on the gangue
recovery has not been fully investigated.

9.3.4 Frothing studies with model quartz particles of 
well defined size and hydrophobicity

At the Institute for Surface Chemistry in Stockholm, we have studied the influence
of size and hydrophobicity of mineral particles on the stability of froths using both
the modified Bikermann column and the thin film balance4 developed by Bulgarian
researchers. In these experiments, surface modified quartz particles were used as
models. The hydrophobicity of the quartz surface was controlled by reacting the dry
surface with trimethylchlorosilane in cyclohexane under a dry environment follow-
ing standard procedures. In order to evaluate the surface wetting, a quartz plate was
also placed in the reaction vessel together with the particles. After the reaction, the
plate and particles were removed and rinsed with cyclohexane and washed with
water. Finally, the contact angle of a drop of water on the plate in air was determined
using a Ramé-Hart goniometer. The hydrophobicity of the quartz particles was quan-
tified from small-scale flotation experiments (which determine the per cent flotation
yield) using a Hallimond tube apparatus.

The froths (containing quartz particles) were characterized by both dynamic and
static frothing tests. The dynamic test (carried out during froth generation) quantified
the equilibrium state of the froth whereas the static tests (after the gas flow has
ceased) determined the rate of collapse of the froth. In this frothing study, a modified
Bikermann test was used consisting of a glass column where the maximum equilib-
rium volume of the froth (Hmax) was determined at a standard flow rate. A typical
set of data is shown in Figure 9.7 for the dynamic frothing with four commercial min-
eral processing frothers (polypropylene glycol monomethyl ether (PPGMME), 
�-terpineol and MIBC). These results express the dynamic froth characteristics in terms
of Hmax versus the hydrophobicity of the particles expressed in terms of the flotation
yield. From the results obtained with the small particle fraction (26–44 �m), there
appears to be a distinct maximum corresponding to a flotation yield of about 70%.
This corresponds to a critical degree of hydrophobicity with contact angle of 60° for
the small particle fraction. This value seems to be reproducible in all the frother sys-
tems. Also, at higher flotation yield, the froth was found to collapse indicating the
particles were acting as foam breakers, and it could be concluded that above this
critical degree of hydrophobicity the particles appear to have a destabilizing effect on
the system. These trends are observed at both high and low frother concentrations.
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However, with the larger size fraction (74–106 �m), these effects were not observed.
In fact, the particles do not appear to influence the stability of the system. Similar
trends are observed at both low (20 mg l�1) and high (50 mg l�1) frother concentra-
tions. Further experiments were carried out for a range of frother concentrations
where a similar trend was observed for Hmax values versus concentration.

9.4 Frothing and Flotation in the Absence of Collector and Frother

9.4.1 Flotation of hydrophilic colloidal particles

The frothing and flotation of hydrophilic metal hydroxides in the absence of frother
and collector could be considered as an area of special interest and is sometimes
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Figure 9.7 Relationship between the dynamic stability of froth, expressed as the
maximum froth height at a flow rate of 60 l hr�1, and the hydrophobicity of the
quartz particles expressed as the flotation yield for different frothers (given).
Symbols refer to: 	 26–44 �m size fraction and 20 mg l�1 froth concentration, 
� 26–44 �m and 50 mg l�1, � 74–106 �m and 20 mg l�1, � 74–106 �m and
50 mg l�1. Taken from Ref. [4]; with permission of Elsevier.
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referred to as contact-less flotation. There are several reviews on micro-flotation of
solids which occurs in the presence of hydrolysing ions and in dissolved air flotation
circuits. It has been shown that the region of floatability corresponds closely with the
regions where precipitation of the metal ion occurs. In fact, maximum coagulation cor-
responds to maximum flotation. Hydrophilic solids, such as quartz, are usually readily
coagulated by iron or aluminium ions, and various degrees of flotation occur with
micro-bubbles. However, for flotation to occur, the particles need to be hydrophobic.

One theory suggests that naturally occurring organic compounds may be respon-
sible for particle hydrophobicity, which causes frothing in some industrial dissolved
air flotation operations.10 It has been well documented that natural water frequently
contains biologically derived surfactants which could stabilize micro-bubbles. It is
interesting to note that in clean water systems, the flotation of a suspension of ferric
hydroxide flocs can occur fairly readily in the presence of a few ppm of collector. Also,
coagulation with hydroxyl ions increases the effective particle size and decreases 
the number of particles to be collected. General particle aggregation is needed, but 
in many cases a collector may also be needed to improve the process efficiency.
Experiments of Kitchener and Gochin11 have confirmed that the floatability of metal
hydroxides is very sensitive to the presence of organic impurities in the system. They
suggested that natural water contains surface-active impurities which are adsorbed
onto precipitated metal hydroxides forming insoluble hydrophobic soaps that provide
sites for bubble adhesion. Since the flocs have low density, then micro-bubble attach-
ment to a few hydrophobic spots on the flocs would be sufficient to ensure flotation.

9.4.2 Flotation of naturally hydrophobic particles in aqueous solutions of
inorganic electrolytes

The frothing and flotation of naturally hydrophobic particles in inorganic electrolyte
solutions was first documented during the 1930’s in the USSR. This work was mostly
related to the flotation of coals in saline waters. Also, it was noted that the electrolytes
play a role in stabilizing the froth. Several surface chemical mechanisms have been
proposed to explain the flotation process. These range from the action of the elec-
trolytes in (a) disruption of hydration layers surrounding the particles and enhancing
bubble–particle capture, (b) reducing the electrostatic interactions and (c) increasing
the charge on the surface of the bubbles to prevent primary bubble coalescence. How-
ever, none of these appear to satisfactorily explain the experimental observations.12

Craig et al.13 assessed the inhibition of bubbles to coalescence in a series of
electrolyte solutions by the application of a combining rule based on the nature 
of the cationic/anionic ion pair. This rule enables one to predict whether or not 
the electrolyte would inhibit coalescence of gas bubbles in the electrolyte solutions.
Viscosity changes and electrostatic repulsion were ruled out as possible explanations.
In fact, following conventional electrostatic double-layer theory, an increase in salt
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concentration would reduce the double-layer repulsion and should induce coales-
cence. It was also suggested that the coalescence in pure water was caused by a
strong hydrophobic attractive force, which opposed the hydrodynamic repulsion
existing between the colliding bubbles.

Paulson and Pugh14 carried out flotation experiments with graphite (diameter �
20 �m) using a series of different inorganic electrolytes at a range of concentrations
(in the absence of an organic frother) in a small glass cylindrical column cell. The
flotation of graphite (expressed as per cent recovery) as a function of the electrolyte
concentration is shown in Figure 9.8. From this plot it can be seen that recovery gen-
erally increases with concentration and varies according to the cationic/
anionic ion pair. In fact, it is possible to classify the electrolytes into three groups
according to their flotation performance. Group A contains salts with divalent and
trivalent cations or anions including MgCl2, CaCl2, Na2SO4, MgSO4 and LaCl3,
and give high flotation response. In this group, flotation begins at about 0.02 M and
reaches maximum recovery between 0.06 and 0.1 M. Group B includes NaCl,
LiCl, KCl, CsCl and NH4Cl which give medium flotation response with flotation 
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beginning between 0.05 and 0.1 M electrolyte. Finally, Group C electrolytes
(NaAc, NaClO4, HClO4, HCl, H2SO4, LiClO4 and H3PO4) give a very low flotation
response, even up to concentrations as high as 0.3 M. A plot of double-layer thick-
ness versus flotation recovery showed that for Groups A and B electrolytes, a corre-
lation exists between the flotation performance and the electrostatic double-layer
thickness, which suggests that the electrostatic interaction plays a role in the process.

In this study, a relationship was also found between flotation recovery and the mag-
nitude of the change in surface tension with respect to electrolyte concentration.14

Also, a correlation showing a decrease in gas solubility occurred with increasing elec-
trolyte concentration. Thus, the increased flotation performance of the hydrophobic
graphite appears to be also linked to the increase in stability of the gas bubbles and
froth caused by a decrease in dissolved gas concentration. Higher flotation recovery is
attributed to an increase in the bubble–particle collision probability with higher con-
centration of smaller non-coalescing bubbles and to a reduction in the electrostatic
interactions between particles and bubbles resulting in a more stable froth system.

9.5 The Flotation De-inking Process

The de-inking of fibres is an important step in waste paper recycling and the most
common techniques used for de-inking of waste papers are washing and flotation.
A typical industrial flotation cell is shown in Figure 9.9. The wash de-inking
process is most efficient for removing the finer ink particles (�20 �m) and,
although it uses large volumes of water, the fibre and filler yields can be kept rela-
tively low. Flotation de-inking is usually more effective in removing larger parti-
cles (20–300 �m) from newsprints and results in higher fibre and filler yields. Prior
to washing and flotation steps, pulping is carried out where the ink is initially
detached from the fibres. This process is enhanced by high shear conditions, chem-
ical action and moderate temperatures in the range from 55 to 70°C.

Primary
reject

Secondary
reject

Recirculation
Air

Mixing zone

Figure 9.9 The Beloit PDM2 flotation cell for de-inking. Courtesy of Beloit,
America.
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9.5.1 Ink particles

Flotation mainly removes hydrophobic contaminant and ink particles in the size
range 20–300 �m. However, the optimum sizes for flotation de-inking can be
dependent on many different parameters such as type of ink and added chemi-
cals.15 The flotation rate for small particles was found to be rather low and they
cannot be easily removed even by prolonged flotation. It was also found from the
results of the ink particle distribution before and after flotation that a reduction of
coarser particles occurred after flotation. This is important since it is the small ink
particles which affect the brightness of the pulp most. It has been found that the
main reason for the poor flotation ability of the small particles is the hydrodynamic
effect that decreases the particle–bubble attachment efficiency. This will be dis-
cussed in Section 9.7.

9.5.2 Mechanism of calcium soap fatty acid interaction in de-inking

In Europe, long chain fatty acids in the presence of calcium ions are “the chemical
workhorse” of the hot de-inking process and initially cause agglomeration of the
ink particles. This causes the formation of relatively large hydrophobic agglomer-
ates, which can be fairly easily removed by the stream of air bubbles in the flota-
tion cell. The bubbles are carried to the froth and rupture, yielding good ink
removal and minimal fibre loss. In general, this process has proved to be highly
selective and economical. It is well known that the fatty acid renders the ink parti-
cles hydrophobic but the mechanism has been under dispute for several years. One
mechanism suggests the Ca2� ions induce a direct bridging mechanism with the
anionic fatty acid species. It has also been suggested that the Ca2� ions interact
with the negatively charged surface groups on the oil-based ink particles. The
adsorbed Ca2� ions would reduce the negative charge and could lead to a car-
boxylic acid bridging mechanism with the Ca2� ions, specifically adsorbing to the
negatively charged sites on the ink particles. There is also the possibility of build-
up of calcium soap particles around the ink particles (micro-encapsulation)
through hetero-coagulation of bulk precipitated calcium soap fatty acid particles.
These mechanisms are outlined in Figure 9.10.

Using the surface force apparatus, Rutland and Pugh16 have studied the inter-
action of fatty acid collector with Ca2� ions in water using a negatively charged
mica surface to simulate the ink particle surface. From this fundamental study, 
no evidence of Ca2� ion bridging was detected but a Ca2� ion dehydration desta-
bilization was detected at low concentrations of fatty acid below the calcium 
soap solubility limit, where calcium ions adsorb on the ink particles and lower 
the surface charge. At high fatty acid and calcium soap concentrations, calcium 
soap was precipitated in bulk solution. Overall, it was concluded that the main
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Figure 9.10 Possible mechanisms involved in calcium soap de-inking. Taken
from Ref. [16]; with permission of Elsevier.

mechanism involves insoluble calcium soap formation and this becomes asso-
ciated with the detached printing ink particles. The bubbles capture the aggre-
gates and rise to the surface and the printing ink particles are skimmed off as 
froth.
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9.5.3 Influence of particle contact angle

The degree of hydrophobicity of an ink particle may be quantified from the contact
angle the particle makes with the air–water surface. A very hydrophilic surface has a
low contact angle (measured through water) whereas contact angles �90° correspond
to highly hydrophobic surfaces. The type of equipment used for measuring contact
angles of ink particles deposited on a glass plate is shown in Figure 9.11. Johansson17

carried out measurements to study the influence of different chemicals on the con-
tact angle between agglomerated ink and an air bubble in water. He evaluated the
effect of ionic strength, fatty acid type, pH and ink particle concentration on the
contact angle. However, during the flotation process, it is the dynamic contact angle
which is important and, in order for the particle to float, a sufficiently high three-
phase contact angle has to established to ensure strong attachment. For efficient
flotation, the time for rupture of the aqueous film between a particle and a bubble
must be less than the sliding time, otherwise the particles become detached since the
adhesion force is a function of the contact angle and contact area.

The detachment force required to remove particles from the air–solution interface
has been studied using a centrifuge technique and related to flotation performance.
The magnitude of this critical force F (the maximum detachment for spherical par-
ticles) has been analysed in some detail18 and can be approximately expressed by

F � ��awr(1 � cos�) (9.2)

where r is the particle radius and � is the contact angle. In the case of ensembles 
of irregular particles, the situation is more complex but the adhesion force may be

Cuvette

Glass plate

Air bubble

Holder for glass plate

Liquid level (Filtrate)

Contact
angle

Figure 9.11 Setup for measuring the contact angle of an air bubble under water
on an ink film. Taken from Ref. [17]; with permission of the Royal Institute of
Technology, Stockholm.
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estimated by using an average value of r. While the contact angle is a function of the
adhesion force, it also plays an important role in the stability of the froth. For good
particle recovery from the froth, the froth stability should not be too high for 
bubble–particle adhesion and the film elasticity should be fairly low. This indicates
the clear advantage of having froth stabilized by particles instead of surfactants.
Particles do not generally give high film elasticities of the air bubbles and do not
therefore reduce the ink collection efficiency. This may explain why it is frequently
favourable to include some coated paper grades together with old newsprint during
de-inking. The coating and filler mineral particles can increase the foam stability
without disturbing the ink particle–bubble adhesion.

Extensive flotation experimental studies were reported with de-inking flotation
chemicals within the temperature range 20–70°C by Kaya and Oz19 with a labora-
tory Wemco flotation cell with shredded black–white offset waste newspaper after
slushing and pulping. Flotation was carried out with and without CaCl2 but with Na-
oleate and NaOH in the pulper. Without CaCl2 and Na2SiO3, the highest brightness
and lowest flotation recovery was obtained at 20°C. However, on adding these chem-
icals, the temperature was found to have a critical influence on flotation with bright-
ness increasing but recovery decreasing as the temperature increased from 20 to
70°C. In practice, since flotation de-inking is usually carried out around 60°C rather
than at a specific temperature, then many secondary parameters such as the solubil-
ity of the fatty acid, the bubble size and the froth structure may cause changes in the
performance and further studies are needed to resolve some of these issues.

9.5.4 Influence of pH and surface charge of particles on de-inking flotation

Generally, flotation is carried out in the alkaline range up to pH � 10 with the effi-
ciency decreasing at higher pH. This may be due to the production of a higher surface
charge on the ink particles making them more highly dispersed and more difficult to
attach to bubbles. In addition, pH can also affect the solubility of the fatty acids and
other chemicals. Generally, a pH between 8 and 10 is reported to be the optimum for
flotation de-inking. However, Dorris and Nguyen20 reported that the highly negatively
charged particles of black flexo news ink consisting of carbon black (with acrylic resin
binder) did not float under alkaline conditions. On reducing the pH to the slightly
acidic region, the flotation recovery improved and at the low pH of 3 the flotation rate
became significant correlating with a low zeta potential of the ink particles. The rela-
tionship between flotation extent and particle zeta potential is shown in Figure 9.12.

This increase in recovery was explained by aggregation of small particles in the
low pH range. Alzevedo et al.21 have reported that neutral or acidic pulping condi-
tions are most convenient for removal of toner particles by flotation de-inking. At
higher pH, toner particles are released from fibres but poor flotation response was
observed. Acidic conditions not only lead to an increase in the removal of toner but
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also to the removal of the mineral filler particles and it was suggested that in this
case hetero-coagulation occurred between the smaller toner particles and filler.

9.6 Flotation of Plastic Wastes

Compared to mineral flotation, plastics flotation is just in its infancy. Plastics flotation
research began in the 1970’s, but there are few full scale applications of this technique
in industry at present.15 The surfaces of plastics are characterized by low surface
energy and are hydrophobic in nature as shown in Table 9.1. However, some polymers
contain polar groups with oxygen, nitrogen, chlorine or other atoms, which enable
dipole–dipole interactions as well as Lewis acid–base interactions with the molecules
or ions of reagents. Generally, there are three methods to realize selective plastics
flotation:

(i) undertaking flotation in a liquid medium (may be aqueous or non-aqueous mixture)
with a specific value of surface tension,

(ii) selective surface modification (either by adsorption or hydrophobization) of plastics
using chemical reagents,

(iii) selective wetting of plastic surfaces using physical modification techniques.

For plastics flotation, the particles are usually in the millimetre size range compared
with the flotation of mineral particles which are usually in the micron size range. Our
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Figure 9.12 Influence of pH on the zeta potential of black flexo news ink particles
consisting of carbon black in water (open points) and on flotation recovery at two
flotation times given (filled points). Taken from Ref. [20]; with permission of Elsevier.
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recent results23 shown in Figure 9.13 clearly demonstrate the principles of the method
where the difference in flotation performance of several different plastic particles is
shown as a function of the solution surface tension (varied by adding surfactant).
These results clearly show that polyethylene (PET), acrylonitrile–butadiene–styrene
(ABS) and polycarbonate (PC) polymers give superior flotation compared to 

Table 9.1 Solid–vapour surface energy (�sv) and
air–water–solid contact angle (�aw) for a range of
plastics. Taken from Ref. [22]; with permission of Delft
University of Technology.

Plastica �sv/mN m�1 �aw/o

GRPP 32.7 96.3
PS 43.0 86.3
ABS 42.7 83.7
PC 44.5 80.3
PA6 43.8 61.4
PMMA 43.8 72.9
PVC 42.3 84.6
POM 44.9 71.2

aGRPP: graft polypropylene, PS: polystyrene, ABS:
acrylonitrile–butadiene–styrene, PC: polycarbonate, PA6: nylon 6,
PMMA: polymethylmethacrylate, PVC: polyvinylchloride, POM:
polyoxymethylene.
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Figure 9.13 Effect of the liquid surface tension on the floatability performance of
plastics using 4-methyl-2-pentanol as a frother (concentration 29.4 � 10�3g l�1,
pH � 9.2, 25°C). Taken from Ref. [23]; with permission of Elsevier.
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polyoxymethylene (POM) and polyvinylchloride (PVC) which float to a much lower
extent. However, in cases where the critical surface energies of the plastics are simi-
lar, then the surfaces of specific types of plastics in the mixtures must be modified.
This can be achieved by chemical conditioning using adsorption of wetting agents or
polymers. In the flotation of naturally hydrophobic particles such as plastic, it is nec-
essary to add a wetting agent or depressant such as tannic acid or sodium metasili-
cate to decrease the surface hydrophobicity and flotation recovery.24 In Figure 9.14,
the effect of particle size on the flotation performance of polymethylmethacrylate
(PMMA) plastic particles in the presence of the flotation depressant tannic acid is
shown. The flotation recovery is plotted versus time. Floatability of the coarse 
particles (�3.35 to �2.83 mm sieve size) increases slowly towards 100% flotation 
recovery at a low concentration of tannic acid but for the fine particles (�1.41 to
�1.00 mm sieve size) the flotation recovery is higher but higher concentrations are
needed. In addition, we have used the tannic acid depressant to control the flotation
efficiency of several different particle size ranges of PMMA and PVC plastics using
4-methyl-2-pentanol frother.24 It was demonstrated that by using a narrow size frac-
tion and careful control of the depressant concentration, the successful separation of
PMMA from PVC from a 50:50 wt.% mixture could be achieved. It was found that
almost 100% of the PMMA plastic was recovered in the float compared with almost
100% of the PVC plastic remaining in the sink. This study showed the importance of
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Figure 9.14 Flotation recovery of PMMA particles as a function of time and
flotation depressant concentration for different particle size fractions at pH � 5.9
with 4-methyl-2-pentanol as frother (29 mg l� 1). Taken from Ref. [24]; with per-
mission of Luleå University, Sweden.



Attachment of Particles to Bubbles 347

particle size control and depressant concentration and demonstrates that it is an effec-
tive way to separate mixtures of plastic particles by flotation.

9.7 Attachment of Particles to Bubbles

One of the earliest applications was in the recovery of sphalerite (zinc sulphide,
ZnS) minerals from finely ground ores at Broken Hill in Australia in 1905.25,26 The
flotation process depends on the ability of bubbles to collect particles from the sus-
pension and carry them to the froth phase and the concentrate launder. The collec-
tion mechanism is one in which the hydrophobic particles attach to bubbles by 
the formation of a finite contact angle at the three-phase gas–liquid–solid contact
(tpc). The bubble–particle collection involves a number of processes, which can be
divided into impaction (collision), attachment and detachment.27–32 Bubble–particle
collision is determined by the physical properties of both the particle and the 
bubble and the hydrodynamics of the liquid flow, and has been studied exten-
sively.33–43 The modelling of the bubble–particle attachment and detachment inter-
actions involves many unsolved complex problems such as hydrophobic attraction
and de-wetting hysteresis on physically and chemically heterogeneous surfaces,
and is not very well advanced.44,45

Attachment takes place when a bubble and particle approach each other closely.
An intervening liquid film is formed in which interfacial forces become impor-
tant, governing further stability of the liquid film between the vapour–liquid and
solid–liquid interfaces. The net interfacial force between hydrophobic surfaces is
attractive, resulting in destabilization of the liquid film. In this case, the liquid film
becomes unstable and ruptures, leading to the formation of a three-phase contact
line (TPCL) and attachment of the bubble. The bubble–particle contact line spreads
further across the solid surface at a certain rate to form a stable wetting perimeter.
The relaxation process initiated during rupture of the film leads to an equilibrium
state, governed by the de-wetting dynamics and the thermodynamic properties of
the gas–solid, liquid–solid and gas–liquid interfaces. The three steps of bubble–
particle attachment are illustrated in Figure 9.15. This part of the chapter focuses on
the physics governing bubble–particle attachment. In particular, the modelling and
measurements of the attachment and contact times and the spreading of the gas–
liquid–solid contact line will be reviewed. The interfacial forces, thinning of the
intervening liquid film and deformation of the gas–liquid interface during the attach-
ment interaction have been recently reviewed.46 The attachment of nano- and sub-
micron sized particles enhanced by Brownian diffusion will also be included.

We will consider here only the case where a bubble is rising in a quiescent liq-
uid, which contains particles in suspension. The situation that exists in mechanical
flotation cells, where contact is enhanced by shear and turbulence effects arising
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from the rotating impeller, adds an additional range of complexity. However, the
general principles considered here will still apply. The major assumption underlying
the bubble–particle attachment is that, after meeting with an air bubble in a flotation
cell, the particle must be sufficiently close to the bubble surface for thinning and rup-
ture of the intervening liquid film to occur and the formation of a stable wetting
perimeter to be established. The bubble–particle contact time, tcon, and attachment
time, tatt, are introduced.39,47,48 For attachment to occur the attachment time must not
be longer than the contact time, i.e.

tatt � tcon (9.3)

Bubble

hcr

2rcr

ua

ur

(i)

(ii)

(iii)

Water

Particle
trajectory

Particle

Figure 9.15 Bubble–particle attachment steps: (i) Thinning of the intervening
liquid film to a critical film thickness, hcr, (ii) rupture of the intervening liquid film
formed when the bubble and the particle are very close together and formation of
the three-phase contact nucleus with radiusrcr, and (iii) spreading of the TPCL
from the critical radius to form a stable wetting perimeter with equilibrium con-
tact angles (advancing, �a, and receding, �r).
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The attachment time is equal to the sum of the times of the bubble–particle attach-
ment steps shown in Figure 9.15, i.e.

tatt � ti � tr � ttpc (9.4)

where ti, the induction time, is the time required for the liquid film to thin to a crit-
ical film thickness, tr is the time required for the film to rupture and form the three-
phase contact nucleus and ttpc is the time for the TPCL to expand from the critical
nucleus radius to establish a stable wetting perimeter. Under normal condition, tr is
of the order of 1 ms which is significantly shorter than ti and ttpc, and is not con-
sidered in this review. The modelling and measurements of the contact time will be
reviewed in Section 9.7.1. The induction time and TPCL expansion time will be
reviewed in Sections 9.7.2 and 9.7.3, respectively. The attachment time measure-
ments will be described in Section 9.7.4. The last section will provide a review on
the attachment of nano- and sub-micron sized particles.

9.7.1 Bubble–particle contact time

Bubble–particle contact interaction can take place with different trajectories accord-
ing to their respective directions of motion. If a particle approaches a bubble in a
direction close to the local normal to the bubble surface, the momentum of the
approach is high, causing strong deformation of the local gas–liquid interface
(Figure 9.16). This bubble–particle interaction is referred to as collision contact.
Another extreme case is the sliding contact when a bubble and a particle meet each
other without any significant deformation of the local bubble surface. In this case,
the particle usually slides on the bubble surface after the initial encounter. The
experimental dependence of the particle velocity along the trajectories in the vicin-
ity of the bubble surface on its polar position is shown in Figure 9.17 and indicates
that the transition from the collision to sliding contact interaction occurs at the rela-
tive polar position � � 20°.49,50 Therefore, when the relative polar position of the
bubble–particle contact is � � 20°, the contact interaction is governed by collision
and strong deformation of the local gas–liquid interface. If the relative polar pos-
ition � � 20°, the bubble–particle contact interaction is governed by sliding and the
local deformation can be neglected.

9.7.1.1 Collision contact time

The collision time has been modelled based on the oscillation of an effective mass,
meff, of the colliding particle under the action of the restoring force, Fres, of the
deformation of the gas–liquid interface, Figure 9.18. The governing equation 
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Figure 9.17 Velocity of glass spheres (�160 �m in diameter) along the trajecto-
ries in the vicinity of the bubble surface versus particle polar position. Taken from
Ref. [29]; with permission of Elsevier.
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Figure 9.16 Schematic of the collision and sliding contact interactions of a parti-
cle moving relative to an air bubble in water. � describes the polar position of the
particle relative to the direction of the bubble motion.
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for determining the collision contact time for the general case can be described as
follows51

(9.5)

where t is the reference time, H is the depth of the deformed gas–liquid interface at
the apex, mp is the mass of the particle, g is the acceleration due to gravity, � and �
are the liquid and particle densities, respectively, and Fd is the damping force which
is a function of the oscillation velocity, dH/dt.

The non-linear equation (9.5) describes the damped oscillation, which can be
solved for the collision contact time, tc, being defined as half of the first period of
the damped oscillation. The available models for collision time are summarized in
Table 9.2. These models differ in the calculation of the restoring force and the
effective mass. In some models, the gravitational and damped forces are not con-
sidered. In Figures 9.19 and 9.20, some of these models for the collision contact
time are compared with the experimental data57 obtained with both hydrophobic
and hydrophilic glass spheres (� � 2500 kg m�3) and Sn–Pb alloyed spheres
(� � 8500 kg m�3). The experimental data were obtained using light reflection
microscopy. The experiments determined the local deformation of the air–water
interface formed at the bottom of a sealed glass capillary. The intensity of the
reflected light from the deformed interface was measured in terms of the grey level
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Figure 9.18 Deformation of a gas–liquid surface by contact with a particle. The
deformed meniscus has a spherical part with a liquid film of radius of curvature,
R, wrapping around the particle and a non-spherical part extending to the end of
the local deformation.
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Table 9.2 Available theoretical models for the collision contact time. r is the particle
radius.

Notes and symbol 
Author(s) Collision time, tc definitions

Philippoff52 Considered only 
non-spherical meniscus; 

L � – capillary 

length; � � 0.5772 – Euler
constant

Evans53 Considered only spherical 
deformation;  
�aw � air–water
surface tension

Scheludko Considered both menisci; 
et al.54 � � angle of the transition 

point

Ye and Considered only spherical 
Miller55 deformation; Vrel � bubble– 

particle approach speed

Schulze Considered both menisci; 
et al.51 �m � maximum transition 

angle (measured in 
radians) to be determined 
by experiment

Nguyen Considered both menisci; 
et al.56 We � {r3(� � 0.5�)V2

rel/
(3�awL2)}0.5 – modified 
Weber number
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Figure 9.19 Comparison between the available models (lines) for the collision
time as a function of the particle size and experimental data for hydrophobic
(filled circles) and hydrophilic (unfilled circles) glass spheres. Lines: (1) Nguyen
et al.,56 (2) Philippoff,52 (3) Ye and Miller55 and Evans.53 Re-drawn from Ref.
[57]; with permission of Elsevier.
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Figure 9.20 Comparison between the available models (lines) for the collision time
versus particle size and experimental data (squares) for Sn–Pb alloyed spheres.
Lines: (1) Nguyen et al.56; (2) Philippoff,52; (3) Ye and Miller55 and Evans.53

Re-drawn from Ref. [57]; with permission of Elsevier.

as a function of time (Figure 9.21) using a CCD (charge coupled device) high-speed
camera and analysed using the Fourier transform. Recently, the experimental tech-
nique was improved using an oscilloscope to investigate both low and high fre-
quency oscillations of the gas–liquid interface with an attaching particle.58

The available models predict lower collision times than the experimental values.
This is thought to be due to the neglect of the drag force, Fd, acting on attaching par-
ticles in the near proximity of the gas–liquid interface in equation (9.5). The drag force
on a particle is a function of the separation distance between the gas–liquid interface
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Figure 9.21 Oscillation (measured in terms of grey levels) of a deformed
air–water surface by an attaching particle, as revealed by CCD high-speed light
reflection microscopy. Re-drawn from Ref. [57]; with permission of Elsevier.

and the attaching particle surface. This force is expected to increase with decreasing
separation distance, as recently confirmed by atomic force microscopy, Figure 9.22.59

9.7.1.2 Sliding contact time

The sliding contact time can be determined by solving the equation of motion for
sliding particles. This equation involves a number of forces, including the viscous
drag force, gravitational forces, flow force, pressure force and the so-called Basset
(history) force. Neglecting the Basset integral, the motion equation can be conven-
tionally written in a dimensionless form as follows

(9.6)

where K� � (1 � �/2�)St, K� � (3�/2�)St, � � tU/Ra in which U is the bubble slip
(relative to the liquid) velocity, Ra is the bubble radius, w � W/U is the dimension-
less liquid velocity, v � V/U is the dimensionless particle velocity and vs � Vs/U is
the dimensionless terminal (settling) velocity of the particle. St is the particle Stokes
number defined as

(9.7)

where 	 is the liquid viscosity and r is the particle radius. The bubble Reynolds
number, Re, in equation (9.7) is defined by Re � 2Ra�U/	. Since the change in the
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particle polar position during the sliding interaction is significant, equation (9.6)
can be further simplified employing the order-of-magnitude analysis, giving60

(9.8)

(9.9)

where ~r � 1 � r/Ra. These two equations can be integrated for the sliding time
using the initial condition � � �0 at � � 0.
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Figure 9.22 Interaction forces between a 600 �m diameter bubble and a 40 �m
diameter hydrophilic glass sphere in aqueous 1 mM KCl solution versus the 
bubble–particle surface separation distance for different approach speeds (given
in �m s�1), as determined by atomic force microscopy. At low approach speeds
the surface forces dominate the interaction force, especially at close separation,
while at higher velocities the hydrodynamic drag force becomes significant. 
Re-drawn from Ref. [59]; with permission of Elsevier.
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Table 9.3 Available theoretical models for the sliding contact time. Ra is the 
bubble radius.

