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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 um 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 um. Taken from Horozov and Binks, Colloids Surf. A, 267 (2005),
64; with permission from Elsevier.

Spontaneous formation of a crystalline disk of 3 um very hydrophobic silica particles
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microfluidic focusing device. Taken from Subramaniam et al., Nat. Mater. 4 (2005), 553;
with permission from the Nature Publishing Group.
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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



viii Preface

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.'= 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.* This fact was
realised in the beginning of the last century by Ramsden® and Pickering® 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

™
v Hydrophilic

(a) (b) (©

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

A

Water  z,

Figure 1.2 Heavy solid spherical particle with radius r and contact angle 6 in
equilibrium at the oil-water interface levelled at z = O far from the particle. The
three-phase contact line with radius r, is depressed at depth z. below the zero
level. Other symbols are defined in the text.

with different chemical composition and wetting properties (Figure 1.1(b)). These
so-called “Janus” particles are both surface active and amphipilic’ 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.®

A key parameter when dealing with solid particles at fluid interfaces is the three-
phase contact angle 6. 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 6 through the more polar liquid (water). The contact
angle depends on the surface free energies (interfacial tensions) at the particle-water,
Ypw» Particle—oil, ,,, and oil-water, v, interface according to Young’s equation’

Yoo — Vpw
Yow

(1.1

cosf =

Particles equally wet by both liquids (v, = ¥,w) have a contact angle of 90°.
Hydrophilic particles are preferentially wet by water (yp, > ¥,w), therefore 0° < 6
< 90°, while hydrophobic particles are preferentially wet by oil (yp, < ¥py), hence
90° < 0 = 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,'%'¢ including books'>!* and a recent
review,'* it will be excluded from our considerations for simplicity. The rest of the
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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 literature!%!213:17-21 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. spheres'>!"~2! and cylinders par-
allel to the fluid interface'>!”!%) or sharp edges (e.g. disks®' and long prismatic
particles'” 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 treatment'”?! 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
system!>18:1922 or by means of a force analysis' ! 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, efc.) can be
tackled.'>!822 In the case of a smooth homogeneous spherical particle considered
below, the force balance approach is equally applicable.!”-1%2!

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, py, and oil p, (pp, > py, > po, 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.!” 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 r.) is located at a distance z, below the zero level,
while its position with respect to the particle centre is measured by the angle ¢,
hence r, = rsin ¢.. The deformed fluid interface (the meniscus) meets the particle
surface at angle ¢y = ¢, + 6 — 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, 7y, sin(¢. + 6) acting upwards at the contact line
with length 27rrsin ¢, and the vertical resultant of the hydrostatic pressure distri-
bution around the entire particle, F,, acting also upwards. The other two interfacial
tension forces (y,, and v,,,) 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,+ F,=mg (1.2)
The vertical capillary force is
F, = =27@ryy,sin ¢ sin(d, + 0) (1.3)

F, can be obtained by integrating the hydrostatic pressure distribution around the
entire particle surface. The result can be written in the form?’

Fp = pwprg + povpog - (pw - po>chAc (14)

where V,,, = 7r3(2 — 3cos ¢, + cos’p.)/3 and Voo = 43 — V,w are the particle
volumes immersed in water and in oil, respectively and A, = 7(rsin ¢,)? 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 (z. < 0). The mass of a spherical particle is m = pp4m3/3. Bearing this in
mind, substitution of equations (1.3) and (1.4) in the force balance equation (1.2)
after some rearrangement yields'”1%-2!

B — P

B
sin ¢, sin(¢, + ) = —— |4
61 o —m

— (1 = cos $,)*(2 — cos &) + 3 sin? ¢,
I

(1.5)

where B = (py, — po)rg/Yew is a dimensionless parameter (the Bond number). In the
considered case of a heavy particle (p, > p,, > p,), F, must always act upwards,
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therefore ¢, + 6 = 180°, ¢, < 180°. Hence, the left hand side of equation (1.5) is
restricted in the range —1 < sin ¢_sin(¢p, + 6) < 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
0, Yows Pw and p, 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 z. on B, ¢ and 6 is
known. The latter can be found by solving the Laplace equation of capillarity

Vo ['A+22) 72 + A+ 22y 217 = (p, — py)gz (16)

where 7' = dz/dl and 7" = d*z/d/* are the first and second derivatives with respect
to the radial distance [ = r, 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-
cally'>!*1% 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/{(p,, — p ,)&/Vow Which is usually
much larger than the particle size (the capillary length for the pure water—air sur-
face is ~2.7mm). Therefore when two or more particles are attached to the fluid
interface and their menisci overlap a long-range lateral capillary force between
particles appears'>?32* 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 ¢, + 6 = 180°, thus ¢y = 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 wm when the
lateral capillary force is negligible.!* 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.?>?% 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
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@

)]

Particle

J/ Oil

.......... Water
(@ (b)
Figure 1.3 Small solid spherical particle with radius r and contact angle 6

(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 pm oriented with
its long axis parallel to the fluid interface. Taken from Ref. [30]; with permission
of the American Physical Society.

also generate a deformation of the fluid interface as suggested recently.?’?® 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.?® 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, GV is
minimum and is given by the equation

G = You AW + YouAL + YAl (1.7)
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where A() is the area of the oil-water interface, A})) and A\ are the respective
areas of the particle-water and particle—oil interfaces whose sum equals the total
surface area of the particle A,
1 ) —
A+ A=A

. (1.8)

In this state the depth of immersion of the particle in water, 4,, (thereby the depth
of immersion in oil, h, = 2r — h,,) is directly related to the contact angle by the
expression

hy, = r(1 + cosB) (1.9)

Therefore this equation can be used for calculating the particle contact angle from
the measured value of A, if  is known.*'~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 (0 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, AG, 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 Neumann'® 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 AG is straightforward. If the particle after its detachment is in the oil, the surface
free energy of the system G corresponding to the final state “2” is

GP= You AR + YpoAR (1.10)

where A2 is the area of the flat oil-water interface after the detachment and
A(ng = A,. 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, AG, is obtained

AGgo = Yowl(A. + AL cos ) (1.11)

where A, = AZ), — A1) 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 AG,

Ade = YowlAc — Ago) cos 6) (1.12)
By means of equations (1.8) and (1.12), equation (1.11) can be expressed in the form

AGy, = AGgyy + YowApcos O (1.13)
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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 (AGy, > AGy,,), while for the detachment of a hydrophobic
particle (cos § < 0) the opposite is true (AG4, < AGy,,). 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, AG (called simply
the free energy of particle detachment) can be written as

90° (1.14)

AG, = {AGdW for 0 o0

AGy, for 90

IAIA

0
0

IA 1A

where AGy,, and AG, 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 ., = rsin 6 dividing the
particle surface (with area A, = 477r?) into two spherical caps, so that A, = (7 sin 0)?
and A(plv)v = 27r*(1 + cosf). With these expressions equations (1.12) and (1.13)
yield

AGyy, = Ty (1 — cos 0)? (1.15a)
AGyy = T yey(1 + cos 6)? (1.15b)

These equations were derived by Koretsky and Kruglyakov** and later by
others.*>3¢ In view of equation (1.14) they can be combined to give

AG, = 7r?y, (1 — |cos ])? (1.16)

Therefore, the minimum energy needed to detach a spherical particle from the
oil-water interface rapidly increases with particle size (as ). The free energies of
particle detachment calculated by equations (1.15) and (1.16) with » = 10nm and
Yow = S0mNm ™! 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 (6 < 90°). The opposite is true for hydropho-
bic particles (6 > 90°). The (minimum) energy of particle detachment, AGy
(the line) increases from zero with an increase of the contact angle, reaches its
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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 » = 10 nm and
Yow = S0mNm ™! versus particle contact angle 6. The line is drawn according to
equation (1.16).

maximum at § = 90° and then decreases to zero at # = 180°. Except for very small
and very large contact angles, AG is much greater than the thermal energy kT (the
Boltzmann constant, k times the temperature, 7). 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 k7" and sufficient to make their attachment
irreversible. This is in sharp contrast to surfactant molecules, which can adsorb and
desorb,* 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, AG, = —AGi, 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 line!*!!). 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 A, is removed (see equations (1.11) and (1.12)). AG, and AG, 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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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 area'”). 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 6 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

(a)

,
oil /
,

Particle ] j
5 X

Water
(©) (d)

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.
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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, V, reads

3
V, = Vophere = 47;” = const (1.17)

phere

where Vppere 18 the volume of a spherical particle with radius r.
The volume of a rod-like particle with hemispherical ends, V.4 is

4

Vs = S 2 + 3(alb — 1)

2

(1.18)

TO!