Notes and symbol 
Author(s) Sliding time, tsl definitions

Sutherland39 Inertia-less sliding; 
potential liquid 
flow; integration 
from �0 to �–�0

Dobby and Inertia-less sliding; 
Finch69 potential liquid 

flow; integration 
from �0 to � � �/2;
included particle 
settling velocity

Dobby and Inertia-less sliding; 
Finch69 polar angles in 

radians; 0 � Re �
500; immobile 
bubble surface; 
overbars describe 
the average values

Yoon and Inertia-less 
Luttrell33 sliding; 0 � Re �

500; immobile 
bubble surface; 
integration from �0
to � � �/2 
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(Continued)

The available solutions for the particle sliding time are summarized in Table 9.3.
The sliding time models differ in the way they account for (i) inertial effects, 
(ii) the effect of fore-and-aft asymmetry of liquid flows at intermediate Reynolds
numbers and (iii) the calculation of liquid flow velocities. Since liquid cannot pen-
etrate the bubble surface, the radial component of liquid velocity is always zero on
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Table 9.3 (Continued)

Notes and symbol 
Author(s) Sliding time, tsl definitions

Nguyen42 X, Y, M and 
N are functions of 
Re and the gas hold-
up; inertia-less 
sliding; 0 � Re �
500; immobile 
bubble surface; 
fore-and-aft 
asymmetry 
of liquid flows

Nguyen42 X, Y, M and N are 
functions of Re and
the gas hold-up;
inertial sliding; 0 �
Re � 500; mobile
bubble surface
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the bubble surface. The tangential velocity component on the surface can be zero
(if the bubble surface is immobile) or non-zero (if the bubble surface is mobile),
depending on the contamination of the bubble surface as shown in Figure 9.23. As
bubbles rise in a flotation cell, their surfaces becomes partially mobile because
flotation surfactants and other contaminants are swept to the rear of the air bubble by
the liquid resistance.61–68 At present, there is only one model for the sliding time 
of particles on fully mobile bubble surfaces available in the literature (Ref. [42],
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Fully mobile surface
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Figure 9.23 Effect of adsorbed surfactant (line � circle) and other surface con-
taminants on the liquid velocity components at the bubble surface. (a) A bubble
surface in clean (contaminant-free) water is fully mobile. (b) As it rises, the 
bubble surface becomes partially immobile because the surface contaminants are
swept to the rear by the shear exerted by the liquid. The tangential liquid velocity
as a function of the radial distance, z, measured from the bubble surface is shown
by the parallel lines with the arrows. The profiles of the radial, Wr, and tangential,
W$, components of liquid velocity at the bubble surface are shown by the dashed
lines. (c) A bubble surface fully covered by surfactant and other contaminants is
immobile. 
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Table 9.3). The other models were developed using the immobile bubble surface.
Solutions for partially mobile surfaces are not available yet.

How long can the sliding contact last? The answer to this question is important
in the determination of the particle attachment. If a particle becomes attached to
the bubble surface during the sliding interaction, it remains in contact with the bubble
indefinitely. Non-attached particles can only remain in contact with the bubble for
some time until some critical condition, e.g. the maximum particle polar position,
�m, is reached. Dobby and Finch69 showed that �m is the angle at which the radial
component of the particle settling velocity (directed towards the bubble surface) is
equal to the radial component of the liquid velocity calculated at the particle cen-
tre (directed away from the bubble surface). This solution for �m can be generally

Table 9.4 Available models for the maximum sliding contact position, $m.

Maximum particle polar Notes and symbol 
Author(s) position, �m definitions

Sutherland39 �m � � � �0 Inertia-less sliding; 
potential liquid flow; the 
sliding begins at �0

Dobby and Inertia-less sliding; 
Finch69 potential liquid flow

Finch and �m � 9 � 8.1� � (0.9 � .09�) Inertia-less sliding; polar 
Dobby32 (78.1 � 7.37 log Re) angles in radians; 

0 � Re � 500; immobile 
bubble surface

Yoon and Inertia-less 
Luttrell33 sliding; 0 � Re � 500; 

immobile bubble surface

Nguyen42 X, Y are functions of Re
and the gas hold-up; C is a 
function of Re and �; 
inertia-less sliding; 
0 � Re � 500; immobile 
bubble surface; 
fore-and-aft asymmetry 
of liquid flows

Nguyen42 C1 is a function of the 
particle Stokes number; 
0 � Re � 500 inertial 
sliding; mobile bubble 
surface
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determined from the condition when the radial component of the particle velocity
at the bubble surface is zero.42 Such an approach is useful for investigating the
influence of the flow fore-and-aft asymmetry and inertia on �m. The available solu-
tions are summarized in Table 9.4. Briefly, the potential and Stokes flows are fore-
and-aft symmetrical, giving �m � 90°, whereas the liquid flow passing air bubbles
with intermediate Reynolds number is fore-and-aft asymmetrical. The streamlines
of such flows approach the bubble surface close in the leading half surface, while
deviate from the surface in the back half surface, leading to the condition
�m � 90°. Finally, �m can be smaller than 90° due to inertia of the sliding motion,
in particular on the mobile bubble surface, on which the liquid tangential velocity
is different to zero.

The available experimental data for the sliding time has been obtained with stro-
boscopy and high-speed video microscopy using captive (stationary) bubbles in flow-
ing water.35 Recently, the technique has also been used to study the sliding
interactions in bubble-drop and drop–drop systems, as found in the flotation applica-
tions in bitumen recovery from oil sands.70,71 Comparison between the available mod-
els and experimental data is shown in Figures 9.24 and 9.25. Although the models
follow the experimental trend, fluctuation in the available data is not small and the
experimental sliding time is difficult to analyse in order to obtain information
about the sliding interaction with the liquid film thinning and rupture and three-
phase contact spreading. Indeed, the new experiments72 show that the sliding 
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Figure 9.24 Model predictions (lines, �m � 90°) and experimental data (points) for
the sliding time of hydrophobic glass spheres in water: Ra � 1.41 mm, r � 74 �m;
� � 2500 kg m�3, Vs � 21.4 mm s�1, U � 84.2 mm s�1 and 	 � 0.001 kg m�1s�1.
Curve a: inertia-less model with an immobile bubble surface.42 Curve b: inertial
solution of equations (9.8) and (9.9). Re-drawn from Ref. [42]; with permission 
of Elsevier.
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contact time with a TPCL formed between a bubble and a particle is significantly
longer than predicted.

9.7.2 Induction time

Although there are several models available to describe the drainage rate of the liquid
film between an air bubble and a solid surface,73–81 these models are rarely applied to
describe the induction time in mineral flotation systems because they are developed
for drainage of films of large radius. The drainage of such films causes the formation
of a dimple with non-uniform film thickness.44,82,83 However, the drainage of small
films between a bubble and a small particle in flotation does not create dimples and
the film thickness remains approximately the same along the film radius.84

The liquid flow in a thin film is described by the continuity and Navier–Stokes
equations. Considering that the film thickness is significantly smaller than the other
two dimensions of the film, the equations can be simplified into a mathematically
tractable expression, known as the lubrication approximation. The induction time
required for the liquid film to thin to a critical film thickness can be determined, to a
first approximation, from the lubrication theory using the Stefan–Reynolds equation
for film thinning during the collision interaction or the Taylor equation for film thin-
ning during the sliding interaction.29 The Stefan–Reynolds equation for the collision
interaction is only a first approximation applied locally to a small film area since the
liquid film between a colliding particle and a deformed meniscus wrapping around
the particle is not perfectly planar as assumed.
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Figure 9.25 Sliding time of silanized ground glass particles in water versus angle
of contact, �0. Points: experimental data with Ra � 1.38 mm, r � 120 �m (mean),
� � 2500 kg m�3, Vs � 29 mm s�1, U � 125 mm s�1, � � 0.001 kg m�1s�1,
�m � 90°. Lines a and b describe the inertia-less models with an immobile and
mobile bubble surface, respectively. Re-drawn from Ref. [42]; with permission 
of Elsevier.
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The Stefan–Reynolds equation describes the correlation between the driving
force, F, the film thickness, h, the film radius, Rf, and the approach speed of the film
surfaces, V, by

(9.10)

where m is equal to 1 or 4 for immobile or mobile bubble surfaces, respectively. The
driving forces may be gravitational forces, applied forces or surface forces. If the
gravitational forces can be neglected, the driving force is determined by F � �Rf

2

(P� � �) where P� is the capillary pressure and � is the disjoining pressure. The
Stefan–Reynolds equation (9.10) for film drainage can be rearranged to give

(9.11)

This equation can be integrated numerically to obtain the dependence of film thickness
on time. Equation (9.11) has been confirmed by experiments. Shown in Figure 9.26 are
the experimental and theoretical results for thinning aqueous films on a hydrophilic
glass surface in 0.001 M KCl solutions. The experimental data were obtained by six
measurements with the modified Derjaguin–Scheludko cell.85 The average film radius
was ca. Rf � 90 �m. The measured capillary pressure was about 250 Pa and the
numerical integration was carried out using a four-step Runge–Kutta algorithm.

The liquid films between a bubble and a hydrophobic solid surface are unstable
and rupture at a critical thickness larger than ~ 40 nm, Figure 9.27. During the collision
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Figure 9.26 Stefan–Reynolds equation (lines) and experimental data (points) for
the thickness of stable planar 1 mM KCl films on hydrophilic glass surfaces versus
time. The disjoining pressure was calculated using the non-retarded van der Waals
and electrical double-layer interactions. Both the latter interactions at constant 
surface charge (continuous line) and constant surface potential (dashed line) are
considered but show little difference. Re-drawn from Ref. [85]; with permission of
Elsevier.
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interaction, the driving force for film thinning to a critical thickness, hcr, is due to
the particle inertia, which causes the strong gas–liquid interface deformation. The
capillary pressure, 2�aw/r, of the deformed meniscus is the major pressure com-
ponent in equation (9.11), while the negative disjoining pressure determines hcr. In
the calculation of the induction time during the collision, the disjoining pressure
can be neglected relative to the capillary pressure, and integration of equation
(9.11) from h � � to h � hcr gives

(9.12)

Schulze35 obtained the following useful expression for the film radius, Rf, in terms
of the particle and bubble physical properties

(9.13)

where the particle radius r is measured in �m, Vrel is the bubble–particle approach
speed and tc is the collision contact time.
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Figure 9.27 Critical thickness for rupture of aqueous dodecylamine hydrochloride
(DCA) films between an air bubble and a silica surface versus pH and ionic strength.
�: 10�6M DCA and 10�4M KCl; �: 10�5M DCA; �: 10�5M DCA and 10�2M
KCl; �: 10�5M DCA and 10�1M KCl. Taken from Ref. [29]; with permission of
Elsevier.
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The critical thickness for film rupture is controlled by the interfacial properties,
especially the electrostatic and dispersion interactions, and particle hydrophobic-
ity. Therefore, the critical thickness represents the variable which is affected by
adsorption of flotation collectors and other chemicals, Figure 9.27. An empirical
power dependence for the critical thickness as a function of the advancing contact
angle, �a, and surface tension, �aw, has been used35

hcr � 23.3{�aw(1 � cos �a)}
0.16 (9.14) 

where �aw and hcr have the units of mN m�1 and nm, respectively. The power depend-
ence follows a similar dependence for the critical thickness of free foam films.86 The
dependence of the critical thickness on the product of surface tension and advancing
contact angle is an analogue to the Frumkin–Derjaguin equation, which relates the
product of surface tension and contact angle with the surface interaction energy at the
primary minimum.87

The Taylor equation is for a solid sphere approaching an interface with “point
contact” and can be applied to film thinning during the sliding interaction, when
the bubble surface is not wrapping around the particle surface as during the collid-
ing interaction. The classical Taylor equation can be modified to describe the influ-
ence of the bubble surface mobility, similar to the Stefan–Reynolds equation.
Recently, the theory was improved by incorporating the slippage at the solid–
liquid interface.88 The major driving forces for the film thinning to critical thick-
ness are gravitational and hydrodynamic forces, which are functions of the polar
position of the sliding particle on the bubble surface. Consequently, a simple,
explicit model for the film drainage and induction time as in the case of the colli-
sion process fails. The full balance of forces in both the radial and tangential direc-
tions is required and proves a further difficulty.

9.7.3 Spreading and relaxation of TPCL

After film rupture, the spreading of the TPCL on the particle surface takes place
under the influence of the uncompensated air–water interfacial tension, �aw. During
film pull-back, work must be done to de-wet the solid resulting in the expansion of
the gas–liquid–solid contact until equilibrium is established. In flotation, the velocity
of the TPCL was first estimated by Philippoff52 who followed the method of calcu-
lating the rate of expansion of a hole in a soap bubble during bursting. The velocity
of the film recession was determined from the balance between the work done by the
surface tension force and the kinetic energy supplied to the receding film. The force
per unit length required to de-wet the solid surface is given by �aw(1 � cos �r), where
�r is the receding contact angle and is smaller than the equilibrium contact angle, �0.
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The calculation did not consider the influence of the solid–liquid interface on the film
recession and the calculated velocity is about 10 times higher than the experimental
data. Philippoff argued that the viscous effect is significant and the TPCL velocity
must be dependent on the dynamic contact angle.

The fundamentals of the TPCL expansion relevant to flotation were established
by Scheludko and collaborators.54,89 It was shown that a three-phase contact arises
from a hole in the intervening liquid film during the film rupture process. Any hole
with a radius smaller than the critical radius collapses resulting in no rupture of the
intervening liquid film. Only the three-phase contact with a radius larger than the
(non-zero) critical hole radius can be formed and expand under the driving interfa-
cial forces. Both molecular-kinetic90 and hydrodynamic91,92 approaches have been
used to establish the relationship between the velocity of the TPCL motion and the
dynamic contact angle. The hydrodynamic theory determines the dynamic contact
angle by analysing the hydrodynamic bending of the gas–liquid meniscus due to
TPCL motion. Recent experiments93 show that the hydrodynamic theory does not
correctly describe the dynamic TPCL with a small radius between a small bubble
and a solid planar surface. Combination of the hydrodynamic and molecular-kinetic
theories could provide a better prediction.94 The simplified molecular-kinetic the-
ory is described below.

The Blake and Haynes molecular-kinetic theory90 is based on the statistical
mechanics treatment of the transport processes of molecules and ions95,96 and gives

(9.15)

where � is the rate of the molecular jumping (back and forward) at equilibrium and a
is the mobility of TPCL displacement (� � 2��, where � is the mean molecular
jumping distance and � is the frequency of molecular jumping at equilibrium). Apart
from the surface tension, the other two model parameters in equation (9.15) are 
not usually known and have to be determined by best fit to experimental data.
Experiments of the spreading and relaxation of the TPCL between a bubble and a par-
ticle relevant to flotation are few. Important parameters of TPCL motion, such as the
TPCL radius or the dynamic contact angle, are difficult to measure directly with small
particles and air bubbles typically employed in flotation. Useful experimental data can
be obtained by focussing on the area of the air bubble surface where the TPCL expan-
sion takes place, where a particle-dropping technique has been used. In this technique,
an air–water surface was formed at the bottom of a capillary, Figure 9.28. A single
small solid particle (�100 �m diameter) was transferred into the liquid contained in
the capillary and dropped onto the interface. The TPCL expansion process can be
viewed and imaged from underneath the surface with high-speed video microscopy.
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Typical experimental results obtained with the particle-dropping technique are
shown in Figure 9.29. For small particles, one obtains the following approximation
for the velocity of the TPCL spreading on the particle surface and the dynamic
contact angle,97 respectively
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Figure 9.28 Three-phase contact of a small particle attached to an air–liquid sur-
face formed at the bottom of a glass capillary in the particle-dropping experiments
for studying TPCL expansion and relaxation. Re-drawn from Ref. [97]; with 
permission of Elsevier.
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Figure 9.29 Experimental results (points) and theoretical predictions (lines) for
the polar position of the TPCL on a hydrophobic glass sphere (r � 172.3 �m)
versus time. Thick and thin lines describe the best fit predictions with (Ref. [97])
and without (equation (9.18)) the line tension term, respectively. Re-drawn from
Ref. [97]; with permission of Elsevier.
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(9.17)

where L is the capillary length (see Table 9.2). Equation (9.17) describes the sim-
plified balance between gravitational and surface tension forces. Solving equations
(9.15) and (9.16) gives

(9.18)

Equation (9.18) in conjunction with equation (9.17) can be integrated to obtain the
TPCL position, �, on the particle surface versus time. The results are shown by the
thick line in Figure 9.29. The model can be improved by including additional
parameters, including line tension.97

Equations (9.16)–(9.18) can be further simplified for fine particles in flotation sys-
tems for which one has r �� L. In this circumstance, equation (9.17) gives � 
 �. The
argument of the sinh function in equation (9.18) is small and can be linearized.
Integration of the simplified equation leads to the following equation for the TPCL
position, �, as a function of time, t

(9.19)

The particle polar position at equilibrium, �e, is needed for the determination of the
TPCL expansion time, ttpc. For small particles, equation (9.17) can be approximately
solved, leading to

�e � �0 � Bo (9.20)

where . Finally, the TPCL expansion time determined from

equation (9.19) gives
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Therefore, knowing the equilibrium contact angle, �0, the TPCL mobility, a, and
other physical properties of bubbles and particles, the TPCL expansion time between
a bubble and a particle can now be calculated.

9.7.4 Attachment time measurements

The usual experimental determination of the attachment time is based on the fact that
after the collision stage the mineral particle must stay in contact with a bubble for a
certain time, which is at least equal to the sum of the induction time for the liquid thin
film drainage to a critical thickness and the TPCL expansion time, in order to be
attached on the bubble surface. Sven-Nilsson47 was among the first to recognize the
importance of the attachment time in flotation kinetics. The author determined the
attachment time by making direct contact between a captive bubble and a flat mineral
surface for different times. The number of successful attachments was plotted against
the contact time. The attachment was determined as the minimum possible contact
time from the plot, Figure 9.30.

The Sven-Nilsson technique has been successfully applied in flotation
research.98–100 The research has established the importance of the attachment time as
a kinetic measure of the flotation recovery versus pH and reagent concentration,
while the contact angle failed to describe the flotation behaviour. The major advan-
tage of the Sven-Nilsson technique is the relatively easy experimental procedure.
However, it is quite understandable that the measurement does not truly represent the
film thinning process between a bubble and a particle in an actual flotation system.
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Figure 9.30 Number of successful attachments, n, of a 2.5 mm diameter air bub-
ble onto a flat pyrite surface pre-treated with xanthate in water versus the contact
time. The attachment time determined is tatt � 290 � 10 ms. Re-drawn from Ref.
[47]; with permission of Springer.
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An alternative method of measuring the attachment time is to use a bed of particles
in place of a flat mineral surface. This type of technique was first developed by
Glembotsky101 and has been successfully used by many others.48,55,71,102–105

Figure 9.31 shows the principle involved in the determination of the attachment
time with a particle bed. A fresh captive bubble with known size, held on a bubble
tube, is pushed downward through the solution such that the tip of the bubble is
kept in contact with the bed of particles for a controlled contact time. After that, the
bubble together with the tube is returned to the original position. Then, the bubble
is observed through a microscope to determine whether attachment of particles at
the bubble surface has occurred during the controlled contact time. The experiment
at this stage is repeated several times at different positions on the particle bed to
obtain the percentage of observations which resulted in attachment at a given con-
tact time. Next, the controlled contact time is changed to different levels, and the
same procedure repeated at each contact time level, so that a distribution of per
cent attachment versus controlled contact time is obtained. The attachment time is
determined by the contact time at which 50% of the observations result in attach-
ment. The dependence of the attachment time on the particle size can be deter-
mined with the particle bed technique. A typical result is shown in Figure 9.32 for
coal particles. The attachment time increases with an increase in the particle size.
This result confirms the theories described by equations (9.12) and (9.21).

Adjust distance

Solution

Observe attachment

Particle bed

Contact
time

Figure 9.31 Schematic of the measurement of the attachment time using a particle
bed. A fresh bubble attached to the bottom of a capillary is pushed downwards
through the aqueous solution such that the tip of the bubble is kept in contact with
the bed of particles for a controlled contact time. After that, the bubble and the cap-
illary are returned to the original position. Particle attachment is directly observed
through a microscope. Re-drawn from Ref. [55]; with permission of Elsevier.
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The influence of flotation surfactant collector concentration and pH on the attach-
ment time and flotation recovery of quartz particles is demonstrated in Figures 9.33
and 9.34, respectively.104 As shown in Figure 9.33, the highest flotation recovery
occurs for the shortest attachment time. Outside the optimum range of collector
concentration, the flotation recovery is low and the attachment time is long. If the
concentration of the dodecylammonium hydrochloride (DAH) collector is lower than
the optimum, the collector adsorption on particles is low and their surfaces are less
hydrophobic. If the DAH concentration is higher than the optimum, the formation of
a second layer of collector makes the particle surface hydrophilic again. The correla-
tion between the attachment time and the surface hydrophobicity can be explained by
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Figure 9.32 Attachment time versus particle diameter for five different coal types
(given). Re-drawn from Ref. [55]; with permission of Elsevier.
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considering the dependence of the induction time and critical film thickness on the
contact angle, viz, equations (9.12) and (9.14), and the dependence of the TPCL
spreading time on the contact angle, as described by equation (9.21). Similarly, out-
side the optimum range of pH shown in Figure 9.34, the adsorption density of DAH
at particle surfaces decreases with decreasing pH and the precipitation of DAH to
form neutral amine is significant at high pH.

9.7.5 Attachment of nano- and sub-micron sized particles

The attachment mechanisms described in the previous sections are governed by the
particle inertia and hydrodynamic forces. The theories show that the collection
efficiency of particles decreases with a decrease in the particle size. There also
exists a second group of theories and models showing the opposite trend, namely,
for very fine particles the collection efficiency increases with decreasing particle
size. Therefore, the hydrodynamic and diffusion flotation and attachment régimes
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Figure 9.33 Effect of DAH concentration in water on the attachment time (given
as time of electrical pulses which is proportional to the attachment time) and flota-
tion recovery of quartz particles (140–203 �m) at pH � 6.6. Re-drawn from Ref.
[104]; with permission of Elsevier.
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have been identified and are schematically shown in Figure 9.35. The results are
interesting in that they predict a minimum in the collection efficiency at a particle
diameter around 1 �m. Below this diameter, the collection of sub-micron and
nano-sized particles is enhanced by Brownian diffusion, and for larger particles the
hydrodynamic and inertial interactions are more favourable for collection.

Reay and Ratcliff106 were among the first to assess the capture and attachment
of fine particles by diffusion. The particle diffusivity, D, was determined by the
Stokes–Einstein relation described by

(9.22)

where kB is the Boltzmann constant, T is the absolute temperature and 	 is the liquid
viscosity. The particle capture was modelled using the mass transfer theory in the
high Peclet number régime. The diffusive collection efficiency, E, was calculated by
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Figure 9.34 Effect of pH on attachment time and flotation recovery of quartz par-
ticles (140–203 �m) in 10�5M DAH solutions. Re-drawn from Ref. [104]; with
permission of Elsevier.
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dividing the net flow of diffusive particles to the bubble surface per unit time by the
number of particles swept out by the bubble per unit time, giving

(9.23)

The Sherwood, Sh, and Peclet, Pe, numbers in equation (9.23) are, respectively,
defined by Sh � 2Rakp/D and Pe � 2RaU/D, where Ra is the bubble radius, U is the
bubble rise velocity and kp is the particle mass transfer coefficient. In the high
Peclet number régime of mass transfer, one obtains Sh � Pe1/3.107,108

In equation (9.23), the function f is defined as f � 1 � cs/c, where c and cs are the
particle concentrations in the bulk and near the bubble surface, respectively. The
function f describes the dimensionless driving force for the diffusive mass transfer of
particles towards the bubble surface and has the properties that f → 1 for strong par-
ticle attachment onto the bubble surface and f → 0 for weak particle attachment.
Reay and Ratcliff106 argued that f depends mainly on the chemical nature of the bub-
ble and particle surfaces and the liquid phase. Although Reay and Ratcliff’s theory
predicts the correct trend for the collection of diffusive particles as a function of the
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Figure 9.35 Collection efficiency as a function of particle diameter separating
the Brownian diffusion from the hydrodynamic régime.
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particle size, it remains rather semi-quantitative due to the fact that the theory contains
a number of unknown parameters, including the particle sub-surface concentration, cs,
the driving force f for the particle attachment and the coefficient, kp, for the particle
mass transfer by flotation collection. The intermolecular and surface forces governing
the selective particle attachment onto the air bubbles are not included in the theory.

The Levich theory of mass transfer employed in Reay and Ratcliff’s model did not
consider the micro-hydrodynamic interaction between a particle and a bubble surface
at close approach, which changes the Stokes drag force. The micro-hydrodynamics
was later considered by Collins and Jameson109,110 when examining particle collec-
tion by air bubbles by Brownian diffusion. The authors solved the equation of motion
of a particle approaching a bubble in the Stokes flow, with the inclusion of the van der
Waals force and corrections to the drag force due to micro-hydrodynamic interaction
at short distances. The hydrodynamic corrections used by Collins and Jameson were
due to Brenner,111 Goren and O’Neill112 and Goldman et al.113 The hydrodynamic
corrections are applied to the (solid) immobile collector surface.

It was shown109,110 that the particle collection by the Brownian diffusion mech-
anism requires the numerical solution of the mass conservation for the simultaneous
diffusion and convection which are position-dependent. The numerical computation
needs the computing power and sophisticated numerical computation methods, as
demonstrated by Davis and colleagues.114–116 These researchers conveniently for-
mulated the problem in terms of the stochastic pair-distribution function, p(z�),
which represents the probability density of finding a particle with the centre lying at
the radial position z� (measured from the bubble centre). The pair-distribution func-
tion satisfies the quasi-steady Fokker–Planck equation described by117

(9.24)

where � describes the divergence operator and V
�

is the relative velocity between the
bubble and the particle. The solution of equation (9.24) satisfies the boundary con-
ditions that the function p is zero at the bubble–particle contact and is equal to unity
if the particle is significantly far from the bubble surface. The relative velocity in
equation (9.24) can be resolved in terms of the relative (micro-hydrodynamic)
mobility functions (of the position vector, z

�
) into the bubble–particle inter-centre

line and its perpendicular. The numerical solution of the Fokker–Planck equation is
then integrated to obtain the collection efficiency described by

(9.25)

The integral in equation (9.25) is carried out over the bubble surface at the radial dis-
tance of (r � Ra). Typical exact numerical results obtained by Davis and colleagues are
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shown in Figure 9.36. The unretarded component of the van der Waals force, deter-
mined by the Hamaker macroscopic approach (and the combined rules), was taken
into consideration by the authors. Unfortunately, for asymmetric bubble–particle sys-
tems in flotation, the unretarded van der Waals force is repulsive and cannot be con-
sidered as the driving force for the selective attachment of particles onto the bubble
surface. The retarded van der Waals force is influenced by the electrolyte concentration
and can be attractive at large separation distances. The prediction of this attractive van
der Waals force between a bubble and a particle has only recently become available.118

The effect of van der Waals, electrical double-layer and hydrophobic forces on
the particle collection by diffusion was recently examined by Nguyen et al.119 The
modelling considers the particle trajectory approach and three predominant par-
ticle transport phenomena, including interception, gravity and Brownian diffusion
in the mass balance equation, leading to

(9.26)

where c is the particle concentration, t is the reference time, V� is the non-Brownian
component of the particle velocity and D is the tensor of the particle diffusivity
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Figure 9.36 Numerical collection efficiency versus the particle-to-bubble size
ratio at a fixed bubble Peclet number Pe � 4 � 106. The upper solid line is for a
bubble with a free interface and a scaled Hamaker constant A � 0 and the lower
solid line is for a bubble with a rigid interface. The dashed lines are for A � 5, 50,
500, 5000 and � (top to bottom). The dotted lines are the results of trajectory 
calculations in the absence of Brownian diffusion. Re-drawn from Ref. [116];
with permission of Elsevier.



376 Collection and Attachment of Particles by Air Bubbles in Froth Flotation

which is a function of the micro-hydrodynamic correction factors. The particle
velocity, V�, is determined from the force balance by considering the intermolecular
and surface forces, the liquid resistance and gravitational forces as well as the
effect of the micro-hydrodynamics on the particle motion around the bubble. The
numerical solution of equation (9.26) was then integrated to obtain the collection
efficiency, described by

(9.27)

where Jr is the particle flux towards the bubble surface, c� is the particle concen-
tration in the bulk solution (far from the bubble surface), Vs is the particle terminal
settling velocity, U is the bubble slip velocity and � is the polar angle on the bub-
ble surface (measured from the front stagnation point).

The recent theoretical results are shown in Figure 9.37.119 The comparison between
the model and experimental data obtained with silica nanoparticles from different
sources is shown in Figure 9.38. The experimentally measured zeta potential for these
particles was �35 mV. Furthermore, the non-DLVO colloidal forces between
hydrophobic surfaces, referred to as hydrophobic forces, have not been precisely
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Figure 9.37 Theoretical prediction of the effect of the bubble zeta potential
(given) on the collection efficiency at various particle diameters. The numerical
constants were: bubble diameter (150 �m), particle refractive index (1.54), den-
sity (2600 kg m�3), 
-potential (�35 mV), Debye constant (50 nm�1), hydropho-
bic force parameters (for the double exponential approximation): K1 � �7 mN m�1,
K2 � �6 mN m�1, �1 � 6 nm and �2 � 20 nm. Re-drawn from Ref. [119]; with per-
mission of Elsevier.
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described and modelled and were therefore estimated in the modelling using the avail-
able experimental results obtained with the surface force apparatus and atomic force
microscopy.30 The hydrophobic forces are very long range and are stronger than the
van der Waals attractive forces by many orders-of-magnitude.120 Direct measure-
ments with the surface force apparatus and atomic force microscopy now reveal, e.g.
Refs. [121–123], that very small (nanometre and sub-micron) gas bubbles in solution
and at hydrophobic surfaces124–126 may influence the strong long range attraction
between hydrophobic surfaces. The prediction of the forces between hydrophobic sur-
faces in the presence of the sub-microscopic gas bubbles has been a major chal-
lenge.127 As a result, the inclusion of the hydrophobic forces in the modelling of the
particle collection by Brownian diffusion still remains an unsolved problem.

9.8 Conclusions

In this chapter, both flotation and the attachment of mineral particles to air bubbles
have been reviewed. In the latter, the emphasis has been on the determination of 
the collision and sliding contact times, the induction time required for the liquid
film thinning to a critical thickness, the spreading time of the TPCL and the attach-
ment time measurements. The available models for the collision contact time con-
sidered the importance of the local deformation of the bubble surface by the
particle collision but still predict short collision times. The local drag force on the
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Figure 9.38 Comparison between model (lines) and experimental data (points)
for collection efficiency of silica particles versus particle diameter. The numerical
constants used in the calculation were the same as in Figure 9.37, except for K2 �
�20 mN m�1 in the simulation with �30 mV for the bubble zeta potential. 
Re-drawn from Ref. [119]; with permission of Elsevier.
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particle is significantly increased as the particle approaches the bubble surface and
will have to be considered in the modelling of the collision contact time. The avail-
able models for the sliding contact time have been developed for two special cases –
mobile and immobile bubble surfaces. Due to the adsorbed surfactant and other 
surface contaminants used in flotation, the surface of rising bubbles is only partially
mobile and a better model for the sliding contact interaction with partially mobile
surfaces is needed. The induction time relevant to flotation has been calculated
approximately using the Stefan–Reynolds equation for the liquid film thinning dur-
ing the collision interaction. At present, the application of the Taylor equation for
the calculation of the induction time during the sliding interaction has been difficult
and a model for the induction time will be needed for predicting the attachment time
from first principles. The spreading time of the bubble–particle contact can be pre-
dicted using the molecular-kinetic theory. It requires the mobility of the bubble–
particle contact spreading which has to be determined by experiments. The attachment
time has been successfully measured using the contact time and has provided use-
ful information about the influence of the particle size, collector concentration and
pH on flotation recovery. These attachment phenomena are significantly influenced
by the particle mass and hydrodynamic forces, and are therefore relevant to the
flotation of particles with size greater than about 10 �m. For nano- and sub-micron
sized particles, the particle attachment and flotation are enhanced by Brownian dif-
fusion, and the role of the electrical double-layer force and the hydrophobic surface
forces in the particle attachment is critical. The prediction for the attractive forces
between hydrophobic surfaces remains a major challenge. Ideally, the experimental
data for the direct force measurements between a particle and a gas bubble in the
flotation aqueous solutions can be used for the prediction of the particle attachment.
Hopefully, the colloid probe technique developed with micro-fabricated atomic
force microscope cantilevers will be able to provide the required data for the
hydrophobic forces between a particle and a bubble, in the near future.
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Antifoam Effects of Solid Particles, Oil Drops and
Oil–Solid Compounds in Aqueous Foams
Nikolai D. Denkov and Krastanka G. Marinova
Laboratory of Chemical Physics and Engineering, Faculty of

Chemistry, Sofia University, 1164 Sofia, Bulgaria

10.1 Introduction

10.1.1 The antifoam effect

Foams appear as an integral part of various technological applications, such as ore
and mineral flotation, tertiary oil recovery, production of porous insulating materi-
als, fire fighting and many others. Foams are also encountered in certain types of
consumer products, e.g. the mousses and ice-creams as food products, and shaving
and styling foams in cosmetics.1,2 It has been known for many years that the pres-
ence of oil droplets and/or hydrophobic solid particles in the aqueous foaming
solutions can strongly reduce the foaminess and foam stability, which might be a
problem in various applications.1–9 For example, the fat particles in food products
and the droplets of silicone oil used in personal care products (such as shampoos
and hair/skin conditioners) have a strong antifoam effect, which should be sup-
pressed to achieve an acceptable product quality from a consumer viewpoint.

On the other hand, excessive foaming might create serious problems in many
industrial processes. Typical examples are during fermentation in drug and food
manufacturing, the processing of drug emulsions and suspensions, pulp and paper
production, industrial water purification, beverage production and packaging, textile
dyeing, oil rectification and many others.1,4,6 That is why special additives called
“antifoams” or “defoamers” are widely used in these and other industrial applica-
tions to suppress foam formation or to destroy already formed foam.1,3–9 The
antifoams are also indispensable components of several everyday commercial prod-
ucts, such as washing machine detergents, paints and anti-flatulence drugs.4

We illustrate the antifoam effect in Figure 10.1 by showing the foam volume 
versus time, VF(t), for foam generated from a micellar solution of anionic surfactant
Aerosol OT, AOT (sodium bis-2-ethylhexylsulphosuccinate) in the presence of
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0.01 wt.% of two different antifoams � silicone oil and a compound of silicone
oil � hydrophobized silica particles. One sees that the reference foam (in the
absence of antifoam) is stable, whereas the two antifoams lead to relatively rapid
foam decay; note the different manner of foam destruction by the two antifoams. The
silicone oil does not affect the foaminess of the solution and the foam destruction
starts only after an initial induction period, lasting for about 1 min after the foaming
agitation was stopped. The main course of foam destruction continues for an additional
2min and, afterwards, the residual foam remains stable for tens of minutes. In con-
trast, the oil � particle compound significantly reduces the foaminess of the AOT
solution and destroys the foam completely in less than 20 s. These different patterns of
foam destruction are related to two different modes of antifoam action,8,10–25 which
are explained in Section 10.2.3 and are discussed throughout this chapter.

Various terms are used to characterize the antifoam performance. The activity of
antifoams characterizes their ability to prevent foam generation during agitation
and/or to destroy rapidly pre-generated foams. Thus higher antifoam activity means
less-generated foam and/or faster foam destruction.3–9 The antifoam exhaustion
(deactivation) is a process in which the antifoam loses its activity in the course of
foam destruction.5–8,12,19–21,24–28 The durability of an antifoam characterizes its abil-
ity to destroy a larger total amount of foam before exhaustion, or to maintain the
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instantaneous foam volume below a specified value (during continuous foaming)
for a longer period of time.8,12,19–21,24,25 Finally, the term antifoam efficiency is used
to characterize the antifoam in a general sense, with respect to both activity and
durability.

The meaning of these terms is illustrated in Figure 10.2, which shows the effect 
of an antifoam compound on the foam evolution in the foam rise test.8,20,25 In this
method, a controlled flux of nitrogen gas is continuously blown through a parallel set
of glass capillaries and the dependence VF(t) is monitored. As seen from Figure 10.2,
the increase in the foam volume is very fast in the absence of antifoam. In contrast,
when only 0.02 wt.% of oil � silica particle compound was pre-dispersed in the
foaming solution, the foam volume remained below 10 ml for about 50 min, as a
result of the rapid rupture of the foam bubbles by the antifoam. After this initial stage
of low foam volume being maintained (stage 1), a sudden, almost complete loss of
the antifoam activity is observed; see the rapid foam growth during stage 2 in Figure
10.2. The sharp break in the curve VF(t), denoted by tEX, indicates the moment of
antifoam exhaustion, when the process of bubble destruction by the antifoam becomes
too slow to compensate for the bubble generation. The total volume of the foam
destroyed by the antifoam before its exhaustion is one possible measure of the
antifoam durability.8,20,25
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10.1.2 Composition of antifoams and defoamers

A typical antifoam or defoamer consists of either oil droplets, hydrophobic solid par-
ticles or a mixture of both.3–10 Various non-polar and polar oils (mineral and silicone
oils, fatty alcohols, acids and esters, alkylamines and alkylamides, tributylphosphates,
thioethers and nonionic surfactants above their cloud point)3,8,9,29–31 are used as
antifoam components. In cosmetic, personal care and some pharmaceutical products,
the silicone oil polydimethylsiloxane (PDMS) has found wide application under the
commercial name “dimethicone”.4 The solid particles are usually hydrophobized
inorganic oxides (silica, Al2O3) or wax particles, e.g. Mg-stearate.3–7 In the process of
froth flotation of ores and minerals, the role of foam destruction agents can be played
by some of the processed particles and/or by the oily substances, introduced for
enhancing the efficiency of the flotation process.

It was found empirically that mixtures of oil and hydrophobic solid particles 
(typically, 2–6 wt.% of particles dispersed in the oil phase) often have much higher
antifoam efficiency, in comparison with each of the individual components.3–8,23

Such antifoam compounds, if properly formulated, could prevent foam formation or
destroy entirely the foam for seconds, at concentrations as low as 0.01–0.1 wt.% (see
Figures 10.1 and 10.2). The mixture of PDMS and hydrophobized silica is a widely
used antifoam compound in various technologies and consumer products (detergent
powders, drugs) and it is sold under the commercial name “simethicone”.4 The rea-
sons for the strong synergistic effect between oils and particles in the antifoam com-
pounds are discussed in Section 10.5.

The commercial antifoams are usually sold in the form of oil-in-water emulsions
with mean drop size between 3 and 30 �m. The size of the solid particles in the
antifoam compounds is typically between 0.1 and several �m. Observations by opti-
cal and electron microscopy show that the solid particles in oil–solid compounds
tend to adsorb on the surface of the oil drops (see Figure 10.3).3,8,19,28,32 Since these
particles are too hydrophobic to create steric stabilization of the compound globules
(similar to that occurring in Pickering emulsions), appropriate surface-active poly-
mers or additional, more hydrophilic solid particles are used to stabilize the commer-
cial compound-in-water emulsions. The comparative studies of foam destruction by
compounds and their emulsions showed that virtually the same mechanisms are
operative for both forms (note that the compound is actually emulsified in the sur-
factant solution during foaming).8,10,12,19 That is why, in the following consideration,
we do not differentiate between a compound and its emulsion.

The terms antifoam and defoamer are usually used as synonyms. Sometimes,
these terms distinguish two different ways of applying foam-destruction agents,
which might have similar composition.5,6 The antifoams are pre-dispersed in the
foaming solutions with the major aim to prevent the formation of excessive foam
upon solution agitation. In contrast, defoamers are sprayed or spread over an already
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formed foam column, with the major aim to induce rapid foam collapse (“shock
effect”). In this chapter we do not emphasize the differences between antifoams and
defoamers, because the basic mechanisms of foam destruction are similar for both
the substances. The main difference between antifoams and defoamers from a mech-
anistic viewpoint is the importance of the so-called “entry barrier”, which character-
izes how difficult it is for a pre-dispersed antifoam globule to enter the air–water
surface. Since the defoamers are applied from the air phase, there is no entry barrier
to prevent their appearance on the foam surface. The latter circumstance facilitates
foam destruction by a defoamer, even when the entry barrier for pre-dispersed antifoam
of the same composition is relatively high and, hence, the antifoam is not very effi-
cient. All results presented here are obtained with surfactant solutions typical of
detergent and personal care products, with antifoams that were pre-dispersed in the
solutions prior to starting the foaming process.

10.1.3 Aim and structure of this chapter

The major aim is to present briefly our current understanding of the basic mecha-
nisms of foam destruction by various types of antifoam entities – solid particles, 
oil drops and globules of mixed oil–solid compounds. The antifoam mechanisms
always involve attachment of these entities to the fluid air–water surface, often 
followed by bridging of the surfaces of two neighboring bubbles and subsequent
bubble coalescence. As explained in Section 10.5, the attachment of solid particles
to the oil–water interface in antifoam compounds is very important for their high
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Figure 10.3 Optical microscopy image of antifoam globule containing silicone
oil and silica particles (the dark objects of irregular shape adsorbed on the drop
surface) dispersed in surfactant solution. Scale bar at top � 32 �m. Adapted from
Ref. [8]; with permission of the American Chemical Society.



activity. Therefore, one could not explain the mechanisms of antifoaming without
a detailed analysis of the particle–fluid interface interactions.

This chapter is organized in the following way. First, the structural elements of
a foam and the characteristic timescales of foam dynamics, in relation to the mech-
anisms of antifoam action, are discussed in Section 10.2. Then, the mechanisms of
foam destruction by solid particles are discussed in Section 10.3, by oil drops in
Section 10.4 and by compound globules in Section 10.5. Depending on the partic-
ular type of antifoam entities and on the specific mechanism of foam destruction,
the main factors affecting the antifoam performance are discussed throughout
these sections. The process of exhaustion of the antifoam compounds is discussed
in Section 10.5.3.

10.2 Foam Structure, Dynamic Timescales and 
General Modes of Antifoam Action

In this section we describe the general phenomena observed in the processes of
foam formation and decay. The description is mostly phenomenological, without
considering details of the specific mechanisms of antifoam action. These details
depend strongly on the type of antifoam used (solid particles, oil drops or mixed
oil–solid globules) and are discussed in the following Sections 10.3–10.5.

10.2.1 Foam structure

The bubble compaction in foams leads to the formation of several structural ele-
ments which have different dimensions and play different roles in the processes of
foam destruction by antifoams. These elements7,33,34 are the foam films interven-
ing between two adjacent bubbles, the Plateau borders (PBs) and the nodes where
four PBs meet with each other (see Figure 10.4). Since the characteristic dimen-
sions and the capillary pressures of the PBs and their neighboring nodes are very
similar, we discuss explicitly only the PBs, keeping in mind that the same phe-
nomena (water drainage, oil drop entrapment and compression) occur in the nodes.

In the current section we discuss the characteristic dimensions of the foam films and
PBs for foams, which are in mechanical equilibrium with underlying surfactant solu-
tion, under the action of gravity. The dynamics of approaching this equilibrium and the
characteristic timescales of the respective processes are considered in the following
Section 10.2.2.

10.2.1.1 Foam films

The foam films are characterized by their thickness, h, and radius, RF (see Figure
10.4(e)). The film radius in dry foams (with volume fraction of air �A � 98%) 
is about twice as small as the bubble radius, RF � 0.5RB. The equilibrium film 
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thickness, hEQ, is determined by the balance of the capillary pressure of the PB 
walls, PC

PB, and the disjoining pressure, �(h), which characterizes the forces acting
between the two opposite surfaces of the foam film. The capillary pressure is defined
as the difference between the pressure in the bubbles and the pressure in the liquid

Foam Structure, Dynamic Timescales and General Modes of Antifoam Action 389

Gas

Dry
foam

Foam
film

Node (vertex)

Plateau border

(b)

(c)

Wet
foam

Liquid

HF

HW

RB

PPB

2RCS

Plateau border

Cross-section
of PB

2RF

h

RPB

RPB

LPB

(d)

(e)

(a)

Z

C

Node

Figure 10.4 Schematic presentation of (a) foam column which is wet at the bot-
tom and dry at the top and (b)–(e) the basic structural elements of the foam.



contained in the neighboring PBs, PC
PB � PB � PL. At equilibrium, PC

PB, which is the
driving pressure for thinning of the foam films, is exactly counter-balanced by the
repulsive disjoining pressure7,34–37

�(hEQ) � PC
PB (10.1)

Equation (10.1) can be used to determine hEQ if the functional dependence �(h) is
known. Explicit expressions for the various components of the disjoining pressure
can be found in the literature and are not reproduced here.35–37

The conventional components of the disjoining pressure (electrostatic, van der
Waals, steric, oscillatory, etc.) are short ranged, so that hEQ is typically smaller than
100 nm. Since the typical antifoam globules have larger diameter, dA � 1 �m, the
equilibrium foam films are too thin to contain such globules. An exception is worth-
while mentioning. If the foam films are stabilized by solid particles (which can
sometimes be the case with foams encountered in pulp and paper production, drug
manufacturing and foods – see Chapter 8), the equilibrium film thickness is deter-
mined primarily by the size of these particles and could be well above 100 nm.38–40

In these cases, the equilibrium foam films could be sufficiently thick to contain
antifoam globules. Note also that oils spread on the surfaces of the foam films could
affect the film stability (by modifying e.g. the disjoining pressure �), even when the
films are very thin and do not contain any antifoam globules.15

10.2.1.2 The Plateau borders

Two vertical regions are distinguished in equilibrium foam columns – a “wet” por-
tion at the bottom of the foam column, with �A gradually increasing from �76% up
to ca. 98%, and an upper layer of “dry foam” with �A � 98% (see Figure 10.4(a)).
In the wet portion of the foam, the hydrostatic pressure, Pg � �gZ, is comparable 
in magnitude to the capillary pressure of a single, non-compressed bubble (� is the
mass density of the aqueous phase, g is the acceleration of gravity and Z is the ver-
tical co-ordinate with origin placed at the bottom of the foam (see Figure 10.4).
Hence, only slight to moderate deformation of the bubbles is sufficient to ensure
mechanical equilibrium here. The height of the wet portion of the foam, HW, can be
estimated by comparing the capillary pressure of a non-deformed bubble, PC

NB �

2�aw/RB (where �aw is the air–water surface tension) with the hydrostatic pressure
Pg(HW) � �gHW. This estimate leads to HW � 2�aw/(�gRB), which is of the order of
a centimeter for millimeter-sized bubbles. Therefore, foam columns with height
above ca. several centimeters are prevailingly “dry” at equilibrium.

The bubbles in the upper, dry portion of the foam are strongly deformed to ensure
sufficiently high capillary pressure, PC

PB, which is able to compensate the increased
hydrostatic pressure of the liquid in the PBs.33,34 Important features of the dry foam
are: (i) the main fraction of its liquid content is contained in the PBs and (ii) the
length of the PBs, LPB, is much larger than their cross-sectional dimension. For
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equilibrium dry foam, one can estimate the two characteristic dimensions of the PBs,
namely the cross-sectional radius, RCS and the radius of curvature of the PB wall,
RPB, which play important roles in the process of antifoam globule entry. RCS deter-
mines whether antifoam globules of given radius get trapped or move freely in the
interconnected network of PBs and nodes, whereas RPB determines the capillary
pressure, PC

PB, which compresses the trapped antifoam globules, see Section 10.4.3.
To estimate RCS and RPB in the dry portion of the foam, one can start with the bal-

ance of the hydrostatic pressure, Pg � �gZ (which is the driving force for water
drainage from the foam column) and the capillary pressure, PC

PB (which is the driving
pressure for water suction from the surfactant solution into the foam)7,8,14,16,34

PC
PB (Z) � �gZ (10.2)

Then, the radius of curvature of the wall of the Plateau channel, RPB, can be esti-
mated from PC

PB by the expression7,8,16,34

(10.3)

Finally, the cross-sectional radius of the PB, RCS (which is equal to the radius of a
sphere inscribed in the Plateau channel, Figure 10.4(d)), can be found from geo-
metrical considerations8,14,16

(10.4)

These estimates are used in Section 10.4.3 to explain the effects of oil drops (as
antifoams) and co-surfactants (as foam boosters) on foam stability.

10.2.2 Dynamics of foam evolution in the absence of antifoams

The foam evolution in the absence of antifoams is governed mainly by three inter-
related processes: (i) thinning of the foam films, (ii) water drainage from the foam
column and (iii) bubble coarsening due to gas diffusion from the smaller to the neigh-
boring larger bubbles across the intervening foam films (analogous to Ostwald ripen-
ing of small crystallites and emulsion droplets).7,15,33 The fourth possible process,
namely bubble coalescence as a result of foam film rupture, is not considered in
this sub-section, because we are interested mainly in foams which do not decay in
the absence of antifoams.

The aforementioned processes (i)–(iii) are characterized by different timescales,
which have an important impact on the modes of foam destruction by various
antifoams. For this reason, the characteristic times of these processes are briefly
described below and used in the subsequent Section 10.2.3 to explain the observed
general modes of antifoam action.
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10.2.2.1 Dynamics of foam film thinning

Optical observations of millimeter-sized foam films, formed from solutions of low
molecular mass surfactants like those used in detergency, showed that film thinning
typically occurs in several consecutive stages (see Figure 10.5).6,7,14,36 Dimple forma-
tion (t � 0–2 s, h � 5–1 �m) is where a convex-lens-shaped “dimple”, with larger
thickness in its center, is initially formed upon the mutual approach of two bubbles.
This configuration is hydrodynamically unstable and an asymmetric outflow of liquid
from the film leads to dimple disappearance within seconds after film formation.
Drainage of a relatively thick planar film containing channels (t � 2–30 s, h �
1–0.1 �m) follows in which the film contains several channels (dynamic regions with
thickness 200–500 nm larger than the remaining planar portion of the film) and gradu-
ally thins down. Drainage of the thin plane-parallel film (t � 30–60 s, h � 100–60 nm)
is the process in which the film has almost uniform thickness which gradually
decreases with time. Film stratification (t � 1–3 min, h � 60–10 nm, see Figure
10.5(d)) is the stage realized in surfactant solutions with sufficiently high micelle vol-
ume fraction. The film thins in consecutive steps, which are due to oscillatory structural
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t � 0–2 s, h ≈ 5–1 µm

t � 30–60 s, h ≈ 100–60 nm t � 1–3 min, h ≈ 60–10 nm

t � 3 min, h ≈ 10 nm

t � 2–30 s, h ≈ 1–0.1 µm

(a) (b)

(c) (d)

(e)

h

Figure 10.5 Main stages of foam film thinning: (a) Convex-lens-shaped 
“dimple”, (b) planar film containing thicker channels, (c) plane-parallel film, 
(d) stratification – stepwise film thinning through formation and expansion of
thinner spots and (e) thin film which is in equilibrium with the surrounding menis-
cus. The antifoam drops/particles are also shown schematically for comparison
with the film thickness in the respective stage.



forces caused by “layering” of micelles in the film interior.6,35,37,41,42 Each stepwise
transition corresponds to a reduction of the number of micelle layers in the film (5 to
4, 4 to 3, etc.). Finally, the equilibrium black film (t � 3 min, h � 5–10 nm) appears
in equilibrium with the surrounding meniscus.

The experiments with larger, centimeter-sized foam films also showed an initial
stage of dimple formation, followed by hydrodynamic instability, which led to liquid
outflow and reduction of the film thickness down to 1–2 �m within several seconds
after film formation.10 An important conclusion from the observations of foam film
dynamics is that the first stages of film thinning are very short and the film thickness
becomes smaller than the diameter of the typical antifoam globules, dA � 1 �m, in
less than 30 s. This fact implies that the antifoam globules, which are trapped in the
foam films in the initial stage of film formation, should either break the films in
less than 30 s or should leave them with the draining water. Thus one can estimate
the characteristic time of foam film thinning, in relation to film rupture by antifoam
globules, as �F � 30 s.

The rate of foam film thinning is sometimes estimated by the Reynolds equation
(see e.g. Ref. [43])

(10.5)

where VRE is the rate of film thinning, PC is the capillary pressure of the bubble, �(h)
is the disjoining pressure, RF is the film radius and � is the liquid viscosity. For h larger
than ca. 50 nm, �(h) is usually negligible in comparison with PC, and the driving pres-
sure for film thinning can be estimated as PC � 2�aw/RB, where �aw � 30 mN m�1

and RB is the bubble radius. The comparison of the theoretical predictions of equation
(10.5) with the optical observations of foam films showed that Reynolds equation
strongly under-estimates the rate of foam film thinning (i.e. the characteristic time 
of film thinning is strongly over-estimated), especially for foam films with diameter 
of the order of centimeters or millimeters. Theoretical and experimental studies
showed43–46 that this large discrepancy is due to the fact that the foam film surfaces in
systems stabilized by low molecular mass surfactants are not usually plane-parallel or
tangentially mobile. These two effects are not accounted for in the Reynolds equation
and lead to faster film thinning, compared with the prediction of equation (10.5).
Therefore, the Reynolds equation is rarely appropriate for estimating the rate of thin-
ning of foam films with diameter above 1 mm, in relation to the antifoam effect.

10.2.2.2 Water drainage from quiescent foams

Recent theoretical and experimental studies47–51 revealed three main periods in the
water drainage from foam columns. The characteristic time, �DR, of the first two
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periods, which are governed by gravity, could be estimated by considering the
water flow through the network of PBs and nodes. This network is considered as a
porous medium with certain permeability, which depends on the liquid volume
fraction, �L, and changes in the course of the drainage process.47,49 The following
estimate was derived theoretically49 and confirmed experimentally for �DR

(10.6)

where HF is the foam height, vF is the average velocity of the liquid through the net-
work of PBs, Km is a numerical constant (K1 � 6 � 10�3 and K1/2 � 2 � 10�3) and
m is a parameter which takes the value of 1 or 0.5 for tangentially immobile and
tangentially mobile surfaces of the PBs, respectively. For the effects of tangential
mobility, see refs. [49, 50]. Taking a typical value for a wet foam with �L � 0.25,
generated from an aqueous surfactant solution with � � 1000 kg m�3, one obtains
the following estimate for the characteristic time of water drainage from the foam

(10.7)

Thus, for a foam with height HF � 20 cm and mean bubble diameter 2RB � 1 mm,
made from aqueous solutions with viscosity � � 1 mPa s, one obtains �DR � 80 s.
As seen from equation (10.7), the characteristic drainage time strongly depends on
bubble size and solution viscosity. The decrease of bubble diameter by a factor of
3 (down to 300 �m) leads to an increase of �DR up to 750 s.

The theoretical models47,49 predict that the first stage of water drainage lasts for
a period �DR/(m � 1), and during this stage about half of the total liquid contained
in the initial foam, VL0, drains linearly with time

(10.8)

The drainage of the remaining fraction of liquid during the second stage is some-
what slower and proceeds according to the expression

(10.9)

The latter equation shows that 95% of the liquid drains for 2–4 times �DR, depend-
ing on the tangential mobility of the PB walls (i.e. on the value of m � 1 or 0.5).
As an illustration, Figure 10.6 presents the theoretically calculated volume of the
liquid remaining in the foam during the process of water drainage, VL(t)/VL0 �

[VL0 � VDR(t)]/VL0, in accordance with equations (10.8) and (10.9). Note that
water drainage can be slower in the presence of solid particles or oil drops in the
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foam, because these particles/drops obstruct the PBs and nodes, thus increasing the
hydrodynamic resistance of the foam. This effect is not accounted for in equations
(10.6–10.9).5,6,14

The theoretical modeling predicts that there is a third, much slower stage of liq-
uid drainage, characterized by an exponential approach to the final equilibrium
configuration of the foam at which the gravity force is counter-balanced by the
capillary suction of the PBs.48

10.2.2.3 Characteristic time of bubble coarsening due to gas diffusion

Another process, which strongly affects the foam evolution, is the bubble coars-
ening due to gas diffusion across the foam films, from the smaller to the larger 
bubbles. The respective increase of the mean bubble radius is described by the
expression52,53

(10.10)

where RB0 is the initial mean bubble radius. The characteristic time of bubble
coarsening, �CR, can be estimated from the expression53
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Figure 10.6 Change of the normalized liquid volume in the foam VL/VL0 with the
dimensionless time t/tDR as a result of water drainage. The theoretical predictions
for bubbles with tangentially immobile (solid curve) or mobile (dashed curve)
surfaces are plotted in accordance with equations (10.8) and (10.9).



where DEFF is an effective diffusion coefficient of the gas transport across the 
foam films, which depends on the material properties of the gas and the solution. The
function �(�L) accounts for the dependence of the radius of the foam films on the liq-
uid volume fraction in the foam and is described by the semi-empirical expression53

�(�L) � [1 � 1.5 �L
1/2]2 (10.12)

For dry foams containing air bubbles, DEFF � 5 � 10�10m2s�1 and �(�L) � 1, which
allows one to estimate �CR � 250 s for bubbles with initial diameter 2RB0 � 1 mm,
and �CR � 30 s for bubbles with 2RB0 � 300 �m. Note that bubble coarsening decel-
erates with time, because the mean bubble size gradually increases.

10.2.2.4 Comparison of characteristic times for film thinning, 
water drainage and bubble coarsening

The comparison of the characteristic times of foam film thinning, �F, water drainage
from the foam, �DR, and bubble coarsening, �CR, indicates that �F is usually shorter
than both �DR and �CR. In other words, the foam films thin relatively rapidly, whereas
the water drainage and bubble coarsening from the foam require longer time. For a
typical foam with mean bubble diameter 2RB � 1 mm, one estimates �DR � �CR, i.e.
drainage dominates the initial stage of foam evolution, as compared to bubble coars-
ening. In contrast, for foams containing smaller bubbles with RB � 400 �m, �CR is
shorter than �DR (i.e. the coarsening will be faster than drainage in the initial stage of
foam evolution), due to the opposite dependences of �DR and �CR on RB, see equa-
tions (10.7) and (10.11). At long times, t �� �DR, the processes of water drainage and
bubble coarsening couple with each other and proceed in parallel.51,53 The coarsening
leads to a gradual increase of the mean bubble size, which is inevitably accompanied
with a decrease of the number density of PBs and nodes per unit volume of the foam,
and a slow drainage of the formed excess water.

Let us recall that the equilibrium PB cross-section, RCS � 5–50 �m, is about two
to three orders of magnitude larger than the equilibrium film thickness, hEQ � 50 nm.
The different magnitudes of RCS and h, and the different timescales of the various
processes, have important implications for the modes of antifoam action, which are
discussed in the following sub-section.

10.2.3 Dynamics of foam destruction by antifoams

10.2.3.1 Location of the antifoam globule entry: fast and slow antifoams

The fact that the foam films become rapidly thinner than the antifoam globule size,
whereas the PBs remain larger than these globules for longer time, means that there
are two different scenarios for foam destruction by antifoams.3,6,8,13 Foam film rupture
by antifoam globules in the early stages of film thinning includes the formation of a
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particle bridge (for solid particles) or an oil bridge (for oil drops or mixed oil–solid
compounds) between the two opposite surfaces of the foam film – see Sections 10.3.1
and 10.4.1. If the formed bridge is unstable, it ruptures the foam film within seconds
after its formation (see Figure 10.7). As a result, this mechanism of foam film rupture
usually leads to complete foam destruction in a short period of time (seconds to tens
of seconds); see the results for the oil–silica compound in Figure 10.1, for example.
The term “fast antifoam” is used to denote substances which destroy the foam by this
film-breaking mechanism.8 The experiments showed8,10–13,19–23 that mixed globules
of appropriately formulated oil–solid compounds often (though not always) behave as
fast antifoams, in which the solid particles ensure an ultra-low entry barrier, whereas
the oil (if appropriately chosen) ensures unstable oil bridges.

By contrast, foam cell destruction after antifoam globule entry in the PBs and
nodes can also take place. Here, the antifoam globules which are unable to break the
foam films in the early stages of film thinning are first accumulated in the adjacent
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Figure 10.7 Image of a large (2 � 3 cm) foam film from a 10 mM AOT solution
containing 0.01 wt.% of silicone oil � silica particles emulsion (fast antifoam)
taken about 1 s after the film was formed and several milliseconds after the appear-
ance of a hole in the film. The hole expands (illustrated by the black arrows) and
eventually leads to film rupture. The observations are made by high-speed video
camera. Taken from Ref. [11]; with permission of the American Chemical Society.