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

N A
y |2+ 3 1)]

2

(1.19)

Note that due to the volume constraint b is always smaller than r because a/b > 1.
At al/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

A, = mwb?sin0|1 + w] (1.20)
7rsinf
A, = 4mb? 2
p = 4mb 3 (1.21)
AW = 27b2(1 — cosd) + 4b20[% - 1] (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+ 4(a/b — 1)(sin@ — 6 cos 6)

AGy, = 7wb%(1 — cosh)?
dw Yow ( ) 7T(l _ COSG)Z

] (1.23)

AG,, = AGy, + 4my,,b? cosa[%] (1.24)
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Figure 1.7 Free energy of particle detachment versus contact angle 6 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 X 10°nm?>. The other parameters are y,,, = SOmNm™ ', » = 10nm and aspect
ratio of the non-spherical particles a/b = 2.5.

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

90° (1.25)

ion (1.2 fi
AGy o = {equatlon( 3) for L90e

=40
equation (1.24) for 90° = 0

IA A

For a given v,,, 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 6 = 90°, however AG g is always
greater than AGy gppere €Xcept at 6 = 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 Vg is

4

—1)2 —
Vi = §7Tb3 3(alb — 1) n 3mw(alb — 1) 4

2 4

(1.26)

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

7%
_ 2 _
Nalb =1 3mab—1)

2

b=r (1.27)
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and the respective areas are

2
A, = 7b? [% —1+sing (1.28)
2
A, =2mb? |2 1| + w2 —1]|+2 (1.29)
b b
2
W = 2|4 = a_ _
AW = b [b 1| +2| 1]9 2cos 0 + 2 (130)

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\2 _ g —
AG,, =y, mb (1 — cos 6) |1 + (alb — 1) . 2(a/b — 1)(sin @ — 6 cos 6) (131)
1 —cosf (1 — cos 0)?
2
= 2 a_ a_
AGy, = AGy,, + 2my,,b* cosf [b 1| +7 p 1|+2 (1.32)

where b is given by equation (1.27). Finally, the equation for the free energy of
disk-like particle detachment, AG g;q 1S
i =0 < °

Ao = {Shmton 1) o 00 S0t (0
AGy gisk calculated with the same parameters as AGy ;o4 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 AGy 4iq is largest, hence at
any contact angle different to 0° or 180° the following relation is valid AGy gig >
AGgr0q > AGg gphere- Since the planar orientation of the non-spherical particles con-
sidered here is the most energy favourable,'>!® 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 1.8 Free energy of particle detachment relative to the case of a spherical
particle (1, base line) versus contact angle 6 for rod-like (2, dotted line) and disk-
like (3, full line) particles with the same volume equal to 4.19 X 10°nm?>. The
other parameters are Y, = S0mNm~!, » = 10nm 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.
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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 X 10°nm?. The lines are calculated for three different contact angles by equa-
tions (1.25) and (1.33), respectively with y,,, = S0mNm ™! and » = 10nm.
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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 k7).
However, rounded disk-like particles of the same volume and material are held at the
fluid interface with a rather significant energy of ~10kT 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.’>%
This was further supported by experiments with monodisperse silica particles at hori-
zontal water—oil interfaces.*” 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.*’
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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 wm and their contact
angles measured through the water are: (a) and (c) 65°, (b) and (d) 152°. All scale
bars are 25 pwm. 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.