PBs. They are afterwards compressed by the walls of the shrinking PBs (as a result
of water drainage from the foam) and eventually enter the walls of the PBs, causing
rupture of the neighboring foam films.5,6,8,54 The foam destruction by this mecha-
nism usually requires minutes or tens of minutes, because the water drainage from
the foam (needed for compression of the trapped drops) is a slow process; see the
results for silicone oil in Figure 10.1, for example. Furthermore, one usually observes
residual foam which may remain stable for hours (the respective explanation is
described in Section 10.4.3). The term “slow antifoam” is used to describe sub-
stances which destroy the foam by this mechanism.8 The oil drops deprived of solid
particles usually behave as slow antifoams.5,6,8,14–18

As explained in Section 10.4.3, one of the main factors determining whether a
given antifoam would behave as fast or slow is the magnitude of the entry barrier of
the antifoam globules. If the repulsive forces acting between the antifoam globules
and the surfaces of the foam film are too strong, i.e. the entry barrier is high, the
globules leave the foam film without forming bridges and the respective antifoam
behaves as slow.

10.2.3.2 Effect of antifoams on foaming: role of the kinetics 
of surfactant adsorption

In general, the fast antifoams strongly reduce the foaminess of surfactant solutions,
whereas the slow antifoams affect the foaminess only slightly.8,14,15,17 To explain
these effects, let us consider the process of foaming by agitation, viz. by shaking,
stirring or pouring the solution from a nozzle. Such agitation leads to entrapment of
air into the solution and to the formation of a wet foam with an air volume fraction
below ca. 80%, in which the bubbles collide with each other. Foam films with
thickness of several micrometers are formed in the zone of bubble–bubble contact.
However, the intensive agitation rapidly separates the colliding bubbles from each
other, so that the foam films have no time to thin. The film thickness remains larger
than ca. 1 �m during the entire duration of the bubble encounters.

Therefore, an antifoam could reduce the solution foaminess only if its globules are
able to destroy relatively thick foam films, i.e. if the antifoam behaves as fast. It is
rather common to observe a weak effect, or even an increased foaminess of the sur-
factant solutions in the presence of dispersed oil droplets, whereas the same droplets
may have a noticeable (slow) antifoam effect in quiescent foams generated from the
same solutions (e.g. the results for silicone oil in Figure 10.1). The increased foami-
ness observed sometimes in the presence of oil-based antifoams is explained by
reduced surface tension (as a result of oil spreading on the solution surface), which
facilitates the expansion of the air–water surface and air entrapment.17

One particular feature of the antifoam effect during foaming and upon foam shear
(i.e. under dynamic conditions) is that the antifoam activity can be affected strongly
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by the kinetics of surfactant adsorption.8,19,32,55 The reason is that the bubble genera-
tion and deformation are related to the creation of new air–water surface, and it takes
a certain time to cover this surface with a protective adsorption layer of surfactant.
The kinetics of surfactant adsorption is particularly important for solutions of non-
ionic surfactants, because the de-micellization rate and the monomer concentration
are rather low in such solutions. As a result, the respective characteristic time of
surfactant adsorption is often of the order of seconds and tens of seconds, which
results in the formation of under-saturated adsorption layers upon bubble–bubble
collision in dynamic foams. This effect facilitates the entry of the antifoam glob-
ules at the foam film surfaces and the subsequent foam film rupture in agitated
foam, whereas the same antifoam could be rather inactive in quiescent foam of the
same composition.

As an illustration of the effect of surfactant adsorption rate on the antifoam activ-
ity, we compare the foaminess and the foam stability of 10 mM AOT (anionic) and
0.6 mM APG (alkyl polyglucoside, nonionic) solutions (approximately 4 � critical
micelle concentration, CMC) in the absence and in the presence of 0.01 wt.% sili-
cone oil–silica compound. As seen from Figure 10.8(a), the initial foam volume
generated by shaking AOT solutions in the presence of antifoam is several times
larger than that generated from APG solutions under equivalent foaming conditions.
However, after stopping the agitation, the AOT foam completely disappears within
seconds, whereas the APG foam remains stable for hours. The reference samples of
AOT and APG solutions (without antifoam) show rather good foaminess and no
foam destruction in the timescale of Figure 10.8(a).

The results from related model experiments allowed us to explain the observed
differences of the antifoam performance in AOT and APG solutions.19 Measurements
of the dynamic surface tension showed a very large difference in the adsorption
kinetics of the two surfactants; more than 10 s were needed for saturation of the
adsorption layer in the APG solution, whereas this process took less than 0.1 s in the
AOT solution (see Figure 10.8(b)). Further, the entry barrier of the compound glob-
ules was much lower in AOT solutions (�3 Pa) compared with APG solutions
(�125 Pa) for saturated adsorption layers. The ultra-low entry barrier in AOT solu-
tions explains why the antifoam globules are able to rapidly rupture the foam films
in both agitated and quiescent AOT foams, whereas the high entry barrier in APG
solutions precludes the foam film rupture in the APG-stabilized quiescent foams.
Hence, the studied antifoam had significant activity in the foaming APG solution,
mainly due to the slow APG adsorption. If the kinetics of APG adsorption was as
fast as that of AOT, the antifoam would be much less efficient in suppressing the
foaminess of APG solutions.

It is worthwhile noting that the results for APG-stabilized foams in Figure 10.8(a)
illustrate the possible switch of a given antifoam from fast (during foaming) into
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slow (in the quiescent foam). Indeed, the foaminess of the APG solution was strongly
reduced in the presence of antifoam compound, whereas the evolution pattern of the
quiescent APG foam was indicative of the action of a slow antifoam. As explained in
the previous paragraph, such pattern reflects a low entry barrier of the antifoam glob-
ules during foaming due to formation of incomplete adsorption layers, and a high
entry barrier when the adsorption layers are completed. Hence the antifoam behaves
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Figure 10.8 (a) Foam volume versus time for two surfactant solutions, 10 mM AOT
and 0.6 mM APG, in the presence and in the absence of 0.01 wt.% silicone oil �
silica compound (Bartsch test). (b) Dynamic surface tension of the same solutions
measured by the maximum bubble pressure method in the absence of antifoam.
Adapted from Ref. [19]; with permission of the American Chemical Society.



as fast (film breaking) during foaming and transforms into slow (acting through entry
in the PBs) when the agitation is stopped and the surfactant is allowed to form com-
plete adsorption layers on the foam film surfaces.

10.2.3.3 Effect of antifoams on the evolution of static (quiescent) foams

As already explained, the fast antifoams are able to destroy completely quiescent
foams in a very short period of time (typically 3–30 s, depending on the antifoam
activity and concentration), by rupturing the foam films in the early stages of their
thinning. This means that the only important characteristic dimension in the foam
is the film thickness, h, as compared to the diameter of the antifoam globules, dA,
and the relevant timescale is �F, which is imposed by the process of film thinning
down to a thickness h � dA. The other timescales discussed in Section 10.2.2 are
too long to play an important role in the process of foam destruction.

In contrast, the dynamics of foam destruction by slow antifoams, e.g. oil drops
in surfactant solutions of high concentration, is related to the rates of water drainage
and bubble coarsening, because drop entrapment and compression in the PBs is
needed for accomplishing the antifoam globule entry and foam cell destruction. In
general, four distinct stages are observed in the evolution of quiescent foams destroyed
by slow antifoams (see Figure 10.9):8,14,15

(i) During stage I, lasting for 1 to several minutes, the upper boundary of the foam does
not change because no coalescence of the bubbles with the uppermost air phase takes
place. The lower boundary of the foam rises with time, due to water drainage from the
initially formed wet foam. During this stage the foam films rapidly thin down, the PBs
and the nodes become much narrower (the duration of this stage is comparable to �DR)
and the smallest bubbles shrink and disappear due to air diffusion across the foam
films (characteristic time �C) (cf. Figures 10.10(a) and (b)).

(ii) During stage II (t �� �DR), the foam volume remains virtually constant because the
water drainage is already very slow and no bubble coalescence occurs. However, optical
observations evidence a significant restructuring of the foam cells during this period, due
to bubble coarsening through air diffusion across the films. The latter process leads to a
gradual, but significant decrease of the number density of PBs and nodes per unit vol-
ume of the foam. As a result, the antifoam globules gradually accumulate in the remain-
ing nodes and PBs with time (see Figures 10.10(c) and (d)). In addition, the PBs and
nodes slowly shrink with time due to water drainage from the foam, which leads to a
decrease of the radius of curvature of the PB walls, RPB, and to a gradual increase of the
capillary pressure, PC

PB, exerted by these walls on the trapped oil drops.
(iii) When a certain critical value of PC

PB is reached, the foam destruction starts, primarily
through rupture of the upper layer of bubbles where the compressing capillary pres-
sure is the highest. This is the onset of stage III, denoted by tON in Figure 10.9(a). The
rate of foam destruction, vD � �dHF/dt, is approximately constant during the main
course of period III (see also the results for silicone oil in Figure 10.1).
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(iv) After a certain amount of foam is destroyed, the rate of foam decay gradually decreases
and, eventually, stage IV is reached in which the foam volume remains almost constant for
many minutes or even hours. Only large bubbles remain in the foam and the process of
bubble coarsening is rather slow. The height of this residual, long-standing foam is
denoted hereafter by HRES. In Section 10.4.3 later, the process of foam destruction by slow
antifoams is analyzed quantitatively, by relating the size of the antifoam globules and their
entry barrier to the value of HRES and to the stages of foam evolution described above.
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Figure 10.9 (a) Foam height, HF(t), versus time for a solution containing 0.1 M
SDP3S (anionic surfactant), nonionic co-surfactant (foam booster) and 0.1 wt.% 
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is not compressed.



10.3 Solid Particles as Antifoam Entities

10.3.1 Bridging–dewetting mechanism of foam film 
rupture: characteristic timescales

Experimental and theoretical studies showed that solid particles could rupture foam
films by the so-called “bridging–dewetting” mechanism.3,55–63 This mechanism
implies that, first, the solid particle comes into contact with the two opposite surfaces
of the foam film, forming a “solid bridge” between them (see Figure 10.11). Second,
if the particle is sufficiently hydrophobic, the liquid dewets the particle surface so
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(a)
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(d) Plateau channel
with trapped oil drops

Figure 10.10 Photographs of foam cells just below the top of a foam column at
different stages of the foam evolution (cf. Figure 10.9). (a) Wet foam in stage I. (b)
Foam at the transition between stages I and II. (c) Air diffusion from the small bub-
bles towards the larger ones leads to the disappearance of the smallest bubbles and
to the gradual accumulation of oil drops in the PBs during period II. When the cap-
illary pressure at the top of the foam column exceeds the entry barrier of the oil
drops, a destruction of the uppermost layers of bubbles is observed which is the
beginning of stage III (not shown). (d) Enlarged view of Plateau channel in which
trapped oil drops are seen. The image size is 2 � 1.5 cm in (a)–(c) and 1 � 0.75 cm
in (d). Taken from Ref. [15]; with permission of the American Chemical Society.



that the three-phase contact lines eventually come into direct contact with each other;
the foam film gets perforated at the particle surface (see Figures 10.11(a)–(d)). The
antifoam activity of solid particles is strongly related to their hydrophobicity, which
is quantified by the three-phase contact angle air–water–solid, �aw, measured into
water. Note that �aw depends not only on the particles used, but on the foaming solu-
tion as well.
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Figure 10.11 Schematic presentation of the bridging of foam film surfaces by a
solid particle. (a)–(d) When the spherical particle has contact angle �aw � 90°, it
is dewetted by the liquid and the three-phase contact lines come into direct con-
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contact angle �aw � 90°, the particle is not dewetted and the foam film remains
stable. (h) Cone-shaped particle with slope angle �c can be dewetted if �aw � �C,
when the particle is properly oriented to the film surfaces.



Two timescales are important for the bridging–dewetting mechanism of foam
film rupture by solid particles. First, the foam film should thin down to a thickness
comparable with the particle diameter, dP. This process is relatively fast, with a
characteristic time �F(dP) � 30 s, unless dP is smaller than ca. 1 �m. Therefore, if
the particles are with diameter dP � 1 �m, the rate of film thinning is not an obsta-
cle for rapid foam destruction by this mechanism.

Another timescale is set by the moving contact lines along the particle surface,
which push liquid from the vicinity of the particle into the neighboring film region
(see Figure 10.11(c)). The characteristic time of this process can be estimated as,
�DEW � (dP/VDEW), where VDEW is the sliding velocity of the contact lines along the
particle surface. Direct optical observations by Dippenaar58 showed that the motion
of the contact lines (the particle dewetting) is very fast, VDEW � 1 �m ms�1.
Theoretical estimates, based on the hydrodynamic theory of contact line motion,43

predict a similar value of VDEW. By developing a detailed model of the dynamics of
particle dewetting in foam films, Frye and Berg55 calculated numerically �DEW and
showed that, if the contact angle �aw is several degrees larger than the critical angle
for dewetting (discussed in the next sub-section), �DEW is shorter than ca. 10 ms.

The above estimates show that the bridging–dewetting mechanism would lead
to rapid foam destruction if solid particles with appropriate properties (see below)
were present in the foaming solution. It is worthwhile noting that in detergency and
many other applications where “strong” surfactants are typically used (i.e. very
active surfactants with concentration above the CMC), solid particles are not very
efficient foam breakers; the surfactant molecules adsorb on particle surfaces ren-
dering them too hydrophilic to have a pronounced antifoam effect.60–62 In such sys-
tems, oil-based antifoams are more efficient and have found wide application in
practice.3–5,60 On the other hand, foam control in the presence of solid particles is
very important for the successful processing of ores and other minerals by the
method of froth flotation, in which “mild” surfactants are typically used, see
Chapter 9.

10.3.2 Influence of particle properties on antifoam effect

The two stages of the bridging–dewetting mechanism of foam film rupture by 
solid particles, Figure 10.11, imply two groups of important factors related to 
(i) bridge formation and (ii) particle dewetting. These factors are briefly discussed
below.

With respect to bridge formation, the most important factors are the particle size
and several other factors related to the particle entry barrier such as particle shape,
surface charge, etc. As explained above, the particle size is not a problem for rapid
bridge formation, unless dP � 1 �m. The factors related to the entry barrier are more
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difficult to quantify. As shown by Kulkarni et al.,64,65 the surface charge could create
significant electrostatic repulsion between the particle and the surfaces of the foam
films (e.g. in the presence of adsorbed ionic surfactant), which might result in high
entry barriers. An indirect proof for the importance of this effect was recently found
in studies of Pickering emulsions stabilized by spherical solid particles of microme-
ter size.66 Emulsification experiments showed that the particles enter the oil–water
interface and stabilize the emulsions easier if the electrostatic repulsion between the
particle and the oil–water interface is suppressed (e.g. at high NaCl concentration in
the aqueous phase). Otherwise, the electrostatic barrier hampers particle adsorption
and no stable emulsions are formed. Other types of surface forces caused by surfac-
tant micelles (oscillatory surface forces35,41,42), adsorbed polymer molecules (steric
repulsion), etc., could create significant entry barriers which should be suppressed to
effect bridge formation.

The experiments show that the entry barrier is strongly reduced and the bridges
are easily formed when the particles have sharp edges. To explain this effect one
can use Derjaguin’s approximation,67 which relates the force between a spherical
particle and a planar surface, FPS, with the disjoining pressure �PS(H) between two
planar surfaces, one of them being the foam film surface and the other (hypotheti-
cal) surface has the same properties as the particle surface

(10.13)

Here RP is the particle radius, � is the distance between the particle forehead and the
planar surface and H is a running variable. As seen from equation (10.13), the inter-
action force is proportional to the particle radius and is therefore lower in magnitude
for smaller particles. If the solid particle is non-spherical, equation (10.13) can be
used with RP being replaced by the radius of curvature of the particle forehead,
which is very small for sharp edges. Hence, the entry barrier of a solid particle with
sharp edges (if properly oriented) would be much smaller, as compared to the bar-
rier of a spherical particle having the same overall dimension. This “pin-effect” of
the sharp edges strongly facilitates bridge formation for non-spherical particles.

With respect to dewetting, the most important factors are the particle hydropho-
bicity and shape. Theoretical and experimental studies3,55,57–62 showed that the criti-
cal contact angle is 90° for complete dewetting of solid particles which have smooth
convex surfaces, such as spheres, ellipsoids, disks and rods. Particles of contact angle
�aw � 90° induce foam film rupture and foam collapse (see Figures 10.11(a)–(d)).
Less hydrophobic smooth particles (�aw � 90°) do not cause film rupture; they can
even stabilize the foam by blocking the Plateau channels and reducing the rate of
water drainage from the foam (see Figures 10.11(a), (e), (f) and (g)).

F R H HPS P PS d( ) ( )d p

d

� �
�

2 ∫
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Various studies showed that foam films can be ruptured by less hydrophobic par-
ticles (�aw well below 90°) if the latter have sharp edges and are properly oriented in
the film.3,55,57,58 An illustrative example of this possibility is the theoretical predic-
tion for a cone-shaped particle, whose axis is oriented perpendicularly to the film sur-
face (Figure 10.11(h)). Simple geometrical considerations show that cone-shaped
particles with slope angle �c can be dewetted if

�aw � �c (10.14)

Similar considerations imply that cubic particles with �aw � 45° could rupture foam
films if the particles are oriented with their diagonal being perpendicular to the film
plane. Indeed, Dippenaar58 showed experimentally that cubic galena particles with
contact angle �aw � 80° rupture the foam films if the particles are properly oriented.
Frye and Berg,55,63 and Garrett57 showed that hydrophobic glass particles and
poly(tetrafluorethylene) particles with irregular shape have a significant antifoam
effect even when the contact angle �aw � 40°. The in situ formation of similar, sharp-
edged soap precipitates is the most probable reason for the observed significant
antifoam effect of calcium soaps in the recent study by Zhang et al.68

It is worthwhile noting that, if the particle is too hydrophilic to be dewetted by
the liquid, the two contact lines on the particle surface acquire equilibrium posi-
tions which depend on the contact angle �aw (see Figure 10.11(f)). The distance
between the two equilibrium contact lines can be estimated for spherical particles
by the expression

hp � 2Rp cos �aw (10.15)

Once such a stable bridge is formed, the evolution of the system depends on the ratio
of the average film thickness, h(t), and the value of hp. When h(t) � hp, the particle
remains in the foam film and causes local film thinning. When the average film thick-
ness, h, becomes smaller than hp, the particle is expelled from the film into the neigh-
boring meniscus regions, which have local thickness equal to hp. The reason for this
migration of the particle outside the film is that the surface energy of the system
(film � particle � meniscus) is minimal when the particle does not deform the film
surfaces, so that no extra surface energy is created by the particle presence. In foams,
such insufficiently hydrophobic particles can obstruct the PBs and stabilize the foam
as a result of the reduced rate of water drainage. Moreover, if the particles are of suf-
ficiently high concentration to cover the entire bubble surface, the robust shell formed
resists bubble shrinking and could arrest almost completely Ostwald ripening.

More detailed analysis of the role of shape, size and contact angle of solid par-
ticles for their antifoam activity can be found in the papers by Garrett,3,57 Frye and
Berg,55,63 and Aveyard et al.59–62
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10.4 Antifoam Effect of Oil Drops

The possible mechanisms of foam destruction by oil drops compared to solid par-
ticles are more versatile, due to the possibilities for oil bridge deformation and oil
spreading. Several scenarios of foam destruction by oils were proposed in the lit-
erature and are discussed in this section.

In most cases, the oil drops destroy the foams through an initial accumulation in
the PBs and nodes, i.e. the drops behave as slow antifoams.5–8,14–18,54 This is due to
the relatively high entry barrier when the drops are dispersed in surfactant solutions
typical for detergency. The oil drops are able to act as fast antifoams and to break the
foam films by the bridging mechanisms, described in Section 10.4.1, if the entry bar-
rier is low (e.g. the surfactant adsorption layers are incomplete due to low concentra-
tion and/or slow kinetics of adsorption). One efficient way to reduce the entry barrier
and to transform the oil into a fast antifoam is to add hydrophobic solid particles, and
thus to form oil–solid compounds which are considered in Section 10.5. The spread-
ing of the oil makes possible other, non-bridging mechanisms of foam film rupture,
which are discussed in Section 10.4.2. Due to the important role of the entry barrier
for the antifoam activity and for the specific mode of foam destruction, it is consid-
ered separately in Section 10.4.3. In many studies, the antifoam activity is correlated
with the so-called entry, E, spreading, S, and bridging, B, coefficients; hence these
coefficients are discussed throughout the section, in relation to the various mecha-
nisms of antifoam action.

10.4.1 Bridging–stretching and bridging–dewetting mechanisms

In this sub-section, we first describe two bridging mechanisms of foam film rup-
ture by oil-based antifoams. Then we discuss the formation and stability of the oil
bridges and the related entry and bridging coefficients.

10.4.1.1 Bridging–dewetting mechanism

This mechanism is often discussed in the literature in relation to oil-based
antifoams,3–6,9,28,32,59–63 by analogy with the foam film rupture by hydrophobic solid
particles. The mechanism implies that, once formed, the oil bridges are dewetted by
the aqueous phase due to the hydrophobic nature of the oily surface (see Figure 10.12).
One should note, however, that in the surfactant solutions with concentration 


CMC, the three-phase contact angle �aw is usually below 90° even for very hydropho-
bic surfaces.22,26–28,59–62 Therefore, dewetting of a spherical oil drop is improbable in
such solutions, unless the surfactant concentration is low and/or the adsorption is
very slow.

In contrast, when the antifoam globule is deformable (oil drop or oil–solid mix-
ture with a large excess of oil), it acquires an equilibrium, non-spherical shape after

408 Solid, Oil and Oil–Solid Compounds: Antifoam Effects



the first entry into one of the foam film surfaces.3,8,11,61,69,70 If the three-phase contact
angle �aw (now air–water–oil measured through water) is larger than 90°, the drop
acquires the shape of a bi-convex lens, as shown in Figure 10.12(c). Simple geomet-
rical consideration3 shows that such a lens can be dewetted by the opposite foam film
surface at the moment of oil bridge formation, if no significant change of the lens
shape occurs during dewetting (Figures 10.12(c) and (d)). At the present time, there is
no unambiguous evidence that the bridging–dewetting mechanism is operative for
oil-based antifoams. However, there are no arguments to discard this possibility (e.g.
for viscous, non-spreading oils) so that future experiments are expected to clarify this
issue.
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10.4.1.2 Bridging–stretching mechanism

Optical observations8,10 with surfactant solutions containing silicone oil-based anti-
foams showed that, once an oil bridge was formed in the foam lamella, it acquired a
biconcave shape with the thinnest region being in the bridge center (see Figure 10.13).
Such a bridge is unstable due to uncompensated capillary pressures at the oil–water
and oil–air interfaces. As a result, the oil bridge spontaneously stretches with time in
a radial direction, so that eventually a thin unstable oil film is formed in the bridge 
center. The rupture of this oil film results in the perforation of the entire foam lamella.
An important requirement for realization of this bridging–stretching mechanism is the
possibility for deformation of the antifoam globule. Therefore, such a mechanism can-
not be realized with oil drops which are gelled by polymerization or in the presence of
solid particles at high concentration or of inappropriate hydrophobicity.23 A detailed
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description of the bridging–stretching mechanism can be found in the original
papers10,11 and in the recent review.8

10.4.1.3 Entry coefficient

Whatever the mechanism is of foam destruction by antifoam globules, it requires
the globules first to enter the solution surface for oil spreading and/or bridge for-
mation to occur. Two different types of factors, thermodynamic and kinetic ones,
determine the possibility for realization of drop entry. The thermodynamic aspect
is usually discussed in terms of the oil entry coefficient, E, whereas the kinetic
aspect is discussed in terms of the drop entry barrier.

The oil entry coefficient3,61,70 can be calculated from the interfacial tensions of
the air–water, �aw, oil–water, �ow and oil–air, �oa interfaces (see Figure 10.14)

E � �aw � �ow � �oa (10.16)

The value of E depends not only on the oil used but also on the type and concentra-
tion of surfactant, electrolyte and co-surfactant, as well as on various other factors
which affect the interfacial tensions.

The thermodynamic analysis3,61,70 shows that negative values of E correspond to
complete wetting of the oil drop by the aqueous phase. This means that, even if an oil
drop has appeared on the solution surface (e.g. as a result of oil deposition from the
air phase), this drop would spontaneously immerse into the aqueous phase because
this is the thermodynamically favored configuration (see Figures 10.14(a) and (b)).
Pre-emulsified oil drops with E � 0 remain immersed inside the aqueous phase and
cannot form oil bridges between the surfaces of the foam films or PBs. As a result,
oils with negative E are inactive as antifoams3,61,70 (note that E � 0 implies that the
other two coefficients are also negative, S � 0 and B � 0). In contrast, positive val-
ues of E correspond to a defined equilibrium position of the oil drop/lens at the
air–water surface. Hence, when the oil has positive E and the entry barrier is not too
high, stable or unstable oil bridges can be formed in the foam films.3,7,8,61,69

To illustrate the relation between the entry coefficient, E, and the entry barrier, let
us draw an analogy with the concepts used in chemical kinetics. A positive value of
E is the thermodynamic condition for the existence of an equilibrium position of the
oil drops at the air–water surface and for formation of oil bridges in the foam films,
whereas the entry barrier plays the role of a kinetic barrier which can preclude the
realization of these thermodynamically favored configurations, viz. the oil drop can
remain arrested in the aqueous phase for kinetic reasons.

10.4.1.4 Stability of oil bridges in foam films: bridging coefficient

The first theoretical study of the stability of oil bridges in foam films in relation 
to antifoaming was made by Garrett.69 He analyzed the conditions for mechanical
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equilibrium of an oil bridge, which is placed in a foam film with perfectly planar
surfaces (see Figure 10.15). The mechanical equilibrium of such a capillary system
requires the balance of (i) the capillary pressures across the various interfaces and
(ii) the interfacial tensions acting on the three-phase contact lines. The second bal-
ance can be expressed by the Neumann triangle, illustrated in Figure 10.14(c).

To assess the oil bridge stability, Garrett checked whether the capillary pressures
across the oil–air and oil–water interfaces (Poa � Po � Pa and Pow � Po � Pw) and
the Neumann triangle at the bridge periphery can be simultaneously balanced
(Figure 10.15). The analysis showed that if the contact angle �aw � �/2, the capillary
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pressure Pow is always smaller than Poa. In other words, it is impossible to achieve
mechanical equilibrium of an oil bridge with �aw � �/2. Such bridges are considered
unstable and they rupture the foam films by either of the bridging mechanisms dis-
cussed above (Figure 10.15(a)). In contrast, when �aw � �/2, both the Neumann tri-
angle and the pressure balance can be satisfied, so that the respective oil bridges are
mechanically stable and no antifoam effect of the oil is expected (Figure 10.15(b)).

By applying the cosine theorem to the Neumann triangle, Garrett69 proved that
the requirement �aw � �/2 is equivalent to the condition

B � �2
aw � �2

ow � �2
oa � 0 (10.17)

where B is the bridging coefficient. It can be shown theoretically that positive val-
ues of B necessarily mean positive entry coefficient, E, while the reverse statement
is not always true.37,70 In conclusion, Garrett’s analysis predicts that oils with
B � 0 would form unstable bridges and vice versa.

An important assumption in Garrett’s model is that the surfaces of the foam film are
perfectly planar. A more complex model, which accounts for the possible deformation
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of the foam film surfaces by the oil bridge, was developed in Ref. [11]. This model
revealed that the bridge stability and shape depend not only on the contact angle �aw,
but also on the bridge volume, VB. Another important conclusion of this model was
that the oil bridges could acquire equilibrium shapes (satisfying Neumann triangle
and balanced capillary pressures) for both positive and negative values of B. These
equilibrium shapes usually include a certain deformation of the foam film surfaces
not accounted for in Garrett’s model. As an illustration, Figures 10.16(a) and (b)
shows theoretically calculated equilibrium shapes of two oil bridges with �aw � 130°
and 73°, respectively. Note that the equilibrium bridge shown in Figure 10.16(a) is
with �aw � 90°, which corresponds to B � 0.
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The theoretical analysis in Ref. [11] revealed that some of the bridge shapes
describe stable equilibrium configurations, whereas other shapes describe unstable
equilibrium configurations, corresponding to a local maximum of the system energy.
Therefore, the complete theoretical analysis of foam film stability in the presence of
oil bridges requires one to clarify the domains of stable and unstable equilibrium
bridges. The numerical calculations showed11 that the bridge stability depends
mainly on two factors: the value of �aw and the ratio VB/V0, where V0 � (�h3/6) is the
volume of an imaginary oil drop with diameter equal to the film thickness. As seen
from Figure 10.16(c), only stable bridges exist at B � 0, in accordance with Garrett’s
prediction.69 However, both stable and unstable equilibrium bridges can be formed at
B � 0. The large bridges are always unstable, whereas the small bridges could be 
stable or unstable, depending on the value of �aw.11

10.4.2 Role of oil spreading in antifoam activity

10.4.2.1 Spreading coefficient

The spreading affinity of oils is usually discussed in terms of their spreading coef-
ficients (see Figure 10.14(c))3,60–62,70,71

S � �aw � �ow � �oa (10.18)

It is important to distinguish between the initial spreading coefficient, SIN (defined by
using �aw in the absence of spread oil on the solution surface) and the equilibrium
spreading coefficient, SEQ (�aw in the presence of spread oil).3,61,70 Rigorous thermo-
dynamic analysis shows that SEQ � 0, while SIN might have arbitrary sign (see Refs.
[3,61,70] for more explanation). Note that SEQ � SIN because �aw decreases upon oil
spreading.

The signs of SIN and SEQ bring direct information about the spreading behavior of
the oils. The initial spreading affinity, after the oil is first deposited on the solution
surface, is characterized by SIN. Negative value of SIN means that the oil does not
spread on the surface. Positive SIN means that the oil would spread as a thin or thick
layer. Likewise, SEQ brings information about the thickness of the equilibrium spread
layer: if �aw � �ow � �oa (i.e. SEQ � 0), the Neumann triangle predicts �aw � 0 and
the oil spreads as a thick layer (so-called “duplex film”), whereas negative SEQ and
positive SIN imply a thin equilibrium layer, possibly co-existing with oil lenses. The
comparison of equations (10.16) and (10.18) shows that if S � 0, the entry coeffi-
cient is also positive, E � 0, because (E � S) � 2�ow � 0.

10.4.2.2 Relation between oil spreading and antifoaming

The first study relating the antifoam effect of oils with their spreading behavior
was published by Ross.72 He found that most of the oils with noticeable antifoam
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activity had positive spreading coefficients. Since that time, there has been an ongo-
ing debate in the literature about the role of oil spreading in the antifoam mecha-
nisms, e.g. see Refs. [3–17, 22, 28, 32, 54, 59–65, 70, 73–78]. The discussions are
usually made in the context of the assumed mode of antifoam action. Ross72 specu-
lated that the oil should first connect the two foam film surfaces (i.e. an oil bridge is
formed) and then spread as a thick layer, in order to replace a portion of the stable
aqueous foam film by an unstable oil bridge so that the film rupture can occur. Later
experimental studies3,32 showed that foam film rupture through oil bridge formation
is possible at negative values of SEQ and SIN, which means that there is no specific
requirement for spreading of the oil as a thick layer (note that the theoretical analy-
sis of the oil bridge stability requires B � 0 without imposing any requirement for
the spreading behavior of the oil). In other words, oil spreading is not a necessary
condition to have antifoam activity of the oils and oil-based compounds.3,8,10,32

Nevertheless, the correlation between the spreading ability of the oils and their
antifoam activity, which is observed in many systems, suggests that the spreading
could either facilitate the foam destruction process by some of the bridging mecha-
nisms discussed in Section 10.4.3 or induce another non-bridging mechanism of
foam destruction.

Several non-bridging mechanisms were proposed in the literature. The “spreading-
fluid entrainment” mechanism3,28 implies that once an oil drop with positive SIN

enters either of the foam film surfaces, the oil spreads in a radial direction from the
formed oil lens. This spreading is assumed to drag water in the foam film away
from the oil lens, inducing in this way local film thinning and subsequent rupture.
Several theoretical models based on this idea were published in the literature, but
this mechanism has not found unequivocal confirmation in experimental studies.

In other studies, oil spreading on the surfaces of foam films was directly observed
and related to the film rupture.8,14,15 These observations showed that the spreading oil
induces capillary waves of large amplitude on the surface of the foam films (
h �
hundreds of nanometers). These waves covered almost the entire foam film and often
led to film rupture within several seconds, even at relatively large average film thick-
ness h � 1 �m. As discussed in Ref. [8], the spreading oil probably “sweeps” some of
the surfactant adsorbed on the foam film surface, which results in film destabilization
for two main reasons.8 First, the induced capillary waves (related to the decreased sur-
face elasticity and viscosity of the diluted surfactant adsorption layers) lead to the for-
mation of locally thin regions in the film, which allows film rupture at relatively large
average thickness. Second, the diluted adsorption layers cannot stabilize efficiently
the local thin spots against rupture, due to the reduced surface charge density on the
film surfaces (hence suppressed electrostatic repulsion) and/or to the appearance 
of attractive hydrophobic forces.35,37 This mode of foam film rupture was termed the
“spreading-wave generation” mechanism of antifoam action.8
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An additional factor for capillary wave generation and foam film destabilization
could be the asymmetric surfactant distribution which appears after the oil spreads on
only one of the foam film surfaces (see Figure 10.17 for schematic presentation and
Ref. [59] for experimental results), which is the typical case in defoamer applications.
As shown by Binks et al.,78 foam destabilization can be induced by oil vapor which
adsorbs first on only one of the foam film surfaces. Then the oil molecules diffuse
across the foam films to establish an equilibrium distribution of the oil and surfactant
molecules on both surfaces of the foam films. Ivanov, Danov and co-workers79–81

showed experimentally and analyzed theoretically that the diffusion of surface-active
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substances across liquid films could induce film rupture by a Marangoni type of
instability.

Let us mention several possible effects of oil spreading on the bridging modes of
antifoam action. As shown in Ref. [22], oil spreading on the foam film surfaces can
facilitate the bridging mechanisms by (i) reducing the entry barriers of the emulsi-
fied antifoam globules, (ii) facilitating the antifoam dispersion inside the foaming
solution, thus increasing the number concentration of the antifoam globules and 
(iii) facilitating the oil bridge rupture by supplying oil which increases the bridge
volume VB above the critical value separating the stable from unstable bridges (see
Figure 10.16(c)). Detailed explanations of all these effects can be found in Ref. [8].

The above discussion shows that a positive spreading coefficient, SIN, and high
spreading rate, which are associated with oil spreading during foaming, could
enhance significantly the antifoam activity without being a necessary pre-requisite
for antifoam action.

10.4.3 Role of entry barrier for the activity of oil-based antifoams

In this sub-section we first define the entry barrier and explain the experimental
method for its measurement. Then, several important results relating the magni-
tude of the entry barrier to the antifoam activity are discussed.

10.4.3.1 Film trapping technique for measuring the entry barrier

Several definitions of the entry barrier were proposed in the literature, which are
related to the experimental or theoretical methods used for its determination.
Recently, the film trapping technique (FTT) was developed16,18 for quantifying the
entry barrier of oil drops and mixed oil–solid antifoam globules. In this technique,
the capillary pressure of the air–water surface is measured at the moment of
drop/globule entry, PC

CR � (Pa � Pw), see Figure 10.18.
The use of PC

CR as a characteristic of the entry barrier provides several important
advantages in comparison with the other quantities used in the literature for this pur-
pose. First, PC

CR has a clear physical interpretation with respect to the antifoam 
action – it corresponds to the capillary pressure which compresses the oil drops in the
actual foam (by the surfaces of the thinning foam film or by the walls of shrinking
PBs) at the moment of drop entry. Thus the value of PC

CR can be related to foam prop-
erties, such as foam height, bubble size, rate of water drainage, which affect the cap-
illary pressure in real foams. Second, PC

CR can be measured by the FTT for oil drops
of micrometer size, possibly containing solid particles, like those encountered in
practical systems. Therefore, no additional hypotheses are needed to transfer the con-
clusions from the model FTT experiments to real foams. Third, it allows one to study
the effect on the entry barrier of various important factors, such as globule size, oil
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spreading and hydrophobicity and concentration of solid particles in the antifoam
compounds. Last but not least, the FTT requires inexpensive equipment and an expe-
rienced operator can obtain a large set of data in a relatively short period of time.

10.4.3.2 Role of entry barrier for the general mode of antifoam action

The application of the FTT to various antifoam-surfactant systems has shown that the
entry barrier, PC

CR, plays a key role in the antifoam activity and in determining the
specific mode of antifoam action.8,13,16,18–24 In Figure 10.19, we show summarized
results for the foam half-life as a function of PC

CR for various surfactant-antifoam
pairs. One sees that the data fall into two distinct regions: (i) Systems in which the
foam was destroyed in less than 10 s and the entry barrier was always below 15 Pa,
(ii) systems in which the foam half-life was longer than 5 min and the entry barrier
was above 20 Pa. These results show that there is a threshold value of the entry 
barrier, PTR � 15 Pa, which separates the two distinct domains of foam half-life.
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Microscopic observations showed that, if PC
CR � PTR, the antifoam globules are able

to easily enter the solution surface and to break the foam films in the early stages of
their thinning, i.e. the antifoam acts as a fast one.8,10,19 In contrast, if PC

CR � PTR, the
antifoam globules are expelled from the films into the neighboring PBs, i.e. the
antifoam acts as a slow one.8,14–18

10.4.3.3 Role of entry barrier and drop size for the activity of slow antifoams

Here, as another example of the important role of the entry barrier for the antifoam
activity, we explain theoretically the height of the residual foam, HRES, which is
observed experimentally in the presence of slow antifoams, see Section 10.2.3 and
stage IV in Figure 10.9(a).14,16 On this basis, we discuss the role of co-surfactants,
which are used as foam boosters in the presence of oily antifoams.

Let us consider a foam column with height HF(t) which contains oil drops with
mean radius RD and entry barrier, PC

CR. From equations (10.2–10.4) one can calcu-
late the equilibrium cross-sectional radius of the PBs, RCS, and the respective cap-
illary pressure, PC

PB, at the top of the foam column (i.e. at Z � HF) where the PBs
are narrowest and the pressure is highest

(10.19)

(10.20)P H gHC
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Equations (10.19) and (10.20) predict that at equilibrium, PC
PB � 103Pa and

RCS � 5 �m for a foam column with height HF � 10 cm, whereas PC
PB � 100 Pa and

RCS � 50 �m for HF � 1 cm (�aw � 30 mN m�1 and � � 103kg m�3 are used in
these estimates). Therefore, PC

PB decreases and RCS increases when the foam column
decreases its height, e.g. as a result of antifoam induced decay.

If the oil drops trapped in the PBs of the initially formed foam with height HF0

have entry barrier PC
CR � PC

PB(HF0) and radius RD � RCS(HF0), then foam destruction
would begin after a certain period of water drainage because the asymmetric
oil–water–air films formed between the trapped oil drops and the walls of the Plateau
channels (see Figure 10.9(c)) would be unable to resist the compressing capillary
pressure. The foam destruction would continue until the foam height becomes so
small that PC

PB(HF) � PC
CR (i.e. the asymmetric films become stable) or the cross-

section of the Plateau channels becomes approximately equal to the drop size,
RCS(HF) � RD (i.e. the oil drops are not compressed anymore by the PB walls, Figure
10.9(d)). Hence, the height of the residual foam can be evaluated from the relation
HRES � max{HP, HR}, where

(10.21)

(10.22)

One can use the dimensionless ratio

(10.23)

to determine whether HRES is governed by the entry barrier of the oil drops or by their
size. If (HP/HR) � 1, which corresponds to large drops and/or high entry barrier,
HRES is determined by the entry barrier. In this case, the oil drops are compressed 
but the asymmetric films are stable. In contrast, if (HP/HR) � 1 (i.e. for small drops
and/or low barrier), HRES is determined by the drop size while the entry barrier is not
important because the oil drops are too small to be compressed at the end of the foam
destruction process.

The relevance of the above estimates to real foams was verified by comparing the
predictions of equations (10.21–10.23) to experimental results obtained with a series
of surfactant-antifoam pairs.16 The entry barrier, PC

CR, was measured by the FTT,
HRES was measured by foam test and the oil drop size was determined by optical
microscopy. As expected, at high entry barriers, PC

CR 
 400 Pa, corresponding to
taller foam columns, HRES � HP; see the continuous line in Figure 10.20 which is
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drawn according to equation (10.21) without any adjustable parameter. At lower
entry barriers, PC

CR � 400 Pa, the final foam height HRES � HR was independent of
PC

CR; see the experimental points below the horizontal dashed line in Figure 10.20,
because the Plateau channels were too wide to compress the emulsified oil drops in
the respective short foam columns.

Equations (10.21) and (10.22) predict that one can vary the entry barrier and/or
the oil drop size to control the final foam height in the presence of slow antifoams.
Indeed, FTT measurements14–16 showed that the addition to the main surfactant of
different co-surfactants, such as dodecanol, betaines and aminoxides, led to a sig-
nificant increase in the oil drop entry barrier at fixed total surfactant concentration.
In agreement with equation (10.21), enhanced foam stability was found in the foam
tests14,15 (see Figure 10.21(a)). In complementary experiments, the foam stability
was found to be higher when the oil was dispersed into smaller drops (at fixed com-
position of the surfactant solution), as predicted by equation (10.22); see Figure
10.21(b) for illustrative results. Therefore, one can use appropriate co-surfactants as
foam boosters which improve the foam stability by increasing the entry barrier and/
or by facilitating the emulsification of the antifoam into smaller drops. For enhancing
the foaminess of the respective solutions, faster kinetics of surfactant adsorption is
also essential.
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10.5 Mixed Oil–Solid Compound Antifoams

In this section we first explain the observed synergistic effect between oil and solid
particles in antifoam compounds. The discussion is focused on those properties of
oils and particles which are essential for their synergistic action. Then, we describe
the mechanism of compound exhaustion which is closely related to the oil–particle
synergy.

10.5.1 Synergistic antifoam action of oil and solid particles

The strong synergistic effect between oil and solid particles often observed with
antifoam compounds is related to the complementary roles of these two components.
The main role of the solid particles is to destabilize the asymmetric oil–water–air
films, facilitating in this way the oil drop entry (“pin-effect” of the solid parti-
cles).3,5,10,16,19,23,28,32,54,59–61,82–86 Another important role of the solid particles is to
increase the so-called “penetration depth” of the oil lenses floating on foam film sur-
faces, which facilitates oil bridge formation in thicker foam films.6,11,54,63

The main role of the oil is to ensure deformability of the compound globules,
which is an important requirement for foam film rupture by the bridging–stretching
mechanism and in many cases by the bridging–dewetting mechanism. In addition,
oil spreading could facilitate the entry of the antifoam globules and the foam film
rupture as discussed in Sections 10.4.2 and 10.5.2. In mineral and ore flotation,
where no strong surfactants are used and the solid particles are usually in excess
with respect to the oil, the latter could increase the hydrophobicity of the particles
by coating them with a thin layer of oil.63

10.5.2 Effect of solid particles and spread oil on the formation 
and stability of oil bridges

10.5.2.1 Pin-effect of solid particles

The pin-effect of the solid particles on the entry barrier of compound globules is
illustrated in Table 10.1 with data obtained by the FTT.16,21–24 Comparative exper-
iments were performed with drops of silicone oil (without silica) and with globules
of silicone oil � silica in solutions of two different surfactants. To clarify the effect
of oil spreading on the entry barrier, two types of experiments were performed for
each system – with and without a pre-spread layer of silicone oil.

The data in Table 10.1 show that the entry barrier is strongly reduced by the
presence of hydrophobic silica in the compound globules (see also Figure 10.22).
The mechanistic explanation of the “pin-effect” (both in the presence and in the
absence of spread oil) can be given by using the concepts from Section 10.3.2, where
we discussed the antifoam effect of solid particles with sharp edges. In accordance
with the Derjaguin approximation, equation (10.13), small solid particles of nanometer
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size and/or having sharp edges adsorbed on the surface of the oil drop (Figure
10.23) can come into direct contact with the foam film surface much easier than the
drop surface itself, because a repulsive force of lower magnitude has to be over-
come.3 For typical silica agglomerates of fractal shape used in antifoam com-
pounds, one can approximate RP in equation (10.13) by the radius of the primary
silica particles, �5 nm, which is three orders of magnitude smaller than the typical
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Figure 10.22 Dependence of the entry barrier of silicone oil � silica compound
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measured by the FTT in 10 mM AOT solution. Adapted from Ref. [24]; with per-
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Table 10.1 Entry barriers, PC
CR, of different antifoams in 10 mM AOT and 1 mM Triton

X100 (nonionic) solutions in the presence and in the absence of a pre-spread layer of
silicone oil.

PC
CR (Pa)

Antifoam Spread layer AOT Triton X100 

Silicone oil No 28 � 1 �200
Yes 19 � 2 �200

(Silicone oil � silica) – 1 No 8 � 1 30 � 1
Yes 3 � 2 5 � 2

(Silicone oil � silica) – 2 No 20 � 5 22 � 1
Yes 4 � 1 7 � 1

In foam tests, both compounds behave as a fast antifoam, the silicone oil acts as a slow antifoam
whereas the reference surfactant solutions (without antifoam) are stable. The difference between the
silicone oil � silica samples 1 and 2 is explained in Ref. [22], where the data are taken from.



size of the antifoam globules, �5 �m. Hence, if a compound globule is pushed
against the foam film surface by a hydrodynamic force, the solid particles would
come into direct contact with the film surface and will form solid bridges at much
lower force, as compared to the entry of the same oil drop without solid inclusions.
The pin-effect leads to the formation of solid bridges between the oil globule and
the foam film surface (see Figure 10.23(b)). If the solid particles are sufficiently
hydrophobic, these solid bridges lead to oil emergence on the film surface, viz. 
particle-aided entry of the oil globule.

10.5.2.2 Effect of particle hydrophobicity

To test how the antifoam performance and the entry barrier of mixed globules of
silicone oil � silica particles depend on the hydrophobicity of the particles, the
following procedure for compound preparation was used.21,23 Hydrophilic parti-
cles were mixed with silicone oil (PDMS) at room temperature and this mixture
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was stored for months under mild stirring. During this period, PDMS molecules
slowly adsorbed on the silica surface rendering it more hydrophobic with time. In
parallel experiments, spherical glass beads of millimeter size were hydrophobized
by the same procedure and their hydrophobicity was assessed by measuring the
particle contact angle at the PDMS-surfactant solution interface.22,26 As seen from
Figure 10.24, the hydrophobization process is very slow at room temperature
which allows one to study the effect of silica hydrophobicity on the antifoam activ-
ity of the compounds.21,23

The FTT experiments showed a pronounced minimum of the entry barrier, PC
CR,

as a function of the silica particle hydrophobicity,21,23 which corresponded to a
maximum in the compound durability (Figure 10.24(b)). These results point to the
presence of an optimal silica hydrophobicity for best antifoam performance. The
observed minimum in PC

CR was explained by a combination of two opposite require-
ments for the silica particles.8,23 The first requirement is that the solid particles
should protrude sufficiently deep into the aqueous phase in order to bridge the sur-
faces of the asymmetric oil–water–air film formed between the oil globule and the
foam film surface. The protrusion depth of solid spheres can be estimated from the
expression dPR � RP(1 � cos �ow), where RP is the particle radius and �ow is the con-
tact angle oil–water–solid measured into the aqueous phase (Figure 10.23(b)). One
sees that deeper protrusion is ensured by more hydrophilic particles.

The second requirement3,61 is that the particles should be sufficiently hydropho-
bic to be dewetted by the oil–water and air–water interfaces in order to induce
globule entry. For complete dewetting of a spherical particle to occur, the three-
phase contact angles �ow and �aw formed at the two contact lines (Figure 10.23(b))
should satisfy the condition

�ow � �aw � 180°, unstable asymmetric film (10.24)

Therefore, if a solid bridge is formed and condition (10.24) is satisfied, the oil from
the drop “uses” the bridge to come into direct contact with the foam film surface.
In contrast, when (�ow � �aw) � 180°, there are well defined equilibrium positions
of the three-phase contact lines on the particle surface such that the particles can
even stabilize the oil–water–air film against rupture.61

The two opposite requirements described above explain why an optimal
hydrophobicity of the solid particles in compounds would ensure lowest entry bar-
rier. For spherical particles, the optimal contact angle can be estimated by assum-
ing that the particle protrusion depth, dPR, should be equal to the equilibrium
thickness of the asymmetric oil–water–air film, hAS (note that the films between
the antifoam globules and the foam film surface are usually of micrometer size and
thin very rapidly so that the kinetic aspects are not important here)21

cos �ow � hAS/RP � 1 (10.25)
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which predicts that the optimal contact angle decreases with an increase in hAS and
with a decrease in particle size. The above mechanistic approach for analyzing the
effect of solid particles on the entry barrier of compound globules was further
developed to include the case with a spread oil layer on the foam film surfaces.
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Figure 10.24 (a) Three-phase contact angle measured through water of spherical
glass particles attached to the interface between a 10 mM AOT solution and sili-
cone oil as a function of the time of contact of the particles with oil (viz. the time
for hydrophobization of the particle surface by adsorption of silicone oil mole-
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10.5.2.3 Effect of the spread oil on the entry barrier of compound globules

The experimental data shown in Table 10.1 show that all entry barriers of the stud-
ied oil � silica compounds were reduced in the presence of spread oil and were
well below the threshold value separating the fast from slow antifoams, PTR � 15 Pa,
which is in agreement with their high antifoam activity observed in the foam
tests.22,23 In Triton X100 nonionic surfactant solutions, the barriers were even
higher than the value of PTR in the absence of spread oil. The most important and
non-trivial conclusion from all these data is that the fast antifoam action observed
with the studied compounds in Triton X100 solutions is due to the combined action
of the solid particles in the globules and the spread oil layer on the solution surface.
Without spread oil, the entry barrier would be too high to allow fast antifoam
action. In the following, we give a mechanistic explanation of the effect of spread
oil on the entry barrier of compound globules.

Since the repulsive barrier between the small solid particles and the solution surface
is always expected to be low due to the particle pin-effect, one can expect that the
spread oil does not significantly affect the conditions for formation of the solid bridges
between the compound globules and the foam film surfaces. However, the conditions
for dewetting of the solid bridges formed change in the presence of spread oil, as
shown by optical observations and theoretical analysis in Ref. [22]. Once a hydropho-
bic solid particle comes into direct contact with the air–water surface covered by a
spread oil layer, the oil starts to accumulate in the area of the contact line forming an
oil collar (see Figure 10.25). This process is driven by the particle hydrophobicity and
is energetically favored to displace the aqueous phase contacting the particle surface
by oil. The lower end of the oil collar slides along the particle surface with the accu-
mulation of oil around the contact zone.22 The penetration depth of the collar below the
level of the air–water surface, dCL, increases with the value of the contact angle, �ow,
and with the collar volume. When dCL becomes sufficiently large, the two oil phases
(in the antifoam globule and on the solution surface) coalesce with each other and
globule entry is effected.22 The necessary condition for realization of this process is

�ow � 90°, unstable asymmetric film (10.26)

Therefore, the condition for oil entry mediated by solid particles is condition
(10.26) in the presence of spread oil, instead of condition (10.24) in the absence of
spread oil. Experiments with hydrophobized glass particles/surfaces in the pres-
ence of strong surfactants22,26,28,55 showed that typically �ow�130–150° � 90°,
whereas �aw � 30–70° � 90° above the CMC. This means that condition (10.26)
is always satisfied with hydrophobic particles, whereas condition (10.24) might
not be satisfied for typical surfactant solutions. In the latter systems, the presence
of spread oil on the foam film surfaces is an important factor for having fast
antifoam action (e.g. the results for Triton X100 in Table 10.1).22
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Figure 10.25 (a) Schematic representation of the formation of an oil collar after a
hydrophobic solid particle pierces the air–water surface which is covered by a layer
of spread oil. (b) Photograph of a hydrophobic glass sphere attached to the air–water
surface in the absence of spread oil. (c) Photograph of the same particle after spread-
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if the solid particle bridged the oil–water and air–water interfaces as shown in Figure
10.23(b). Taken from Ref. [22]; with permission of the American Chemical Society.



10.5.2.4 Effect of solid particles on lens penetration depth

Another aspect of the oil–solid particle synergy in compounds is related to the fact
that the solid particles can facilitate the formation of unstable oil bridges in foam
films by increasing the penetration depth, dPL, of the oil lenses floating on the film
surfaces. Indeed, material contact between the bottom of the lens and the opposite
film surface (needed for oil bridge formation) is possible only after the film thick-
ness becomes equal to dPL (see Figure 10.26(a)).

In the absence of solid particles, dPL can be very small.10,11 This effect is illustrated
in Figure 10.26(b), where we show the calculated volume, V L

*, of the oil lenses for
which dPL is equal to the film thickness h (for convenience VL

* is scaled with
V0 � �h3/6). At given contact angles, lenses with volume VL � V L

* “touch” the oppo-
site surface of the foam film so that an oil bridge can be formed. Lenses with VL � VL

*

could not make a bridge because dPL is too small. As seen from Figure 10.26(b),
excessively large lenses are needed to form a bridge if �aw → 180° (Figure 10.12),
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Figure 10.26 (a) Schematic presentation of the increase of the penetration depth,
dPL, of an oil lens due to the presence of a solid particle. (b) Plot of the calculated
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which is the typical case with silicone oils. In other words, the entry of an oil drop on
one of the foam film surfaces would lead to formation of very flat lens with small dPL

in the absence of silica and at large contact angles �aw. The contact of such a lens with
the opposite film surface would require a certain period for further film thinning until
the film thickness, h, becomes approximately equal to dPL. In contrast, the presence of
solid particles inside the lens would maintain dPL comparable to the size of particle
agglomerates (typically 1 to several �m), and bridge formation would become possi-
ble soon after the globule entry on the first film surface (see Figure 10.26(a)).

Let us note that the presence of excess solid particles in the compound can sup-
press significantly its antifoam activity. Various experiments with silicone oil � sil-
ica compounds showed that bridges are always easily formed in the foam films due
to the low entry barriers (see Figure 10.22 for example). However, if the silica 
concentration in the compound globules is above ca. 15 wt.%, they become non-
deformable which is due to the formation of a relatively rigid, 3-D silica network in
the compound.23,24 Such non-deformable compound globules are unable to rupture
the foam films by the bridging–stretching mechanism. The bridging–dewetting
mechanism was also non-operative in the studied foaming solutions due to inappro-
priate contact angles.21,23 These results confirmed the necessity to have deformable
oil drops/globules for having fast antifoam action in solutions of strong surfactants at
a concentration above the CMC. The effect of silica concentration on the activity of
the antifoam globules is related also to the process of compound exhaustion, consid-
ered in the following sub-section.

10.5.3 Mechanisms of exhaustion of antifoam compounds

In this section we discuss briefly the exhaustion (deactivation) of antifoam com-
pounds because (i) this process is a very illustrative example of the important effect
on foam stability of the detailed structure/composition of the dispersed antifoam
entities and (ii) the rapid compound exhaustion is a serious problem in practical
applications.

10.5.3.1 Exhaustion and reactivation of oil–solid compounds

The process of antifoam exhaustion was illustrated in Figure 10.2 with results 
from the foam rise method. In Figure 10.27 we show results obtained by another
method, the automatic shake test (AST), with a foaming solution of anionic sur-
factant containing 0.005 wt.% of silicone oil � silica compound. In this test, the
foam is generated in a series of shake cycles and the defoaming time, �D, is meas-
ured after each cycle.8,12 As seen from Figure 10.27, the initial high activity of 
the antifoam (short �D) is almost constant within the first 20 cycles. Afterwards, a
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relatively rapid increase of �D is observed and the compound gets exhausted. Note
that the compound exhaustion occurs only in the process of foam destruction; if the
compound is kept in the same foaming solution without agitation, its antifoam
activity remains virtually constant for many hours.

The addition of a new portion of silicone oil (deprived of silica particles) into the
foaming solution containing exhausted compound leads to complete restoration of
the antifoam activity (see Figure 10.27). This phenomenon is called antifoam reacti-
vation.12 Note, that the oil used for reactivation does not contain silica and has no
antifoam activity in the timescale of interest. Hence, the reactivation process cer-
tainly involves the silica particles introduced in the original compound. As seen from
Figure 10.27, the consecutive periods of exhaustion–reactivation can be repeated
several times without noticeable change of the compound exhaustion profile.

10.5.3.2 Mechanisms of exhaustion

Several possible mechanisms were proposed in the literature to explain the com-
pound exhaustion. In several studies,6,28,54 a significant reduction of the size of the
antifoam globules was observed upon compound exhaustion, from 5–50 �m for
fresh antifoam emulsions down to 2–8 �m in exhausted ones. Hence, the authors
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Figure 10.27 Consecutive periods of exhaustion/reactivation of 0.005 wt.% sili-
cone oil � silica compound in an 11 mM AOT solution. An initially active antifoam
(defoaming time �D � 5 s) gradually loses its activity with the number of shaking
cycles and the antifoam is considered as exhausted. The introduction of 5 �l silicone
oil (0.005 wt.%) results in complete restoration of antifoam activity and &D falls to
5 s again. Three consecutive exhaustion profiles and two reactivations are shown.
Adapted from Ref. [12]; with permission of the American Chemical Society.



suggested that the globule size reduction was the main reason for the exhaustion
because it resulted in lower probability for entrapment of globules in the films
and/or PBs. Depending on the assumed mechanism of foam destruction, the various
authors compared the globule size with the film thickness or with the cross-section
of the PBs. The estimates of the various timescales and of the characteristic dimen-
sions of the foam structural elements allows one to clarify that the reported globule
size reduction in these studies could be important only for slow antifoams, because
it falls in the range of the cross-sections of the PBs. The observed size reduction
excludes the possibility for exhaustion of the fast antifoams by this mechanism
because the globule size of the exhausted compounds was sufficiently large (well
above 1 �m) to allow formation of oil bridges in the early stages of the foam film
thinning process. Therefore, the exhaustion of fast antifoam compounds requires a
different mechanism explained below.12,24 Only if the foam films are stabilized by
polymer molecules and/or micrometer-sized solid particles (which might be the
case in pulp and paper production and in some fermentation or food systems), can
film thinning be much slower and the equilibrium film thickness larger than the typ-
ical cases illustrated in Figure 10.5. In such systems, the size reduction of the film-
breaking antifoam globules could have a strong impact on their activity.

Alternatively, Racz et al.86 suggested that the foam films are destroyed mainly by
the spread oil layers, possibly containing solid particles. Hence, these authors sug-
gested that the emulsification of spread oil, at the moment of foam film rupture, is the
main reason for the antifoam exhaustion. They found by surface tension measure-
ments that the antifoam exhaustion correlated well with the moment when the layer
of spread silicone oil disappeared from the solution surface. Note, however, that most
of the commercial antifoams are produced as emulsions, which means that this
mechanism is incomplete and needs further development to explain the exhaustion of
such pre-emulsified compounds.

Pouchelon and Araud27 observed the formation of macroscopic white agglomer-
ates in surfactant solutions containing over-exhausted oil � silica compounds.
Infrared analysis of these agglomerates revealed that they contain silica at very high
concentration (up to 17 wt.% in comparison with 2.5 wt.% in the original com-
pound). Based on this observation, the authors suggested that the accumulation of
silica into dense oil � silica agglomerates, which are inactive as antifoam entities, is
the reason for the compound exhaustion.

Recent studies12,24 showed that the exhaustion of silicone oil � silica compounds
is actually a combination of two inter-related processes which occur in parallel dur-
ing foam destruction. (i) The oil and silica gradually segregate into two distinct, inac-
tive populations of antifoam globules – silica-free (deformable) and silica-enriched
(non-deformable). (ii) The layer of spread oil disappears from the solution surface
(see Figure 10.28). The silica-free drops are unable to enter the foam film surfaces
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because their entry barrier is too high (cf. Figure 10.22). The silica-enriched globules
are able to enter the foam film surfaces and to make bridges. However these globules
also cannot break the foam films in the absence of spread oil because neither the
bridging–stretching mechanism (which requires deformability of the globules) nor
the bridging–dewetting mechanism (which requires appropriate contact angles, unre-
alized in the studied systems24) is operative. Since the silica-free globules do not
enter the solution surface and the silica-enriched globules do not supply sufficient oil
for spreading,24 the layer of spread oil is eventually emulsified. Ultimately, the spread
oil entirely disappears from the solution surface and both types of globules, silica-
enriched and silica-free, become unable to destroy the foam films. The compound
thus transforms into an exhausted state. These inter-related processes are schemati-
cally shown in Figure 10.28. No correlation between the size of the compound 

Mixed Oil–Solid Compound Antifoams 435

Figure 10.28 Schematic representation of the processes of exhaustion and reacti-
vation of silicone oil � silica antifoam. (a) Initially active antifoam contains glob-
ules of optimal oil/silica ratio and layer of spread oil is formed on the solution
surface. (b) The foam destruction leads to gradual segregation of oil and silica into
two inactive populations of globules (silica-free and silica-enriched); the spread
oil disappears and the antifoam becomes exhausted. (c) The introduction of a new
portion of oil leads to restoration of the spread oil layer and to redistribution of the
silica so that active oil � silica globules are formed again. (d) The antifoam is
reactivated. Adapted from Ref. [12]; with permission of the American Chemical
Society.



globules and their activity was established, which showed that the globule size reduc-
tion was not important in the studied systems.12,19,24

The mechanism of compound reactivation is also illustrated in Figure 10.28 and
consists of (i) restoration of the spread oil layer on the solution surface and 
(ii) rearrangement of the silica-enriched globules from the exhausted antifoam
with fresh oil thus forming new antifoam globules with optimal silica content. In
other words, the addition of oil in the system restores the configuration of the
active compound with active globules and a spread oil layer.

Two possible scenarios were suggested in Ref. [12] to explain the observed process
of oil � silica segregation which is essential for the compound exhaustion. The first
scenario is related to the bridging–stretching mechanism. At the moment of bridge
stretching and rupture, very rapid expansion of the thicker oil rim at the bridge periph-
ery (possibly containing silica) should occur (see Figures 10.29(a) and (b)). This
expansion could lead to a Rayleigh-type of instability and fragmentation of the oil rim
into several oil drops. Some of these drops might be devoid of silica, while the others
should be silica-enriched. Thus a process of silica–oil segregation is induced (Figure
10.29(c)). The subsequent emulsification of the rim fragments leads to formation of
silica-enriched and silica-free globules. Note that the silica-enriched globules can
again enter the solution surface and recombine with other globules and with oil lenses.
Therefore, the silica-enriched globules in the exhausted samples could be even larger
than the initial antifoam globules (cf. the white agglomerates observed in Ref. [27]).

The second possible scenario is illustrated in Figures 10.29(d)–(f). The foam film
rupture leads to ultra-rapid contraction of the film surfaces. The oil spread on the
contracting surfaces is forced to form lenses, some of them devoid of silica (Figure
10.29(e)), which are dragged by the expanding perimeter of the hole in the broken
foam film. Thus, the lenses are projected with high velocity towards the PBs where
they can be emulsified (Figure 10.29(f)). Subsequent cycles of globule entry → oil
spreading → film rupture → emulsification of the spread oil could lead to oil � silica
segregation, because the silica particles are not included in the spreading thin layers
of silicone oil.

10.5.4 Optimal oil viscosity and globule size in antifoam compounds

The exhaustion mechanisms discussed in Section 10.5.3 explain the fact that there is
an optimum viscosity of the oils used for compound preparation.23,25 If oil with low
viscosity is used, the antifoam compound often exhibits high initial activity but
exhausts rapidly due to the fast oil spreading and oil � silica segregation.5,6,25,54 On
the other hand, too viscous oils make compounds of low antifoam activity which can
be explained by several factors: (i) the dispersion of the viscous compounds into
numerous active globules is difficult,25,28,54 (ii) the rate of oil spreading is low25,28

and (iii) the deformation of the antifoam globules which is necessary for realization
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of the bridging–stretching mechanism becomes too slow for efficient film rupture.
Thus, an optimal oil viscosity ensuring both high initial activity and maximum dura-
bility is required.

The mechanisms discussed of foam destruction and antifoam exhaustion allow
one to estimate what could be the expected optimal globule size in fast and slow
antifoams. The main difficulty in making this estimate is that virtually all mecha-
nisms imply that larger antifoam globules would be more active if the globules
were considered individually. However, at fixed total weight concentration of the
antifoam, the number concentration of the globules rapidly decreases with their
size. Therefore, an optimal size of the globules appears, at which the globules are
still very active and of sufficiently high number concentration.

The estimates of the residual foam height made in Section 10.4.3 show that the
globule diameter of the slow antifoams should be larger than the cross-section of
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Figure 10.29 Schematic representation of two possible mechanisms of oil � silica
segregation in the process of foam film rupture. (a) and (b) After an oil bridge rup-
tures, the hole formed in the film rapidly expands. (c) The oil rim remaining from the
bridge is stretched and fragments into several smaller oil droplets. Some of these
droplets contain silica particles while others are deprived of silica. These droplets hit
the adjacent PBs with high velocity and are emulsified there. (d) Part of the spread oil
layer can be emulsified at the moment of foam film rupture. (e) The expansion of the
hole in the film leads to rapid contraction of film surfaces and the excess of spread oil
forms oil lenses which are dragged towards the PBs by the perimeter of the expand-
ing hole. (f) The impact of these lenses with the PBs could lead to oil emulsification.
Adapted from Refs. [10, 12]; with permission of the American Chemical Society.



the PBs, i.e. at least 5 �m. Larger size would lead to faster entrapment of the glob-
ules in the PBs and hence to faster foam destruction, unless the entry barrier is too
high and/or the drop number concentration is too low. With respect to the activity
of fast antifoams, the optimal globule size is set by the foam film thickness, i.e.
antifoams containing globules with diameter dA � 2–3 �m are expected to be very
active. However, with respect to antifoam exhaustion, it is better to use bigger
globules because they are more durable. The reason is that the segregation of the
oil from the solid particles is faster when the initial antifoam globules are compa-
rable in diameter to the size of the solid particles and aggregates (�0.1 to several
�m).24 Furthermore, significant oil � silica segregation could occur even during
the fabrication of the antifoam emulsion if the antifoam globules are small. The
practical experience shows that the optimal globule size is between ca. 5 and
30 �m, which seems to be a good compromise for having both high initial activity
and reasonable durability of the antifoam emulsions.

10.6 Concluding Remarks

Successful control of the foaming and foam stability of aqueous foams can be
achieved by using appropriate hydrophobic solid particles, oil drops and oil–solid
compounds. The particular mode of foam destruction depends on the type of
antifoam used. It is convenient to classify the antifoams with respect to the location
where the antifoam entities enter the air–water surface and begin the foam destruc-
tion process. From this viewpoint one can distinguish:

● Fast antifoams which destroy the foam films in the early stages of the film thin-
ning process. The fast antifoams significantly reduce the foaminess of the sur-
factant solutions and destroy completely the quiescent foams in less than 1 min
after stopping the foam generation.

● Slow antifoams which destroy the foam only after the antifoam globules are
entrapped and compressed by the shrinking walls of the PBs and nodes in the
processes of foam drainage. Several stages in the foam evolution are observed
under the action of slow antifoams, and residual long-standing foam remains in
the last stage of the foam decay process.

The key factor determining whether a given active antifoam would act as fast or slow
is the entry barrier, which characterizes how difficult it is for pre-dispersed antifoam
globules to enter the foam film surfaces. The entry barrier was quantified by the FTT,
and a threshold value of � 15 Pa was established (in terms of critical capillary pres-
sure leading to drop entry) which separates the fast from slow antifoams.

The characteristic features of the different types of antifoam entities can be sum-
marized as follows.
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Solid particles

● The solid particles destroy the foam films by the bridging–dewetting mechanism, which
consists of two stages: (i) the solid particle comes into contact with the two opposite sur-
faces of the foam film making a solid bridge between them and (ii) the liquid dewets the
particle and the foam film gets perforated at the particle surface.

● The antifoam efficiency of solid particles depends mainly on their hydrophobicity, shape
and size. For complete dewetting of solid particles with smooth convex surface (spheres,
ellipsoids), the three-phase contact angle air–water–solid should be higher than 90°. Particles
with sharp edges (cubes, prisms, cones, needles, star-shaped and irregularly shaped parti-
cles) can destroy the foam films even when their contact angles are as low as 30–40° if the
particles are properly oriented in the foam film. In addition, the presence of sharp edges
strongly facilitates particle entry and bridge formation. The size of the solid particles
becomes an important issue for their antifoam action only if they are too small (with radius
below ca.1 �m).

● If the solid particles are too hydrophilic to act as antifoams, they can strongly enhance
the foam stability by several mechanisms; stabilizing very thick equilibrium foam films,
decelerating the water drainage from the foam or arresting the bubble coarsening
through gas diffusion across the films.

Oil drops

● Oil drops can destroy foams by various mechanisms; bridging–stretching, bridging–
dewetting and several mechanisms related to oil spreading.

● The necessary requirements for having active antifoams depend on the particular mecha-
nism of foam destruction. For the bridging mechanisms, the bridging coefficient, B,
should be positive to ensure unstable bridges. For the mechanisms related to oil spreading,
the initial spreading coefficient SIN should be positive to ensure oil spreading at least as a
thin layer.

● The antifoam efficiency of oil drops correlates well with their entry barrier. If the entry bar-
rier is below the threshold value of 15 Pa, the oil drops behave as fast antifoams and break
the foam films by the bridging mechanisms (if B � 0). If the entry barrier is higher, the oil
drops destroy the foam as slow antifoams by bridging or spreading mechanisms after drop
entry in the Plateau borders. In typical surfactant solutions at a concentration above the
CMC, the oil drops usually behave as slow antifoams because their entry barrier is above
15 Pa.

● The drop entry barrier depends on various factors, such as the presence of co-surfactant
and electrolyte, presence of solid particles, oil drop size and chemical nature of the oil
which can be used for efficient control of the antifoam effect to achieve a desired result
(fast foam destruction or foam boosting).

Oil–solid compounds

● The oil–solid compounds with large excess of oil can destroy the foam by the same
mechanisms as the oil drops. The main difference between compounds and oil drops is
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that the compound globules usually have a much lower entry barrier (due to the pin-
effect of the solid particles), which allows them to act as fast antifoams even in surfac-
tant solutions of high concentration.

● The strong synergistic effect between oil and solid particles in the antifoam compounds
is due to the complementary roles of the two components. The main role of the solid
particles is to destabilize the asymmetric oil–water–air films, facilitating in this way the
oil drop entry (pin-effect) and in some systems to increase the penetration depth of the
oil lenses. The main role of the oil is to ensure deformability of the compound globules
and to spread on the solution surface. The globule deformability is an important pre-req-
uisite for foam film rupture by the bridging–stretching mechanism and in many cases by
the bridging–dewetting mechanism. Oil spreading facilitates the entry of the antifoam
globules and the foam film rupture. In some systems related to mineral flotation (when
the solid particles are in excess and no strong surfactants are used), the oil can coat the
particle surface rendering it more hydrophobic.

● The exhaustion (deactivation) of the fast oil–solid compounds is mainly due to the 
segregation of the oil and solid particles in the course of foam destruction into two inac-
tive populations of globules: particle-free and particle-enriched. The particle-free glob-
ules are unable to enter the foam film surfaces due to their high entry barrier, whereas the
particle-enriched globules are non-deformable and, hence, cannot break the foam films.

At the end, let us note that the short review presented cannot cover all aspects of
the mechanisms of antifoam action. The systems and processes involved are so
complex that new experimental results can always surprise us and require further
upgrade of the various mechanisms outlined above. One class of systems which is
still not very well understood and deserves more systematic investigation is the
antifoams used for non-aqueous foams. The recent advance in the application of
new experimental methods for studying the modes of antifoam action and the new
ways for synthesis of various solid particles with desired properties suggest that
the antifoam research area will continue to develop rapidly.
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11.1 Introduction

Liquid foams are collections of gas bubbles uniformly dispersed in fluids and sep-
arated from each other by self-standing thin films. If the distance between bubbles
is comparable to the bubble size one prefers to speak of bubble dispersions. In
foams, bubble arrangements are usually disordered and gas volume fractions are
high. If a liquid foam is solidified, a solid foam is obtained. Solid foams show
many interesting properties which is the reason for their wide use, e.g. in civil engin-
eering, chemistry or the food industry.1

Any liquid matter should be foamable and so is liquid metal. The prospect of
being able to make light durable metallic foams already triggered research more
than half a century ago. In 1943 Benjamin Sosnick2 attempted to foam aluminium
with mercury. He first melted a mix of Al and Hg in a closed chamber under high
pressure. The pressure was released, leading to vaporisation of the mercury at the
melting temperature of aluminium and to the formation of a foam. Less hazardous
processes were developed in the mid-1950s when it was realised that liquid metals
could be more easily foamed if they were pre-treated to modify their properties.
This could be done by oxidising the melt or by adding solid particles. Elliott3 at
Bjorksten Research Laboratories (BRL) developed an aluminium foaming process
in the 1950s. BRL subsequently entered into an agreement with the LOR Cor-
poration to develop commercial uses for foamed aluminium. A pilot plant was con-
structed at BRL to produce large wall panels. Other potential uses, such as crash
bumpers for cars, were also investigated. In the late 1960s, the entire operation 
was sold to the Ethyl Corporation and the pilot plant was moved to Baton Rouge.
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BRL continued for several years to investigate methods for foaming other metals
such as lead and zinc.

Two methods for foaming metals were used in those days, and they are still used
today.4 In the first of these, gas is injected continuously to create foam. The foam
accumulates at the surface of the melt and the result looks somewhat like a glass 
of draught beer. In the second method, gas-releasing propellants are added to the
percursor, akin to the yeast of the baker (see Figure 11.1). Aluminium was found
to be particularly amenable to foam production. The Ethyl Corporation produced
material of remarkably high quality which was given to the Ford Motor Company 
for evaluation. Why was this initial development not successful? It was not the
time for lightweight materials in the era of seemingly unlimited energy supply, and
issues of safety and recycling were not so important as now. Whatever the reason,
the excitement and the level of research and development activities both declined
after 1975.

By the end of the 1980s, there was a resurgence in metal foam research through-
out the world. Japanese engineers at Shinko Wire Company developed what is now
known as the Alporas process.5 Norsk Hydro in Norway6 and Alcan Corporation
in Canada7 independently developed a foaming process for particle-stabilised melts.
In 1990 an old powder compact foaming route developed in the late 1950s by Allen
et al.8 was re-discovered and brought to a considerable level of sophistication at the
Fraunhofer Laboratory in Bremen, Germany.9 These and other variants have been
continually refined up to the present day.10,11

Today, a small number of companies produce aluminium foams. To our know-
ledge, there are three in Germany, two in Austria and one each in Japan, Korea and
Canada.12 Here we do not count manufacture of cellular metals by sintering, elec-
troplating or casting. The corresponding structures are frequently called foams but
actually belong to a quite different class of material. There are some applications
for aluminium foams now including stiffening parts for cars, crash bumpers for
light railways, a lifting arm for a lorry and stiff beams for working machines.13 The
market is still very small but slowly expanding.

The scientific challenges now are to improve foam properties and to make the
production process more reliable. For this, some knowledge of foam stability is
indispensable. Surprisingly, research on the physics of metal foaming is quite
restricted. Of about 300 journal papers listed on a dedicated web site,12 only about
20 are concerned with investigations of liquid metal foams, the remainder con-
centrating on processing, properties and applications of solid foams. Only very
recently was the issue of metal foam stabilisation addressed and traced back to the
presence of micro- or even nanometer-sized solid particles in the liquid metal.14

The time has come to understand liquid metal foams as an independent field of
research and to look at these systems in the framework of colloid chemistry.
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(a)

(b)

Figure 11.1 (a) Aluminium foam blown with air from a particle-stabilised melt
(left) and a glass of beer (right). (b) Zinc foam (left) and a bread roll (right) both
foamed by internal gas creation. Photographs courtesy of the Hahn-Meitner-Institute,
Berlin.



11.2 The Making of Metal Foams

11.2.1 Processing routes

There are many ways to make metal foams and the various methods can be classi-
fied in different ways. For the purpose of this treatise the classification given in
Table 11.1 is particularly useful. We shall concentrate on aluminium alloys in the
following although the phenomena which will be discussed occur for other metals
too. As already mentioned in Section 11.1, we distinguish the way the gas comes
into the melt, i.e. the gas source. Bubble creation can be internal or external. In 
the former case, gas bubbles are created by gas evolution from within the melt.
Nucleation of dissolved gas triggered by changes in pressure or temperature is 
a possible mechanism; the decomposition of a chemical blowing agent is another.
Often hydrides or carbonates are used as blowing agents in which case hydrogen
or carbon dioxide evolve from the blowing agent. Alternatively, chemical reactions
in the melt can create, e.g. water vapour, which then drives foam expansion. In con-
trast, external bubble creation is caused by injecting gas into the melt continuously
from outside, e.g. through a capillary or a porous frit. Clearly, the two methods
imply different rheological phenomena during foaming as the bubbles are created
at many locations in the melt in the former case while they have to travel a certain
distance in the latter, usually from the injection point to the surface.

Another feature which can be used for classification is the type of melt which 
is foamed. In the simplest case we deal with a pure molten metal. It is known from
water that it is hard to make a foam from pure liquids and this is also true for metals.
If bubbles are created in a pure melt they quickly rise to the surface and vanish
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Table 11.1 Classification of metal foam making processes. For each of the eight possible
categories either a company, trade or process name or a reference is given. See text for
details.

Type of melt

Type of gas Particles Particles created Molten powder
source Pure melt added in-situ compact

Internal Pötschke et al.16 Formgrip24 LOR, Ethyl26,27 Alulight23/
AMF18 Foamcast25 Alporas5 Foaminal8,9,15

Gasar19/Lotus20 VFT28 Thixo-foam31

DCP29,30

External Trial described in Alcan7 Trial by the Trial by the
Ref. [17] Hydro6 authors authors

Metcomb22



there. Approaches to overcome this problem include creating bubbles in a melt by
chemical reactions under weightlessness.16 However, even in the absence of any
buoyancy force, one observes that bubbles tend to coalesce quickly in such systems
and no foam with a significant and uniform porosity is obtained. Another approach
involved bubbling argon gas through a highly pure magnesium melt while keeping
the temperature near the melting point, and viscosity as high as possible, and solidi-
fying while bubbling continued.17 A certain level of porosity could be preserved
but the resulting material could not really be called a foam. A related processing
route has been investigated recently. In the so-called amorphous metal foaming
(AMF) process, highly viscous bulk amorphous glass was foamed by internal gas
formation and a quite high porosity level was obtained.18 A further approach is the
Gasar19 or Lotus20 process. Gas is dissolved in a melt under high pressures and is
then solidified directionally. One observes gas nucleation at the solidification front.
Gas bubbles are pinned to the already existing pores so that they cannot float to the
surface but form large and elongated pores. Again, temperature control prevents
the bubbles from escaping but no real foam is obtained. Another strategy known
from the literature is “foaming” a solid directly by creep expansion21 which we shall
not consider further here.

Scientists quickly began to realise that gas bubbles in pure melts are too volatile
and too prone to coalescence for making stable metallic foams. It is common
knowledge in metal processing that porosity in castings or welding can be quite
large and unwanted porosity is especially notorious when the metal to be cast or
welded contains a high degree of non-metallic impurities. One therefore suspected
that the presence of solid particles in the melt can help tackle problems of foam sta-
bility. Such solid particles can be brought into the melt either by simply admixing
them to the melt (Table 11.1, 3rd column), by in-situ creation in the melt (4th col-
umn) or by making use of the oxidised surface layer of metal powders which are
used during processing (5th column). We shall now describe some of the various
possibilities, not in a historical but more in a logical order.

If metal matrix composites (MMC) containing a high-volume fraction (10–20%)
of oxide or carbide particles are melted one obtains a suspension of these particles
in the melt. Gas injection through a nozzle, frit, impeller, etc. then leads to bubbles
that rise to the surface and form a stable layer of foam there. The bubbles are still
buoyant but coalescence is reduced to a minimum by the addition of particles. This
foaming route was developed simultaneously by Alcan and Hydro Aluminium in
the late 1980s who used aluminium alloys and silicon carbide particles. A technol-
ogy called Metcomb22 uses a similar approach and allows for the manufacture of
very uniform pore morphologies as shown in Figure 11.2(a).

The same MMC can be used for foam making using an internal gas source instead
of injecting gases. In the so-called Formgrip process,24 a blowing agent (titanium
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hydride, TiH2) is added to a molten MMC. After sufficient stirring the melt is
solidified. Owing to a prior pre-treatment of the hydride, gas evolution during stir-
ring is not too pronounced and the solidified precursor contains less than 14%
pores. The actual foam making step comprises re-melting of the precursor and
holding at a baking temperature at which the blowing agent decomposes according
to TiH2 → Ti � H2. Unlike blowing gas through a nozzle, gas bubbles are now cre-
ated simultaneously in the entire volume by the decomposing hydride particles.
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(a) (b)

(c) (d)

Figure 11.2 Macrostructures of various metal foams. (a) Metcomb Al-foam
(courtesy D. Leitlmeier), (b) Formgrip Al-foam, (c) Alporas Al-foam, (d) VFT
Mg-foam, (e) Alulight Al-foam,23 (f) melted powder compact foamed by gas
injection, (g) Alporas alloy foamed by gas injection, (h) Amorphous metal foam
(Pd-based). Width of picture is (a) 20 mm, (b) 30 mm, (c) and (d) 80 mm, (e) 60 mm,
(f) and (g) 30 mm, (h) 2 mm.



The bubbles grow to a stable and uniform foam (see Figure 11.2(b)). An alternative
technique mixes particle-free aluminium alloys and titanium hydride in a die-casting
machine.25 Due to rapid solidification there is no need to use pre-treated TiH2 in
this Foamcast method. To improve foamability of the precursor, some alumina or
oxidised aluminium powder is admixed to the blowing agent prior to injection.

Instead of preparing suspensions of particles in liquid metals one can condition
melts in a different way to form stable foams. One idea was to create particles in 
the melt deliberately by in-situ reactions, e.g. oxidation. In the Japanese Alporas
process, calcium metal is added to an aluminium melt after which the melt is stirred
in the presence of air for some minutes during which oxide particles are formed 
in-situ in the melt.5 After this, TiH2 is added to the conditioned melt and dispersed
by stirring. The hydride sets hydrogen free and turns the molten metal into a highly
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porous foam, (see Figure 11.2(c)). Historically, this was the way foams were suc-
cessfully produced in the 1960s and 1970s.26,27 At that time particles were created
by bubbling, e.g. pure oxygen gas or water steam, through the melt using rotating
injectors or by admixing dry ice into molten Al 7–22 wt.% Mg alloy.

Quite recently a modification of this route was successfully demonstrated. Instead
of creating particles in a well-defined way, a contaminated magnesium melt was
prepared by re-melting casting overflows and machining chips which contained
oxides, hydroxides, entrapped gas, etc. TiH2 as an internal gas source was substi-
tuted by pressure manipulation. The entire crucible containing the melt was placed
in a chamber which was then evacuated. The pressure drop caused the gases dis-
solved or entrapped in the contaminated melt to expand and a quite regular foam was
created in this so-called vacuum foaming technique (VFT)28 (see Figure 11.2(d)).

Yet another way to create stabilising particles was proposed recently.29 A magne-
sium alloy containing about 10% alloying elements was processed in the semi-solid
state in a thixo-moulding machine. The melt was injected into a closed mould simul-
taneously with some MgH2 serving as blowing agent. The mould was only partially
filled to allow for foam evolution after injection. It was found that a metal foam
evolved in the mould which could be taken out after rapid solidification. From the
bubble size distribution as a function of local porosity, the existence of a foam stabil-
isation mechanism was deduced. A similar approach was proposed for aluminium.30

A normal die-casting machine is used for casting aluminium alloys. During melt
injection, MgH2 powder is added. As for Mg, the mixture of melt and blowing agent
is allowed to evolve in the die. No addition of stabilising particles is mentioned for
any of these die-casting processing (DCP) foaming routes. The particles, if existent,
must then have been created in-situ during processing.

Another foaming method starts from metal powders. These are mixed with a blow-
ing agent powder (usually TiH2 for Al alloys) after which they are consolidated to 
a dense material by hot pressing or extrusion in the solid15 or casting in the semi-solid
state.31 Re-melting this material then triggers foam expansion as the blowing agent
releases hydrogen. This processing route, called Alulight or Foaminal, is analogous to
foaming by the Formgrip method already mentioned. Unlike the Formgrip method, no
particles have been added. Particles present in the melt are the previously oxidised sur-
faces of the individual metal particles and they are obviously sufficient for stabilisa-
tion. Figure 11.2(e) shows an Alulight sample made by this technique.

Table 11.1 shows two entries which have not yet been discussed. The question
is whether in-situ oxidised melts such as the ones used for making Alporas foams
or re-melted metal powder compacts without blowing agent can also be foamed by
external bubble formation by gas injection through a nozzle. We carried out trials
and obtained the “foams” shown in Figures 11.2(f) and (g). Obviously foaming is
more difficult here which we shall discuss later.
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11.2.2 Stages of metal foam evolution

The term foamability quantifies how much good foam can be made from a liquid.
The change of a foam from formation until collapse is called foam evolution. The
evolution stages during foaming vary with the strategy chosen, e.g. external or internal
gas injection. In most cases the temperature course during foaming includes a 
heating stage, an isothermal holding stage and a cooling step. The principal stages
are shown in Figure 11.3.

Foaming with external gas bubbling (see Figure 11.3(a)) includes melting the
alloy to be foamed, injecting gas (usually at a constant temperature) and then some
further isothermal holding, either deliberately to study stability or to allow for pro-
cessing the foam into shaped parts, and then cooling to room temperature. During
gas injection the bubbles rise from the injection point to the surface. After detach-
ment from the injector the volume of the bubble changes in a well-defined way;
heating of the gas contained in the bubble to the temperature of the liquid metal and
the decreasing hydrostatic pressure during rise may lead to a certain expansion. We
shall see later that during travelling the bubbles collect particles which adhere to the
bubble surfaces. Provided that all parameters are appropriate, the bubbles are then
stable and build up a foam layer. Decay phenomena can lead to changes in the foam
layer during isothermal holding. Solidification can also influence foam structure.

Making foams utilising a blowing agent, i.e. internal gas bubbling, can be more
complicated. In Figure 11.3(b), the foaming stages are shown for the case in which 
a precursor containing a blowing agent is melted. This applies to both the Formgrip-
type and the Alulight-type foaming routes. In these foams the bubbles continuously
grow during foaming due to the gas supplied by the blowing agent and due to ther-
mal expansion. Expansion is governed by the continuous decomposition of the blow-
ing agent (mostly a hydride or carbonate). Complicated relationships exist between
the decomposition kinetics of the blowing agent and the melting of the alloys, and 
the kinetics depends on the particle size of the individual blowing agent particle.
Therefore, bubbles are not expected to grow uniformly. A further complication is
oxide layers which can be grown on the surface of blowing agent particles and which
act as diffusion barriers to modify the decomposition kinetics of the blowing agent.32

If foaming is triggered by an external gas source the various stages of foaming
can be well separated from each other. The actual foam formation takes only 
seconds after which the foam is usually held at a constant temperature. This facili-
tates studies of liquid foam and the interpretation of results. In contrast, during
foaming of precursors containing a blowing agent, foaming starts already during
heating of the precursor and the gas supply depends in a complicated way on the
decomposition kinetics of the blowing agent. Development of a fully expanded foam
can require several minutes. The study of such foams is therefore more difficult
since bubble nucleation and growth, drainage and coalescence overlap. Other foaming
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Figure 11.3 Schematic representation of foam evolution as observed in (a) foams
made by external gas injection and (b) foams made by foaming precursors con-
taining blowing agents, i.e. by internal gas generation.
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processes such as the VFT or the Alporas process have foaming stages slightly dif-
ferent to the two considered. These processes are usually isothermal which facili-
tates their study slightly, but gas generation still follows a complicated law.

The range of phenomena in liquid foams is wide and they all influence one another.
The main effects are drainage, rupture (coalescence), coarsening and flow. Their inter-
dependence is indicated by arrows in Figure 11.4. Drainage can lead to rupture since
it gradually reduces the thickness of films and therefore increases the probability for
an instability which eventually destroys the films. In metallic foams there is little
coarsening due to the inability of gas to diffuse through the relatively thick films in the
short times provided. One strategy in foam research is to eliminate some of these
effects to be able to study the remaining ones. This is a strong motivation for using
micro-gravity which avoids drainage. Low gravity experiments on metal foams were
performed in TEXUS (Technologische Experimente unter Schwerelosigkeit) sound-
ing rockets33 or parabolic flights.34 Flow of bubbles can be avoided by choosing sta-
tionary conditions in which foam expansion has come to an end. Under these
circumstances rupture can be studied without any disturbing interference.

11.3 Stabilisation of Metal Foams

11.3.1 Phenomenology of stabilisation

The term foam stability informs about the lifetime of a foam under given conditions
and is related to the absence of cell wall rupture and to a limitation to drainage 
effects which eventually destroy foam structure. While phenomena related to 
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Figure 11.4 Phenomena which can occur during metal foam evolution. Taken
from Ref. [35]; with permission of MIT- Verlag.



aqueous foam stability are discussed in the literature in large monographs36–44

and in Chapter 10 of this book, work concerned with metal foams is still quite
restricted.14,34,45–50

In Section 11.2.1 we saw that the manufacture of stable metal foams requires 
the presence of solid particles in the melt. This can also be shown by experiments
in which a single metal film is produced by dipping a wire frame into a liquid and
pulling it out. The attempt to produce a film from a particle-free aluminium melt
with a wire frame fails (Figure 11.5(a)). On pulling out the film it ruptures imme-
diately. The edge of the film remnant is only 2 �m thick. When the melt contains
particles, however, stable liquid films can be pulled out by both vertically and hori-
zontally arranged wire frames (Figure 11.5(b)). The thickness of these films is
roughly the same as the average thickness of the cell walls in foams made of the
same material. This simple experiment is convincing empirical evidence of the
necessity of solid particles in stabilising thin liquid metal films. The large variety
of metal foaming techniques demonstrates that the origin of these particles can be
quite different ranging from added ceramic particles, oxides created in-situ in the
melt, oxides originating from powder particles used in processing to solid particles
which are a natural component of any semi-solid melt. On the phenomenological
level their necessity is evident although the way they act needs clarification.

While traditional aqueous foam can be considered a colloidal system because
the diameter of the stabilising elements, e.g. surfactant molecules, is well below
1 �m, liquid metal foams are stabilised by particles which cover a wide range of
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Figure 11.5 Pull-out tests with a wire frame. (a) Aluminium melt without particles,
(b) aluminium melt containing particles. Taken from Ref. [46]; with permission 
of Wiley–VCH.



size. Mixing particles with liquid metals and achieving a uniform mixture is more
difficult for small particles. Therefore, such systems only exist above 100 nm particle
size.51 In-situ oxidation techniques are not that restricted and allow for achieving
smaller particles as, e.g. for Alporas-type foams. Oxide remnants of powders used
for processing are even smaller at least in one direction. The range of particles
which has been used for foam stabilisation is listed in Table 11.2.

Figure 11.6 shows the size range which starts with 20 nm for the thickness of
oxide filaments stabilising Alulight/Foaminal foams and ends with about 50 �m
for the coarsest particles in Metcomb-type foams containing added SiC particles.
In the former case we can therefore speak of high-temperature colloids, while in
the latter the term suspension seems more appropriate and we draw a somewhat
artificial boundary at a value of 1 �m. It is interesting to note that the volume frac-
tion of particles needed for foam stabilisation is related to their size. The larger the
particles, the more one needs for effective stabilisation.47

11.3.2 Open questions and theoretical approaches

Often analogies between aqueous and liquid metal foams are drawn. Pure single-
component liquids cannot be foamed. Bubbles both in pure water and pure alu-
minium immediately rupture when they arrive at the surface. By adding surface
active agents, however, water becomes foamable and the same applies to metal
foams when they are treated by one of the ways outlined in Section 11.2.1. However,
there are also obvious differences. Stable aqueous films can be made as thin as 6 nm
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Table 11.2 Solid particles used for metal foam stabilisation.

Shape of 
Particle class Colloid class Description particles Size range

Added particles Liquid–metal MMC melt Smooth or 0.1–50 �m
suspensions → can angular
sediment → no true polyhedral
colloids

In-situ Liquid–metal sols Bi-films in melt Complex 0.05–1 �m
particles → no sedimentation shaped thick
generated → true colloids 10–50 �m

wide

Oxide remnants Liquid–metal gels Melted powder Irregular 20 nm thick
→ no sedimentation compacts filaments 50 �m wide
→ true colloids



(black film),38 whereas metal foam films are rarely thinner than some tens of
micrometers.31,52 The question is why?

To prevent an aqueous film from thinning up to rupture, a local force is necessary
which acts against local destabilisation caused by perturbations such as thermal fluc-
tuations or surface waves. Surfactants reduce surface tension but their main effect is
to increase surface elasticity. In many types of foams, the origin of stability is the
Gibbs–Marangoni effect. This occurs whenever a thin film is stretched and the film
holds surfactant molecules in solution which lower surface tension. As stretching
increases the surface area of the film, the density of surfactant molecules per unit area
of the film falls and surface tension increases. The Gibbs–Marangoni effect dictates
that a stretched film will contract like an elastic skin. Hence, a force in the plane of
the film occurs. The effect is quantified by a Gibbs elasticity EG defined as

(11.1)

where A is the surface area and �la is the surface tension of the liquid.53 EG ranges
from 0.01 to 0.04 N m�1 for water.54 Values for liquid alloys or liquid metal col-
loids are not yet known but should be determined.

There are also forces acting perpendicular to the films. The balance of such forces
is quite complicated. Besides attractive van der Waals forces there are repulsive
forces, called disjoining forces, opposing film contraction. Electrical double layers
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Figure 11.6 Size range of stabilising particles for metal foams of various types.
For each size the volume fraction of particles needed for stabilisation is shown.
Taken from Ref. [47]; with permission of Elsevier.



on the film surfaces can generate such forces. The balance of these two forces
describes foam stability in the so-called Derjaguin–Landau–Verwey–Overbeek
(DLVO) theory.55 However, other forces such as hydration forces, steric forces,
structural forces, peristaltic or hydrodynamic forces can also be important.56

Aqueous foams can also be stabilised by solid particles through different mech-
anisms. Totally wettable particles present in Plateau borders slow down foam
drainage. Partially wettable particles form layers on the surfaces of the liquid films
similar to surfactants.57 Colloidal particles form long-range ordered microstruc-
tures in the liquid films which are stabilised by a non-DLVO surface force called
the structural force.58 The structural force appears during the thinning of liquid
films containing colloidal particles, e.g. surfactant micelles, macromolecules or
solid particles. It arises from long-range interactions in concentrated colloidal dis-
persions. The question still remains as to how particles, their action described by
their concentration, their contact angle with the liquid–vapour system, their size
and shape, affect the stability of liquid foams.

Foam stability of a model system of water and 3.88 �m surface modified poly-
styrene particles was characterised by Wilson59 as a function of the contact angle
which the particles made with the air–water surface. The contact angle was con-
trolled by either salt or surfactant addition. Between 0° and 33° no foaming was found,
between 33° and 67° slight foaming occurred, between 67° and 85° good foaming
was seen and between 85° and 95° very good foaming was observed. In the pres-
ence of surfactants, Johansson and Pugh60 examined the foam stabilising effect of
micrometer-sized quartz particles. A stabilising effect was found in the range of
60–90° with an optimum at 75°. Below 44 �m particle size, foam stability was
enhanced with respect to larger particles. Sun and Gao examined the effect of
1–75 �m poly(tetrafluoroethylene) (PTFE), polyethylene (PE) and polyvinyl chlo-
ride (PVC) particles in surfactant-free ethanol–water dispersions.61 The wetting
angle of the particles was tuned by varying the ethanol concentration. An optimum
wetting angle range of 75–85° for obtaining stable foams was found. Smaller par-
ticles produced more stable foams. Sethumadhavan et al.62 stabilised aqueous liq-
uid films with silica particles ranging in size from 3 to 39 nm. It has to be noted that
non-wetting particles are used even as anti-foaming agents where the defoaming
ability depends on both the contact angle (�90° leading to good defoaming) and the
surface roughness of the particles.39 An increase of particle concentration decreases
the apparent surface tension of a water suspension.63 Recently, Binks and Horozov64

showed how to prepare stable aqueous foams in the absence of any other surface
active agent. Depending on the hydrophobicity of the silica nanoparticles, foaming
was most effective for particles possessing 32% SiOH groups.

In metal foams, the electrostatic forces are shielded in the bulk because the sur-
faces are charged with electrons. The stabilisation mechanism must therefore be
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different. As metal foams contain solid particles it is sensible to look for an ana-
logy between the particle stabilisation mechanism of aqueous foams and that of
metallic foams. While there is agreement that particles are needed for stabilisation,
there is still some dispute about how particles act in metallic foams. Table 11.3
gives an overview of how foams based on different fluids are stabilised and what
the most important properties of the fluid are.

A dynamic picture of foam stability is proposed by Gergely et al.49,66 and states
that the vertical motion of a liquid can be damped by increasing the viscosity of the
liquid by adding particles or by reducing the temperature to the range of the semi-
solid state. Kumagai et al.67 suggested that solid particles in aqueous foams lead to
flatter curvatures around the Plateau borders which reduces the suction of metal
from the cell wall into the border. Viscosity was also held responsible for the
observed stability of metal foams made by foaming powder compacts.68 The films
present in these foams contain up to 1 wt.% oxygen69 which is thought to be pre-
sent as thin oxide pockets around volumes of molten aluminium within the films.
The idea is that although the liquid aluminium in the cell walls itself has a low 
viscosity, the entire system behaves like an extremely viscous fluid because the
molten aluminium is contained in the oxide pockets by capillary forces or by 
the mechanical barrier effect of oxides. The viscosity could even approach infinity
if the oxides immobilised the metallic component in this way.

Körner et al.70 used a cellular automata model to show the effect of bulk viscos-
ity and surface tension on foam evolution. They found that neither increased vis-
cosity nor decreased surface tension resulted in a stable foam. However, introduction
of a disjoining force stabilises the system. The dynamic model was criticised by
Körner et al.50 who pointed out that it could not explain the observed long-term
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Table 11.3 Summary of the properties of different foams.

Water38 Polymer86 Glass65 Metal31

Surface tension 72 4–30 500 1000
of liquid (mN m�1)

Viscosity of liquid 1 100�2.5 � 107 100–1000 3
(mPa s)

Cell wall thickness 6 nm 400–850 nm 100–500 nm 20–30 �m
before rupture

Stabiliser Surface active Silicone Glass forming Particles
molecules and/or molecules and surface
particles or block active elements

co-polymers (P, Na, Si, B, 
etc.)



stability of some foams and took this as a proof that a different explanation must
apply. Some modelling of metal foam stability started based on the concept of a metal
foam containing isolated added particles. The stability map by Jin et al.7 was inter-
preted by Kaptay71 on the basis of theoretical considerations. He pointed out that
the wetting angle between particles and liquid has to be in a certain range for par-
ticles to be able to stabilise the gas–liquid bubble surface. Using a static model of
a 3-D network of solid spherical particles he attempted to explain the force trans-
fer between two interfaces of a foam and in this way stability via a disjoining pres-
sure.72 Various configurations of particles were considered in these models, of which
three are shown in Figure 11.7. The basic idea is that a partially wetted particle is

Characterisation of Liquids Used for Making Metal Foams 461

(a)

(b)

(c)

LP1
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Figure 11.7 Possible particle configurations which could create a disjoining pres-
sure in a liquid film: loosely packed single layer (LP1), loosely packed double layer
(LP2), loosely packed double layer plus clusters (LP2�C). Taken from Ref. [72];
with permission of Elsevier.



pinned to a surface since it has its lowest energy when immersed into the liquid at
a given depth. A single layer of loosely packed particles (LP1), also discussed by
Ip et al.,48 stabilises a film if the contact angle is below 90°. The two surfaces of
the liquid are then pinned symmetrically to the particles. Two layers of particles
(LP2) do an even better job. Whenever the contact angle is below 145° they keep the
two surfaces well separated. The attractive forces are compensated by the stiffness
of the particles which are in contact. A third version of the model was proposed since
the experimental evidence in many foams showed that the two layers do not touch
in reality. In the LP2�C model, the two surface layers are separated by mechanical
bridges which are additional clusters (C) of particles keeping the two layers apart.

The distribution of particles and the forces acting between them are well known in
aqueous suspensions. Their transparency and low melting point facilitate investiga-
tions. In high-temperature systems such as metallic dispersions, until now only post-
solidification metallographic methods were available. In such studies one has to take
into account that solidification might change the distribution, e.g. by the pushing
effect or particle engulfment of a solidification front. It is hoped that new methods
based on synchrotron radiation and microfocus X-ray experiments could help to
establish a new discipline called high-temperature colloid chemistry which would
then help to understand the stability of liquid metal foams and liquid metal colloids
(LMC) in further detail. In the next sections, we shall first summarise the physical
properties of some ordinary melts and colloidal melts, and then collect and systema-
tise experimental evidence for the action of colloidal particles in liquid metal foams.

11.4 Characterisation of Liquids Used for Making Metal Foams

11.4.1 Surface tension

Various authors have published surface tension data of liquid aluminium and its
alloys. The surface tension of metals is in general one order of magnitude larger
than that of water. A good overview can be found in Ref. [73]. Most data were
determined by the sessile drop or the maximum bubble pressure method.74–77 In
both cases, results depend on the oxide layers which are hard to avoid on aluminium
melt surfaces. At the melting point, typical surface tensions of oxide-free and oxidised
Al melts are 1184 and 865 mN m�1 respectively.73

The surface tension of oxidised Al is only weakly temperature dependent and
changes from the melting point to 750°C only by 3%.75 The main alloying elements
of Al do not influence significantly its surface tension. An addition of 1 wt.% Mg
reduces the surface tension by only 2.5%.78 Therefore, compared to the weak
effect of metallic alloying elements, oxidation has a strong effect by reducing sur-
face tension by 27%. Kaptay73 analysed surface tension data of liquid Al2O3 and
extrapolated this data to low temperatures. It was found that the surface tension of
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oxidised molten aluminium agreed with the extrapolated data of Al2O3 which indicates
that oxygen covering the surface of molten aluminium resembles a supercooled
state of Al2O3.

The kinetics of oxidation depends on the oxygen partial pressure. Ricci et al.79

estimated the time required to form an adsorbed oxygen monolayer on various
metallic melts exposed to atmospheres containing different oxygen contents. An
oxygen monolayer on molten tin exposed to an atmosphere containing 1000 ppm,
1% and 10% of oxygen, forms in 44, 4.4 and 0.4 ms, respectively. Measurements
of the surface tension of molten Sn/Pb solder as recently published by Howell et al.80

using oscillating jets show the importance of progressive oxidation of melt sur-
faces. Heterogeneous systems can be characterised by an apparent surface tension.
Melt suitable for foaming, i.e. a suspension of ceramic particles in a liquid alu-
minium alloy, was investigated using a high-temperature maximum bubble pres-
sure tensiometer.45 In this case, Al containing a certain amount of alumina particles
of 11 �m diameter was studied. It was found that increasing the Al2O3 particle 
content reduces the surface tension which is an analogous effect to the oxidation
effect mentioned above (see Figure 11.8).

11.4.2 Viscosity

The bulk viscosity of homogeneous liquid metals is comparable to that of water.
Kaptay81 recently derived a unified equation for the dynamic viscosity of pure 
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Figure 11.8 Apparent surface tension of Al melt (composition Si: 0.4–0.8, Fe: 0.7,
Cu: 0.3, Mn: 0.004, Mg: 0.74 in wt.%) as a function of Al2O3 particle content at
700°C. Taken from Ref. [45]; with permission of Wiley–VCH.



liquid metals combining Andrade’s equation with the activation energy concept
and Andrade’s equation with the free volume concept

(11.2)

where �, Vm, M and Tm are the dynamic viscosity, molar volume, atomic mass 
and melting point, respectively. T is the temperature, A � (1.8 � 0.39) � 10�8

(J K�1mol1/3)1/2 and B � 2.34 � 0.20.
Heterogeneous liquids can be described by an apparent or effective viscosity in

many cases. One example is semi-solid alloys. The presence of solidified primary
�-particles in the melt is known to increase viscosity.82 For high solid fractions in
the range of 50%, such systems can exhibit non-Newtonian flow behaviour with 
a shear-rate-dependent viscosity which has a practical relevance for thixo-casting
or rheo-casting. Melts containing solid ceramic particles also show an increased
bulk viscosity. This was measured e.g. for lead.83 Melts produced by re-melting
compacted lead powders containing oxidised surfaces have a viscosity which is
more than twice as high as low-oxide lead melt (see Figure 11.9).

The viscosity of the melts used for making Alporas foams, obtained by adding
Ca to Al and allowing for some oxidation during stirring, can reach 10 times the
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value of the oxide-free alloy depending on stirring time.84 Certain alloys can be
transferred into a glassy state by continuous cooling from the liquid state. In some
alloys this transition is obtained at very low cooling rates, e.g. less than 1 K s�1.
The viscosity of such alloys can reach very high values which has encouraged
researchers to create foams from them.18 Some typical viscosities of metallic and
non-metallic liquids are listed in Table 11.4.

Viscosities of heterogeneous systems measured in a viscometer show an aver-
aged behaviour of the liquid. In foams, the composition of the liquid varies, with
higher particle concentrations near the surface of a film. Therefore, a gradient in
viscosity can be expected with a surface viscosity above the average. The situation
is even more complex in the compacted and re-melted powders which are used in
the Alulight/Foaminal process. Here the meaning of the term viscosity is unclear.
Films in the foams contain a network of oxide filaments which was created 
during powder atomisation. These filaments retain the liquid metal and lead to a
very viscous appearance of the material which could possibly approach infinity if

Characterisation of Liquids Used for Making Metal Foams 465

Table 11.4 Viscosities of various liquids.

Non-metallic 
Liquid metals � (mPa s) Reference liquids � (mPa s) Reference

Pure Al at Tm 2 � 0.8 [85] Pure water at 1.025 [38]
20°C

Pure Pb at Tm 2.61 [85] Polymer melts 100–1013 [86]

Pure Fe at Tm 6.92 [85] Slag melt at 200–300 [87]
1500°C

Melt of Pb powder, 5.5 (3.2) [83] Glycerine at 1508 [88]
0.37 wt.% O2 20°C
(0.05 wt.% O2) 
at Tm

Alporas melt at 1.5–14 [84] Glass melt 10,000 [88]
720°C T � Tl

AlSi6.5/SiC/10p 30 [89] Glass melt 5 � 109 [88]
at 700°C T � Tsoftening

AlSi6.5/SiC/20p 50 [89] Glass melt 5 � 1016 [88]
at 700°C T � Tg

AlSi6.5/SiC/30p 300 [89] – – –
at 700°C

Bulk met glass at Tl 1000 [18] – – –

Tm: melting point, Tl: liquidus temperature, Tg: glass forming temperature.
Notes: MMC designations: alloy/particle/vol.%



liquid flow is blocked completely. Upon stirring or shearing, however, the oxides
agglomerate which changes conditions irreversibly.50 Therefore, viscosity depends
on history in this case and one should be very careful in using the term.

11.4.3 Reactions between particles and melt

Aluminium MMC are the raw material of Cymat and Metcomb foams. Aluminium
has a very high chemical reactivity in the liquid state. Al melts do not only react
with most metals but also with some ceramics. Only if MMC are made by a solid-
state process are interfacial reactions insignificant. If, however, liquid phase infil-
tration of ceramics or admixture of ceramic particles to a melt are applied to produce
MMC,90 then reactions are inevitable. The reaction temperatures and times during
MMC production and aluminium composite melt foaming are comparable which
allows us to use the experience in MMC production for assessing the conditions
during foaming. The reaction products often modify the surface of the particles in
the melt resulting in a kind of coating. These coatings not only impair mechanical
properties but also could influence foamability of such melts. Some common reac-
tion data are summarised in Table 11.5.

Among the materials listed, the SiC and Al2O3 systems are most frequently used
in practice. Some reactions can be both eliminated and promoted by alloying.98,99
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Table 11.5 Chemical reactions of particles with Al melt below 1000°C.

Ceramics Reaction with pure Al Reaction products Reference

AlB2 No – [91]
TiB2 No – [91]
Carbon Depends on surface Al4C3 [98,99]

structure
Al4C3 No Al4C3 reacts with water [98,99]

forming CH4
B4C Yes Al3BC, AlB2 [99]
SiC Yes Al4C3 [98,99]
TiC Yes Al4C3, Al3Ti [99]
AlN No – [92]
BN Yes AlN [92]
Si3N4 Yes AlN [93]
Al2O3 No – [98,99]
CaO No CaAl2O4 in the presence of O2 [94,95]
MgO Yes MgAl2O4 [96]
SiO2 Yes Al2O3, Al2SiO5, Al6Si2O13 [98,99]
TiO2 Yes Al2O3, AlTi, Al3Ti, TiO [97]



SiC reacts with liquid Al.100 The associated formation of aluminium carbide is
detrimental to composite properties because of its brittleness and reactivity with
water. It is also undesirable in the melt stirring process because it increases melt
viscosity. Aluminium carbide formation can be prevented by adjustment of the matrix
composition, by coating SiC particles with a physical barrier (Al2O3, TiO2, TiB2,
SiO2, TiC, TiN, etc.) or by applying a sacrificial layer (Ni, Cu, etc.).99 To prevent
the formation of Al4C3, pure Al has to be alloyed with Si. The minimum Si content
required for suppressing carbide formation was found to be 8.5 wt.% at 610°C and
13 wt.% at 825°C with a linear interpolation rule in between.101 The presence of as
little as 1 wt.% Mg in pure Al leads to the formation of Mg2Si and facilitates the
formation of aluminium carbide.102 Contradictory to this, in AlSi9Mg/SiC/10–20p,
the maximum overheating temperature was found to be 750°C which is 60°C 
higher than in the same alloy without Mg.101 In the Al–SiC system above 1400°C, 
Viala et al.103 found other complex carbides such as Al4SiC4 and Al8SiC7. If SiC 
is oxidised, the resulting SiO2 surface layer can react with the liquid Al forming
Al2O3, Al2SiO5 or Al6Si2O13 (mullite). In the presence of Mg the reaction product is
Al2MgO4.

104

Alumina, Al2O3, is stable in liquid aluminium but reacts in the presence of 
magnesium either to Al2MgO4 (spinel) for 1 � cMg (wt.%) � 4 or to MgO for
cMg � 4 wt.%.105 The thin passivation layer of MgO prohibits further reactions.
Detrimental spinel formation is continuous and can be limited by either (i) using 
a mixed oxide such as Al6Si2O13 (mullite), (ii) forming a MgO barrier layer exploit-
ing the reaction itself, (iii) using an aluminium matrix with a low magnesium content
(cMg � 1 wt.%) or (iv) further alloying the Al matrix with an element like Sr which
selectively segregates at the interface and inhibits spinel growth.106 Al2MgO4 is
observed for cMg � 0.5 wt.% using infiltration casting but no reaction occurs during
squeeze casting. Schuster and Skibo107 reported interface spinel formation of
AA6061/Al2O3/10–20p (industrial alloy) as well.

The thermodynamic stability range of reactions of liquid Al and ceramics as 
a function of alloying elements have been calculated and summarised in the litera-
ture, Table 11.6.

11.4.4 Wetting of particles by melt

Wetting properties can be estimated by measuring the contact angle �, measured 
into the liquid metal phase, in sessile drop experiments with accuracies around
1–5°. Contact angle and the interfacial energies are connected through Young’s
equation

�pl � �pa � �la cos � (11.3)
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where �pa is the ceramic particle–air surface energy, �pl is the ceramic particle–liquid
aluminium surface energy and �la is the surface tension of the liquid. The Young–
Dupré equation can also be applied

W � �la(1 � cos �) (11.4)

where W is the adhesion energy. The ceramic particle is perfectly wetted by the 
liquid at � � 0° orW ( 2�la. The contact angle depends on time, temperature, com-
position, heat treatment of ceramics (impurity or absorbed gas removal), surface
roughness110 and atmospheric conditions during the experiment. For Al, the oxide
layers inevitably influence the measurements. Some examples for the contact angle
of pure Al melt/particle/gas systems at 1100°C (no oxide layer on liquid Al, purified
Ar atmosphere at 10�8 bar residual pressure) are summarised in Table 11.7.77

Among all metal/ceramic combinations, Al–SiC has been one of the most
widely studied systems. The contact angle between aluminium and SiC can be modi-
fied by adding Si, Mg or Cu. The achievable changes can be as high as 40° for some
compositions and temperatures. Si in liquid Al protects the SiC particles against
interfacial reactions.111 The change of the contact angle with time was measured in
the system AlSi18/SiC at 800°C under high vacuum 4 � 10�5Pa.112 The initial value
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Table 11.6 Calculated thermodynamic stability range of reactions between liquid Al and
ceramics.

Reaction 
Ceramic products Reaction interval Remarks

SiC Al4C3 Below 7 wt.% Si content at Increasing temperature and adding
the melting point108 extra Mg, the reaction interval pre-

dicted by the model increases; good
fit with experiments.

Al2O3 MgAl2O4 0.02 � cMg (wt.%) � 1 Calculation not explained in detail;
at 700°C109 the author’s experimental findings

agree with his calculation.

Table 11.7 Contact angle of pure Al melt/particle/gas interface measured into the melt
phase. Taken from Ref. [77]; with permission of Trans Tech Publications.

TiB2 WC TiC BN SiO2 SiC Graphite Al2O3 TiN

� (°) 0 5 10 15 23 27 52 63 86



was found to be 120°. SiC was so well protected against any reaction with Al by
the high Si content of the melt that even after 3 h the measured contact angle of 60°
was more than twice as large as that of non-alloyed Al melt (27°).112 The enhance-
ment of wetting in the absence of Si is still not clear. Formation of Al4C3 is a pos-
sible explanation but the contact angle between Al4C3 and Al113 of 55° is even
higher than the contact angle of Al–SiC melt (27°).

Laurent et al.112 measured the dependence of the contact angle of the pure
Al–Al2O3 couple on oxygen partial pressure. Close to the melting point of Al, the
contact angle was 160° at 10�3Pa but 100° at 10�5Pa. Above 900°C the oxide layer
reacted with liquid aluminium and evaporated in the form of Al2O, thus the pressure
dependence of contact angle disappeared and � decreased down to 90°. Alloying
with Li and Ca improved wetting due to the formation of Li or Ca aluminium oxides
on the surface of the alumina particles and decreased the surface tension.114 The
initial and time-dependent contact angles of (0001)-oriented �-Al2O3 single crystals
under less than 5 � 10�4Pa oxygen partial pressure were recently investigated.115

The contact angle was found to have a tendency to decrease with increasing 
temperature. Between 700°C and 800°C surplus oxidation was found without any
essential change of contact angle. Heated above 800°C, the pattern of oxygen on
the (0001) plane varies from (1 � 1) to an oxygen deficient (�31� � �31�R � 9°)
Wood index structure while the contact angle decreases. Due to the reaction
between Al melt and Al2O3 a strong decrease of wetting angle is observed above
1100°C. It was also found that while the contact angle of the (0001) plane changes
with time (at low temperature increasing, at high temperature decreasing), other
crystallographic planes are not sensitive with respect to time. It can be summarised
that 75° (30 min, 1500°C) seems to be the minimum and 130° for the maximum
values of the contact angles (30 min, 700°C).115

11.5 Investigation of Foaming Process

Phenomena related to metal foam evolution and stability have been studied ex-situ
after solidification or in-situ while the foam is still in its liquid state. Both methods are
complementary. Ex-situ methods allow us to apply a larger variety of analytical tools
but the evolution of foams has to be investigated by considering different samples rep-
resenting the stages of foaming. In contrast, in-situ methods allow us to follow the
evolution directly but are only available for a restricted set of analytical methods.

11.5.1 Ex-situ analysis of metallic foams after solidification

Ex-situ analysis of metal foams is an important tool for studying the microstructure
and architecture of metal foams. By freezing the foam one hopes to preserve its
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morphological features and the arrangement of solid particles in the cell walls at
least to a certain extent. One has to be aware of effects during solidification such as
interactions of the solidification front with particles and pressure changes which
might lead to a difference between the real situation in the foam and the picture
obtained by analysing solid foams. We shall now first analyse the microstructure 
of foams made by some of the processes listed in Table 11.1. We search for the par-
ticles responsible for stabilisation and for oxide films formed during foaming.
Then the structure of cell walls will be analysed to reveal the influence of the sta-
bilisation mode on the thickness and the shape of films.

11.5.1.1 Microstructure of foams and importance of particles

11.5.1.1.1 Added particles and external gas blowing (Metcomb-type foams) In
this type of metal foam it is most obvious that particles are responsible for liquid
metal foam stability. A schematic stability map giving limits for particle content
and particle size required for metal foam creation was published by Jin et al.7

Ip et al.48 later found that particle attachment to the gas–liquid interface is necessary
for the extended stability of the aluminium foam. This occurs when, after external
gas injection, bubbles travel through the liquid and interact with the dispersed 
particles, an effect analogous to flotation. Leitlmeier et al.22 measured the volume
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fraction of particles in aluminium-based foams as a function of the travelling dis-
tance of bubbles in the melt, given by the distance from the injector to the metal
surface, and found the stability criterion shown in Figure 11.10. Accordingly, below
a critical travelling distance, no stable foam could be produced since the bubbles did
not collect enough particles. The particle concentration in the cell walls increases
up to a saturation value22 because of the long travelling path of the rising bubbles
in the MMC melt. After only some centimeters of rising in the MMC melt, the SiC
particles collected were only sufficient to cover the surfaces of the bubbles (Figure
11.11(a)). A longer travelling distance then yields a configuration with surface
coverage plus some particles inside the cell wall (Figure 11.11(b)). Interestingly, a
meniscus of the melt around the particles located on the cell wall surface is not
observed (Figure 11.12).

Stable foams were successfully produced from aluminium alloy melts containing
SiC and Al2O3 particles (MMC melts).22 It is interesting to note that Al2O3 particles
were coated with nanometer-sized spinel (Al2MgO4) crystals in some successful
foaming experiments in which the melt contained magnesium.47 This surface reac-
tion was found to improve foam stability. In contrast to this situation it was reported
that SiC loses its ability to stabilise a melt after overheating. X-ray diffraction analy-
sis showed the formation of Al4C3 in the melt at 950°C.52 The microstructure of the
bubble remnants produced under these conditions showed a wavy surface.

There is some evidence that the contact angle of the particles is the determining
parameter in liquid metal foam stability.47 Therefore, selecting stabilising particles
by exploiting tabulated data for contact angles72 could be a successful strategy. 
In the example given in the previous paragraph, aluminium carbide formation on
the surface of stabilising SiC particles probably modifies the contact angle of the
particle putting it outside the preferred region.

The foamability of an Al composite containing TiB2 particles (AlSi10 � 15 wt.%
TiB2 particles of 3–6 �m size) was also examined.47 The contact angle between
TiB2 and pure liquid Al is reported to be 98° at 900°C,116 although one has to 
be aware of differing data giving values down to 0°.77 It was attempted to create
aluminium foam by gas injection into the melt at 700°C and it was found that TiB2

is not an effective stabiliser for this particular system. Only irregular bubble rem-
nants could be produced. TiB2 particles fall out of the bubbles leaving a significant
amount of powder on the surface of the melt. Particles can be extracted from a melt
only if they are not wetted, indicating that TiB2 is actually not wetted in this par-
ticular situation.

An additional important effect on foamability and microstructure is created 
by the reaction of the liquid metal with an oxidising blowing gas such as air.45,46 In
the presence of oxygen, aluminium melts oxidise almost instantaneously. An oxide
film continuously grows and reaches several hundred nanometers in thickness. 
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The oxidation effect on stability will be discussed in Section 11.5.2.2. Here we con-
centrate on its influence on surface segregation of particles. A typical oxide skin on
the inner surface of an air-blown foam is shown in Figure 11.13.

Ip et al.48 suggested that complete coverage of the bubble surface by particles is
not required to attain a stable liquid metal foam and assumed a minimum surface
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(a)

(b)

50 µm

200 µm

Figure 11.11 Cell wall cross-section of aluminium foam stabilised with SiC par-
ticles. The bubble rising height in the melt was (a) 4 cm and (b) 15 cm. Courtesy
of the Hahn-Meitner-Institute, Berlin.
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50 nm

Figure 11.13 Oxide layer on the cell wall of a foam from a MMC (Cymat,
Canada). Taken from Ref. [46]; with permission of Wiley–VCH.

Sic
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10 µm

Figure 11.12 SEM cross-section showing SiC particles at the surface of a Metcomb
foam. Taken from Ref. [52]; with permission of the Univeristy of Miskolc.



coverage of 50%. The maximum surface coverage of Al2O3 and SiC particles in
Metcomb foams was found to be 45% when nitrogen was used for foaming. The
uniform coverage of a cell wall can be seen for Metcomb foams containing Al2O3

particles in Figure 11.14(a). The particle concentration in the cell walls is much
higher than in the raw material, sometimes approaching 30 vol.%22 and the surface
areas are especially enriched having a local concentration of 2–4.5 times the bulk
value. The surface coverage decreases when oxidising foaming gas is used.46

Wrinkled oxide layers cover the cell wall surfaces whenever foams are blown 
with air or oxygen (Figure 11.14(b)). Such layers are similar to those observed on
the surface of aluminium castings. In order to make the particles visible, a cell 
wall surface was gently polished until the surface oxide layer had disappeared
(Figure 11.14(b)). The surface coverage observed here did not exceed 26%. The
local surface concentration was found to be only 1.5 times the particle concentra-
tion of the raw material in this case.

11.5.1.1.2 Added particles and internal gas blowing (Formgrip-type foams)
Scanning electron microscopy (SEM) analysis of cell walls in solidified Formgrip
foams shows a dense coverage with particles if SiC particles with 13 �m average
size are used (Figure 11.15(a)). If stabilisation with much larger particles (70 �m)
is attempted, the situation changes and only a small amount of the particles can be
found on the surface (Figure 11.15(b)). The final cell wall thickness also varies
with particle size; 13 �m particles lead to cell walls about 85–100 �m thick,
whereas 70 �m particles increase the cell wall thickness up to 300 �m. Cross sec-
tions of the cell walls of these two foams are shown in Figures 11.15(c) and (d).

It is interesting that the high surface coverage with particles as shown by the
face-on images, Figures 11.15(a) and (b), is not so obvious in the cross-sections,
Figures 11.15(c) and (d). This might have created some doubts about the mech-
anism of particle stabilisation in the past. It is therefore always necessary to take
images from both directions or to use 3-D imaging techniques to obtain a reliable
picture of the particle configuration.

11.5.1.1.3 Particles generated in-situ and external gas blowing Particles can be
generated in-situ by various means as listed in Table 11.1. One can rely on the solid
component of a semi-solid melt or create oxides by in-situ oxidation. After injecting
gas into such melts one could expect to obtain foams. Experimental work shows
that in reality it is hard to make foams in this way. Pure aluminium melts were pre-
treated for 1 h by bubbling air through them. This is known to lead to inner oxida-
tion and to the formation of alumina particles. Following this treatment, it was
possible to obtain bubbles at the surface which did not rupture immediately.
However, the bubbles were not stable enough to form a foam layer. Coalescence
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Figure 11.14 SEM images of the surfaces of a cell wall of an Al2O3 particle-
containing Duralcan aluminium composite (W6D22A). (a) Untreated and foamed
with nitrogen and (b) Left-untreated, and right-polished, with 1 �m sized SiC grains
and foamed with air. Taken from Ref. [46]; with permission of Wiley–VCH.



and partial bubble collapse led to an onion-like structure into which bubble remnants
piled up. The wall of one such bubble remnant showed a wavy surface.46 It is inter-
esting to compare this approach with patents from the 1960s26 and 1970s27,117 in
which foam making processes were described based on pre-treating melts by inner
oxidation and subsequently foaming them by addition of the gas releasing blowing
agent TiH2. Reportedly, stable foams could be obtained in this way. We suspect
that the alloy described in the patents led to an enhanced particle formation com-
pared to the pure aluminium we used. Moreover, bubbles might be less prone to
collapse when formed more gently by adding a gas releasing blowing agent as
compared to gas injection where the metal films are stretched rather quickly.
Moreover, the strong movement of a large single bubble generated within the melt
might lead to an agglomeration of oxide bi-films46,118 as observed for different
materials by Körner et al.50

476 Metal Foams: Towards High-Temperature Colloid Chemistry

Acc.V
20.0 kV

Spot
6.0

Magn
321x

Det
BSE

WD
6.9

Exp
1 100 µm Acc.V

20.0 kV
Spot
5.0

Magn
141x

Det
BSE

WD
12.6

Exp
1 200 µm

(a) (b)

(c) (d)

Acc.V
20.0 kV

Spot
5.0

Magn
200x

Det
BSE

WD
9.0 100 µm Acc.V

20.0 kV
Spot
5.0

Magn
200x

Det
BSE

WD
9.2 100 µm

Figure 11.15 (a) and (b) Top view SEM images of a cell wall in a foam prepared
from Formgrip material containing 10 vol.% SiC of average diameter (a) 13 and
(b) 70 �m. (c) and (d) Corresponding cross-sections of the same material. Taken
from Ref. [47]; with permission of Elsevier.



The Alporas foaming method leads to very homogeneous foams. The method
uses an Al melt in which particles are created in-situ by adding Ca and allowing for
oxidation (see below). The question now is if it is possible to make stable foams
from these melts by injecting gas instead of adding titanium hydride. A trial exper-
iment on a AlCa3 alloy stirred for 30 min showed that bubbles of about 10 mm
diameter are created in the melt which then rise to the top of the melt and merge
there. However, some large bubbles remain stable after some minutes of isothermal
holding (see Figure 11.2(g)). A very inhomogeneous cell wall thickness distribu-
tion was found ranging from 10 �m to some hundred �m. The surfaces of the cells
are wavy (Figure 11.16(a)). The foam microstructure contains many complex-
shaped phases in the eutectic phase of the alloy (Figure 11.16(b)).

11.5.1.1.4 Particles generated in-situ and internal gas blowing (Alporas-type foams)
It is appropriate to ascribe the stabilisation effect in Alporas foams to the solid parti-
cles formed during stirring the aluminium alloy containing Ca under the influence of
air which is dragged into the melt through the vortex.14 Microstructural analysis of
Alporas foams reveals the presence of oxides.46 A commercial Alporas foam sam-
ple119 was polished and etched with a 0.5 vol.% HF solution. SEM and EDX (Energy
Dispersive X-ray) examinations show deeply etched valleys with high oxygen content
and secondary phases attached to line-shaped pores with higher Ca and/or Ti content
than the matrix. These line-shaped pores, most probably oxide bi-films,118 form net-
works decorated with secondary phases. We suspect that these decorated bi-films play
the crucial role in the stabilisation of Alporas-type metal foams. The size and volume
fraction of these inclusions is estimated to be below 1 �m and 1 vol.%, respectively.
No obvious segregation of these bi-films to the surface of the cell walls was found.

Recent investigation of the cell wall surface of the above mentioned Alporas foam
sample show bi-films (Figure 11.17). Another Alporas-type foam with different 
composition120 clearly shows sub-micron sized particles besides the bi-films (Figure
11.18). These particles could be primary crystals formed on the amorphous oxide skin
during oxidation.121 Yang and Nakae122 were able to produce foam from an
AlSi7Mg0.5 alloy without any Ca addition. They stirred an alloy melt in air for 20 min
with 600 rpm and added 5 wt.% Al powder of 60 �m particle diameter. After this,
foaming was triggered by TiH2 addition. This technique actually combines oxide for-
mation of the Alporas process with some ideas of the powder compact technique (see
Section 11.5.1.1.5). As the aluminium powder added is oxidised, the oxide films
entrained in the liquid assist foaming in addition to the oxides created during stirring.

11.5.1.1.5 Molten powder compacts and internal gas blowing (Alulight-type foams)
Foams are produced by melting powder compacts containing a blowing agent. It
has been shown that the oxygen content of the precursor material is crucial for the
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(a)

(b)

200 µm

20 µm

Figure 11.16 Optical micrographs of “foam” created by blowing a TiH2-free
Alporas precursor (same sample as shown in Figure 11.2(g)). (a) Wavy cell wall
and (b) cross-section etched with HF containing complex-shaped phases in the
eutectic phase. Courtesy of the Hahn-Meitner-Institute, Berlin.



Investigation of Foaming Process 479

Acc.V
20.0 kV

Spot
4.0

Magn
1537x

Det
BSE

WD
7.5

20 µm

Figure 11.17 SEM image of oxide bi-films on Alporas foam cell wall surface with
surface concentration of 3.62 O, 4.51 Ca, 0.62 Ti, 3.62 Fe with remainder Al (in
wt.%). Courtesy of the Hahn-Meitner-Institute, Berlin.

Acc.V
25.0 kV

Spot
5.0

Magn
2000x

Det
BSE

WD
6.3

Exp
1

10 µm

Figure 11.18 SEM image of the surface of an Alporas-type foam cell wall con-
taining wrinkled oxide bi-films and sub-micron particles with surface concentra-
tion of 9.06 O, 1.71 Ca, 0.35 Ti with remainder Al (in wt.%). Courtesy of the
Hahn-Meitner-Institute, Berlin.
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20 µm

Figure 11.19 Optical micrograph showing the complex phases in re-melted pure
Al powder compact. Courtesy of the Hahn-Meitner-Institute, Berlin.

stability of such foams. A study by Weigand showed that aluminium powders with
very low oxide contents did not lead to very stable foams69 and a similar obser-
vation was made recently when argon and air-atomised aluminium powders were
compared.50 Air-atomised powders not only exhibit a higher oxide content but also
a distribution of oxygen which includes the interior of each powder particle.50,69 In
lead foams,14,83 a similar dependence of foam stability on oxide content was found.
Foams containing 0.06 wt.% oxygen did foam but significant collapse and contin-
uous drainage was observed during the foaming stage. A content of 0.16 wt.%, how-
ever, lead to stable foams. Figure 11.19 shows the oxide phases in a melted pure
aluminium powder compact (not containing any blowing agent). Wübben et al.34

used micro-gravity experiments to demonstrate that the primary action of the solid
stabilising component of powder compact foams is to prevent films from coalescing
while their influence on viscosity was seen as less important. Foaming of pure Al
powder compacts could be further stabilised with TiB2, Al2O3 and SiC particle
addition in this order.123

11.5.1.1.6 Molten powder compacts and external gas blowing Our recent trial 
to foam Al–Si powder compacts using a foam generator was not successful (see
Figure 11.2(f)). Although the same material can be foamed by internal gas cre-
ation, e.g. by embedded TiH2 particles, this is not the case when the gas enters the
liquid from one injection point.
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11.5.1.2 Structure of cell walls

A quantitative characterisation of cell walls and Plateau borders is essential to
understand the driving forces for stability. The cell wall thickness can be measured
easily by analysing metallographic sections. More complex data such as curvature
of Plateau borders requires 3-D tomographic methods. Many metal foams with low
densities show a polyhedral cell structure with homogeneous cell wall thickness
distributions between two Plateau borders.52 Foams with higher densities usually
have smaller and predominantly spherical cells mostly with diameters below 3 mm.

Although most metal foams show smooth cell walls (roughness in the range 
of the size of the solid particles present in the melt), some foams deviate from 
this pattern especially when their cell walls contain agglomerated particles (see
Figure 11.20).45,52 This particularly happens in foams made from powder compacts
or in mixed particle systems. Films of metallic melt cannot be stretched to such an
extent as aqueous films. Liquid metallic films containing particles usually rupture
below a critical thickness which ranges from about 30 to 150 �m31 for foams made
from powder compacts and slightly lower values for foams produced from MMC.45

In the latter case, it could be shown that the cell wall thickness depends on (i) the par-
ticle diameter – larger particles produce thicker cell walls whereas smaller particles
give thinner walls, (ii) the composition of the alloy, (iii) the composition of the par-
ticle, (iv) the foaming temperature, (v) the cell size and (vi) the concentration of the
particles.45,66

1 mm

Figure 11.20 SEM image of the wavy surface surrounding agglomerated par-
ticles of cell wall made from AlMg1SiCu/Al2O3/22p raw material. Taken from 
Ref. [52]; with permission of the University of Miskolc.
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Table 11.8 Cell wall thicknesses of aluminium foams. All foams were produced at 1 bar
atmospheric pressure.

Minimum Average
cell wall cell wall

Particle type thickness thickness
Alloy and size (�m) (�m) (�m) Remark Reference

Foams blown by internal gas formation
Al Powder 100 345 – [127*]

oxides

Al99.9 Powder – 215 TiH2 (size [50]
oxides 5 �m)

Al99.9 Powder – 165 TiH2 (size [50]
oxides 2 �m)

AlSi2 Powder 80 250 – [127*]
oxides

AlSi6Cu4 Powder 51 – Measured in [31*]
oxides liquid

AlSi7 Powder 52 – Measured in [31*]
oxides liquid

AlSi7 Powder 27–36 88 – [128]
oxides

AlSi10Mg Powder 60–70 100–170 – [129*,**]
oxides

AlSi10Mg0.6 Powder 30–50 – Low [130*,**]
oxides resolution

AlSi12 Powder 80 205–320 – [127*]
oxides

AlSi12Mg0.6 Powder 60–80 – – [131*,**]
oxides

AlCa1.5 In-situ – �100 – Own
oxides measurement

AlSi9Mg0.5 SiC (13) – �40 – [24*]

AlSi9Mg0.5 SiC (63) – �210 – [24*]

AlSi10Mg SiC (13) – �85 – [47*]

AlSi10Mg SiC (70) – �260 – [47*]

Foams blown by external gas formation
AlSi10Cu3Ni1.5 20% SiC (13) 20–30 55 0 min, 700°C, [52]

10 mm

AlSi10Cu3Ni1.5 20% SiC (13) 33 (17 ox.) 44 10 min, 700°C, [52]
10 mm

AlSi10Cu3Ni1.5 20% SiC (13) 33 44 100 min, 700°C, [52]
10 mm



Detailed analysis of the cell wall thickness of added particle foams has been car-
ried out.45,46,52 It was found that the surface composition of the particles is strongly
related to the cell wall thickness. Alumina particles with spinel-coated surfaces
lead to thicker cell walls than uncoated SiC particles of the same diameter.52 Log-
normal distributions of the cell wall thickness were found in all cases. In Metcomb
foams, no significant difference has been found between cell wall thicknesses of
air- and nitrogen-blown aluminium foams. The cell wall thickness can also depend
on the collection efficiency of the particles by the bubble surface during foam 
evolution. The cell wall thickness increases with the travelling distance of the bub-
bles, eventually reaching a saturation value.124 Relationships between cell diame-
ter and cell wall thickness of foams manufactured by Cymat (Canada) were given
by Wood.125 The cell wall thickness can be considered constant, around 50 �m, for
large cell sizes above 8 mm diameter. At a diameter of 3 mm, the thickness is
85 �m.

The effect of ceramic particles on the cell wall thickness of Cymat-type foams
was examined by Dequing and Ziyuan.126 It was found that the cell wall thickness
increases with particle size and concentration and decreases with foaming tempera-
ture. Average and minimum cell wall thicknesses should be determined more 
systematically in the future, preferably as a function of particle parameters (size,
shape, amount, bulk and surface composition, surface roughness), foam cell sizes,
alloy characteristics (composition, temperature) and bubble pressure. The data
available at present is given in Table 11.8.
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Table 11.8 (continued)

Minimum Average
cell wall cell wall

Particle type thickness thickness
Alloy and size (�m) (�m) (�m) Remark Reference

AlSi10Mg 12.5% Al2O3 – 35–50 No spinel, 0 min, [52]
(23) 700°C, 10 mm

AlMg1SiCu 10% Al2O3 30–43 112–86 Spinel, 695– [52]
(11) 765°C, 10 min, 

10 mm

AlSi10Cu3Ni1.5 10% Al2O3 21 74 Spinel, 725°C, [52]
(11) 10 min, 10 mm

AlSi10Cu3Ni1.5 10% Al2O3 20 61 Spinel, 725°C, [52]
Mg3 (11) 10 min, 10 mm

*No temperature data, **estimated from a graphical representation.
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From the values in Table 11.8 we can conclude that; (i) in foams blown by exter-
nal gas formation the cell wall thickness does not decrease significantly with isother-
mal holding time (4th and 5th columns),52 (ii) in both foaming routes, addition of Mg
and Si leads to a decrease of cell wall thickness, (iii) the minimum cell wall thickness
is 20–30 �m in aluminium foams, (iv) spinel-coated Al2O3 particles yield thicker cell
walls than SiC particles of the same size and volume fraction.

11.5.2 In-situ investigation of liquid metallic foams

In order to understand the evolution of metal foams it is useful to obtain data char-
acterising the state of the foam in-situ during expansion while the metal foam is
fluid. The technique which is probably the easiest to handle is the “expandometer”
which is a specially constructed dilatometer for measuring foam volume as a func-
tion of time.132 Other in-situ techniques which have been employed include ther-
moanalysis,133 thermogravimetry134 and ultrasound probing.135 All these
techniques do not reveal the details of structural changes inside an evolving metal
foam. In-situ X-ray monitoring experiments on metal foam yield such information.
The first experiments of this kind were carried out in the Alcan laboratories 15 years
ago.136 With improved equipment, such experiments were later carried out with
synchrotron X-ray radiation,68 and recently using a laboratory X-ray source.137

11.5.2.1 Foams created by internal gas evolution

Foamable precursors of different kinds were foamed and observed by in-situ X-ray
radioscopy. Of the many results, some connected to metal foam stability are reviewed
here. Foam evolution of both hot-pressed and thixo-cast foamable precursors of
AlSi6Cu4 alloy containing TiH2 as a blowing agent was investigated under a normal
atmosphere.138,139 Applying an appropriate heating profile, stable foams were found
even after 10 min of isothermal holding in both the semi-solid and liquid state
(below and above liquidus temperature, respectively). The difference between hot-
pressed and thixo-cast precursors is shown in Figure 11.21, which shows samples near
the maximum of expansion. Significant drainage was observed in the foam made
from the thixo-cast sample while the foam made by foaming the pressed powder
sample does not show any drainage. An explanation can be that the network of
oxides is destroyed during thixo-casting, e.g. by agglomeration of the oxides to
larger structures which are not effective in stabilisation. Such effects could be pro-
voked by stirring molten powder compacts.50 If this happens, the delicate gel-like
structure of inter-locked filaments is damaged leading to increased drainage.

Cell rupture is often observed when foamable precursors expand. Synchrotron
radioscopy revealed that the time for liquid films to disappear lies below 55 ms.31

Recent investigations on Formgrip foams by X-ray radioscopy show the effect of



Investigation of Foaming Process 485

(a) (b)

Figure 11.21 X-ray radioscopic pictures of a hot-pressed precursor foam. 
(a) T � 600°C (below liquidus), thixo-cast precursor foam with significant
drainage. (b) T � 625°C (above liquidus). Width of samples is 20 mm. Taken
from Ref. [139]; with permission of Trans Tech Publications.

particle size on stability very clearly. Precursors containing three types of SiC parti-
cle were foamed under equal conditions and observed in-situ. It was found that bub-
ble coalescence was much more pronounced for the precursor containing the coarse,
i.e. 70 �m, particles than for the finer particles, i.e. 3 and 13 �m. Figure 11.22 shows
two foams at a late stage of foaming. Obviously, the foam stabilised with fine par-
ticles is still stable while the one containing coarse particles has already collapsed.

11.5.2.2 Foams created by external gas injection

A recent investigation141 with high-speed microfocus X-ray radioscopy showed that,
during foaming of Metcomb-type foams with argon blowing, the rupture time of the
cells is below 40 ms (Figure 11.23). Drainage is a common and well-investigated

(a) (b)

Figure 11.22 Real-time X-ray radioscopy pictures obtained using a synchrotron
beam of a liquid Al foam produced from Formgrip precursors containing
AlSi9Cu3 � 10 vol.% SiC and 0.5 wt.% TiH2 as blowing agent stabilised by (a)
13 �m and (b) 70 �m SiC particles. Taken from Ref. [140]; with permission of the
Institute of Materials and Machine Mechanics.



phenomenon in transparent aqueous foams. In order to characterise drainage in 
aluminium foams, real-time X-ray radioscopic experiments were carried out on liq-
uid aluminium foam stabilised with SiC particles and blown with argon and air
gases. The exposition time of each image was 110 ms. Particle-stabilised aluminium
foams were produced from F3S20S Duralcan MMC precursor at 700°C. The foams
were generated using Metcomb technology.22 Bubbles of approximately 7 mm in 
diameter were created on the bottom of the melt, controlling the flow rate and 
the gas pressure with the foam generator of HKB, Austria. Approximately 42 and
25 cm3 of foam were produced applying 4.2 s (argon) and 2.5 s (air) gas pulses,
respectively.142

The liquid metal foam instantaneously forms a polyhedral structure. In spite 
of the significant flow of bubbles during foam formation, no foam rupture was
detected at this stage of the process in the air-blown foams. Characteristic images
of foam evolution, made by an X-ray scanner, are shown in Figure 11.24 and
Figure 11.25. The two figures differ by the blowing gas used, corresponding to argon
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(a) (b)

(c) (d)

Figure 11.23 Rupturing of cell walls in Metcomb-type foam blown with argon.
The exposition time of the individual images was set to 33 ms with 25 frames
being recorded per second. Width of each image is 14 mm. F3S20S Duralcan
composite was used. Taken from Ref. [141]; with permission of MetFoam 2005.
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(a) (c)(b)

Figure 11.24 X-ray images showing the evolution of argon-blown foam (a) just
after foam formation (liquid), (b) at the end of isothermal holding (5 min, liquid),
(c) after solidification (solid). Sample widths are 40 mm at the bottom. Taken from
Ref. [142]; with permission of Trans Tech Publications.

(a) (b) (c)

Figure 11.25 X-ray images showing the evolution of air-blown foam (a) just after
foam formation (liquid), (b) at the end of isothermal holding (5 min, liquid), 
(c) after solidification (solid). Sample widths are 40 mm at the bottom. Taken from
Ref. [142]; with permission of Trans Tech Publications.



and air, respectively. A diagram showing accumulated rupture events in argon-
blown foam is shown in Figure 11.26. Air-blown foam could not be evaluated because
of the lack of rupture events. A diagram showing the vertical density profile of the
foam as a function of height, h (drainage diagram) for argon-blown foam is shown
in Figure 11.27. In these figures � represents the density calculated from integrals
over horizontal lines of image intensities.
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Figure 11.26 Accumulated rupture events in argon-blown foam. Taken from 
Ref. [142]; with permission of Trans Tech Publications.
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Figure 11.27 Drainage curves of argon-blown foam with different volume frac-
tions of liquid being shown. Taken from Ref. [142]; with permission of Trans
Tech Publications.



The uniformity of bubble size is obvious from the first images in both Figure
11.24 and Figure 11.25 reflecting the situation just after foam creation. Isothermal
holding leads to foam coarsening and a slight degradation of uniformity in argon-
blown foams while air-blown foams remain almost unchanged. Air-blown foams
are therefore stable against rupture. It is known from previous ex-situ investiga-
tions46 that a thick oxide skin develops on the inner surfaces of the cells whenever
the foaming gas contains oxygen. This oxide skin improves the stability of foams.
During solidification, foams shrank significantly in both cases.

Argon-blown foams show some rupture and drainage during isothermal hold-
ing. According to Figure 11.26 rupture is notable during the first 100 s and occurs
at a constant rate. It then levels off and is nearly constant for another 200 s. Cooling
triggers some film rupture events which were already observed for Alulight-type
foams previously.31 The drainage diagram in Figure 11.27 shows significant drainage
only in the first 20 s. In air-blown foam, drainage was hardly detectable. This dif-
ference can be explained using experimental results on single Plateau borders 
of Koehler et al.143 in aqueous foams. There it was shown that the mobility of film
surfaces determines the drainage rate. Immobile surfaces slow down drainage.
Using the analogy with aqueous foams, the oxide can be considered as an immo-
biliser of surfaces, thus leading to less drainage.

11.5.2.3 Synchrotron tomography

From the metallographic investigation of various metallic foams and an associated
analysis of particle distributions in the cell walls, the mechanism of stabilisation
cannot be described with certainty. Depending on the type of foam or the location
of the images, the picture varies. In some images the surface coverage of the metal
films with particles is very clear (Figure 11.11(a)), while on other images portions
of the surface devoid of particles can be detected (Figure 11.15(b)). It is not evi-
dent from the images how mechanical forces can be transmitted from one side of 
a film to the other via particle networks as postulated, e.g. by Kaptay,72 which
would be required to create a disjoining force. There are two explanations for these
difficulties. Firstly, the 2-D character of metallographic analysis could obscure the
structure of the postulated 3-D networks. Secondly, it is not guaranteed that the
arrangement of particles in solid foams is identical to that in liquid foams. During
cooling, the interaction of the solidification front with the particles, either engulf-
ing or rejecting them, could change their arrangement to such an extent that the
postulated networks cannot be detected in solid foams.

One way to obtain 3-D information is using synchrotron tomography. Solid metal
foams of the Formgrip-type (see Section 11.2.1), based on an AlSi10Mg matrix and
stabilised with SiC particles of different sizes, were investigated by high-resolution
tomography with monochromatic radiation allowing for a separation of the two
components.144 The images obtained showed that the individual particles are indeed
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not all connected with each other and do not form networks which would allow for
a transmission of forces across the cell walls. Therefore, the evidence from the met-
allographic studies does not seem to be an artefact of 2-D imaging. In order to
assess possible effects during solidification, in-situ tomography was carried out on
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Figure 11.28 Correlation between individual SiC particles and pores in liquid Al
foam as obtained by synchrotron tomography. Foams created by melting
Formgrip precursor containing SiC particles of diameter (a) 70 and (b) 13 �m. For
each material four foaming stages are given: unfoamed solid precursor material,
early stage of foaming (liquid 1), late stage of foaming (liquid 2) and the solidi-
fied foam. The particle density given is a measure of the likelihood of finding a
particle at a certain distance to a pore. Taken from Ref. [145]; with permission of
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liquid metal foams of the same composition.145 The foams were created in a small
glass cylinder which gave them some mechanical support at the end of the foaming
process and prevented the foams from moving during the 20 min of exposure. After
acquiring a tomogram of the precursor prior to foaming, two tomograms were
obtained in the liquid state – one soon after maximum expansion, the other after a
holding time – after which the foams were solidified. Then one more tomogram was
taken. The data obtained was analysed by 3-D image analysis yielding the correla-
tion between pores and SiC particles as shown in Figure 11.28. These correlation
curves yield a measure of the likelihood of finding particles at a given distance to the
pores. Figure 11.28(a) shows data corresponding to foams containing very coarse
SiC powder which does not lead to stable foams. Quite clearly in the unfoamed state
(which contains only few small pores) the correlation between bubbles and particles
is weak, as the SiC density is almost constant. In the liquid state a pronounced cor-
relation exists which becomes stronger with time. This correlation is expressed 
by a peak for small distances to a pore and a lower density for larger distances.
Solidification, however, does not change the picture very much. In foams stabilised
with smaller SiC particles (Figure 11.28(b)), the picture looks different. From the
unfoamed to the liquid foamed state the correlation increases to some extent.
Solidification, however, leads to an increase in correlation. Apparently the particle
arrangement is changed by the advancing solidification front and particles are
pushed to the surface. This could be an indication that networks of solid particles
might exist in the liquid but cannot be detected after solidification. However, a
direct proof for this is still lacking.

11.6 Conclusions

The experimental work found in the literature demonstrates that probably all metal
foams contain at least one solid phase which is responsible for stabilisation. The 
liquid in metal foams therefore forms a high-temperature suspension or colloid. The
origin, nature and spatial arrangement of the solid component in the fluid vary in
different metal foam types. The way solid particles stabilise foams is only partially
understood. Coming from aqueous or glass foams, explanations in terms of viscos-
ity, surface tension/elasticity and surface activity have been given. It is tempting to
look for a unifying scheme according to which particles act and there have been
claims that such a universal mechanism exists.50 The present authors are sceptical
that this is true and suspect that various distinct mechanisms apply. Foams of 
the Metcomb- or Formgrip-type are stabilised by individual, fairly large particles
which can move around in the liquid. In solidified foams they seem to segregate
preferentially at the liquid–gas surfaces of films with only a minor fraction of parti-
cles being in the interior of the films (Figure 11.29(a)).



It is timely to give an interpretation in terms of models such as the LP2�C
model by Kaptay72 (see Figure 11.7(c)). Accordingly, the particles are pinned to
each of the interfaces of a film by means of interfacial forces. This would explain
micrographs such as Figure 11.11(a). However, it is not clear how the attractive inter-
actions between the two interfaces are balanced. Kaptay postulates that mechanical
forces are responsible for this counter pressure, the disjoining pressure, which in his
model are transferred through locally densely packed layers of particles. Experimen-
tal evidence, however, does not support the existence of such bridges between the
two surface layers. The particles which are completely immersed in the liquid
phase are not interconnected as shown clearly by high-resolution tomography.144

However, there is some evidence that surface segregation of particles increases
during solidification (Figure 11.28) so that the particle content in the film could 
be higher in the liquid state than actually observed in the solid. This could be a
loophole for saving the model since the existence of bridges connecting the two
surface particle layers cannot be completely excluded. Another experimental fact
is that there is no meniscus around individual particles sitting at each interface (see
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Figure 11.12) as one would expect from the picture of partially wetted particles.
Instead, the interface is rather smooth around particles. Furthermore, the oxide skin
created during foaming with air plays an important role in stabilisation (Figure
11.29(b)). Such skins are not included in the current models of foam stability. In
conclusion, we believe that the stabilisation mechanism of Metcomb- or Formgrip-
type foams is still waiting for a full explanation.

Foams of the Alulight-type show a completely different stabilisation pattern.
The existence of oxide filaments within aluminium powder particles, within pressed
powder mixtures and within foams has been shown by various authors either by
direct observation50,69 or indirectly by proving that low oxide systems have
a lower foam stability.50,83 Wübben83 could even show that the oxide content is
proportional to the inner surface area of foams. These filaments do not segregate 
at the surface but rather span the entire volume of a film or Plateau border. The sys-
tem of filaments is thought to hold the liquid aluminium alloy by capillary action
or by merely locally enclosing small volumes of melt and preventing them to flow
into the Plateau borders. The individual filaments seem to be interlocked so that
they could act like a rigid sponge holding the liquid (Figure 11.29(c)). The system
is quite fragile and seems to resemble a gel in terms of rheology. Poking into an
aluminium foam with a steel needle can result in an outflow of melt. Körner et al.50

claim that individual oxide filaments form larger networks which form a kind of
meta-particles with a huge internal porosity. They assume that these meta-particles
stabilise the cell walls by forming an LP1 layer in Kaptay’s notation (see Figure
11.7(a)). The idea sounds convincing but is based on very few and mostly indirect
observations, e.g. the observed waviness of the cell walls. The traditional explan-
ation that the foam is stabilised by the largely increased apparent viscosity of the
liquid films by simply preventing fluid flow seems also possible with the current
state of knowledge. To some extent, the two viewpoints might not differ too much
and the distinction between dynamic (viscosity-based) and static (surface activity-
based) action might be just semantics in these gel-like fluids.

In addition to these foams, Alporas-type foams exist in which oxide bi-films are
created in-situ by reaction of the Al alloy with Ca or Mg in the presence of air.
These films could act in a similar way to the oxide filaments in Alulight-type foams.
The oxide bi-films are possibly less connected so that these foams are more fluid
and can reach lower relative densities after full expansion (see Figure 11.29(d)).

Another point worth discussing is the possibility that a solid phase formed from
the liquid during cooling into the semi-solid range of the phase diagram could 
stabilise foams. It was suspected that primary aluminium grains in foaming 
aluminium–silicon melts could enhance stability in addition to the oxide filament
stabilisation mechanism.68 As foams were observed also to be stable, although less,
in the fully melted state this mechanism could not be responsible for stability alone
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and the literature is not specific on a mechanism of stabilisation (viscosity enhance-
ment or surface activity). Körner et al.29 later baptised this effect endogeneous sta-
bilisation and made it responsible for the stability of Mg foams created in DCP foams.
They further suggest that the primary Mg particles are surface active and form layers
analogous to the ceramic particles used for Metcomb-type foams. Although this idea
is convincing there is no proof for it at present. Foams made by DCP were obtained
by injecting MgH2 into pure Mg or Al.29,30 As such, processing can hardly be carried
out in an oxygen-free environment. Spontaneous oxidation of the melt might also have
added some oxides which then could have stabilised the foam. It remains to prove that
alloys in the semi-solid state can be foamed in the absence of any reactive gas.

Finally, the foams made from extremely viscous metallic glasses present a chal-
lenge. Some of these foams show polyhedral cells which are obviously stabilised
by interfacial forces, probably by remnants of the blowing agent B2O3 used.18

Others, especially the foams in the early stages which are more like bubble disper-
sions, show bubbles which have merged to one volume while still maintaining their
original shape indicating the absence of interfacial stabilisation (see Figure 11.2(h)).
This indicates the absence of stabilisation and the dominance of viscosity in foam
formation. In conclusion, there are many open questions associated with metallic
foams. More experimental work is required to clarify the role of solid particles in
liquid metal colloid systems. Naturally, the main effort will be directed towards
improving the materials. The aims are to produce aluminium foams with better sta-
bility, more uniform cell structures and via a cheaper manufacture. Improved liquid
metal colloids could open the road to such foams.
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