More recently, the effect of pH and electrolyte added to the aqueous phase on the
structure of horizontal monolayers of hydrophilic (6 = 65°) and very hydrophobic
(6 = 152°) monodisperse silica particles (3 wm in diameter) was studied.*'* The
effect of electrolyte on the monolayer structure at the octane—water interface at ambi-
ent pH =~ 5.6 has been demonstrated*! (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)).*! 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
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(10mM) to the water (c). It was concluded that the repulsion between hydrophilic
particles is weak and mediated mainly through the water phase.*! 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).*! In a separate study*’ the same very
hydrophobic particles gave well-ordered monolayers at inter-particle distances larger
than 50 pm (>16 particle diameters) even when 100 mM NaCl was present in the
water phase (d). This confirmed previous findings*® 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).*> 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).** Ordered silica par-
ticle monolayers at octane—water*! and silicone oil-water*? 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 **4!43 and air-water*? 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.**2% The experimental setup shown in Figure 1.12 was constructed® and used
for studying particle monolayers at vertical oil-water*'*> and air—water*? 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 wm) with dilute particle monolayers at their sur-
faces were formed.*>* Alternatively,*'*** 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 observed*'* (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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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 oneh after their formation. Particle diame-
ter is 3 um and the contact angle measured through the water is 105°. The scale
bar is 50 pm. Taken from Ref. [42]; with permission of Elsevier.

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.*! A reasonable value of
14 wCm™?2 for the charge density at the particle—octane surface was found for the
most hydrophobic particles with 6 = 152°. The surface charge density for particles
with contact angles <99° was estimated to be ~5 times lower,*' consistent with the
rather sharp order—disorder transition in monolayer structure.*’ 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.*? 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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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.
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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 wm and their contact angles measured through the water are (a) 65° and
(b)—(d) 152°. The scale bar is 50 wm. Taken from Ref. [41]; 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.***® 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.*»>* Much less is known
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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 reported®'>* 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.*> where the effect of
particle contact angle and surface coverage on the structure and stability of water
films in oil (0o—-w—o0) 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 pm 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 (0-w-0) and
oil (w-o-w) films with dilute particle monolayers at their surfaces. Stable o-w-o films
were obtained only when particles with 8 << 90° were used, whereas w-o-w films were
stable only in the case of very hydrophobic particles (6 => 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 surfaces'? (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-0
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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.

Film surfaces with dilute monolayers  Film surfaces with dense monolayers
Contact

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)

(b)

Figure 1.14 Images of: (a) a water film in octane with a ring of bridging hydro-
philic particles (6 = 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 wm.
Taken from Ref. [45]; with permission of the American Chemical Society.

films), whereas hydrophobic ones give water-in-oil (w/0) 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.*
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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,*>37° 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,® 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 paper’ 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,
Peters’’ 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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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.

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”>® 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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by Solid Particles” 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.%9 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.%! 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.®
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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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 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” .5 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.® 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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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”.% 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 Ramsden’ and Pickering® initiated a flurry of related work in the
1920s, most notable being the work of Finkle et al.* on the wettability of solid sur-
faces and that of Briggs® on the effect of particle flocculation on emulsification.
Apart from a few papers from then on, including a seminal report by Schulman and
Leja® 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.% 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 ef al.%” have
recently described the thermodynamics of emulsion formation, extending earlier work
by Aveyard et al.*® 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 by®’

W, = 3YouV W, (1.34)
r
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where v, 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 w is the dimensionless work written as

W = el = ¢b) + 24 {F(0)1 — ¢,b) — 2bcos b} + O(s%)] (1.35)

in which ¢, is the volume fraction of phase 1 (volume of phase 1/V), ¢, is the area
fraction of interface occupied by particles, & is the ratio of the particle radius to the
drop radius, 6 is the contact angle made by particles at the interface measured into
phase 2, b = (1 — cos 0)%, fi6) = (1 — cos0)*(2 + cos ) and O denotes “of the order
of”. Since & << 1, the leading term in equation (1.35) is ¢&(1 — ¢,b) accounting for
the formation of new oil-water interface and for particle adsorption. The curvature
effects (o £2) give a higher order contribution.

The calculated curves of w; versus the dimensionless drop curvature, &, are
shown in Figure 1.17(a), for ¢; = 0.3 (volume fraction of disperse phase) and
¢, = 0.9 (relatively close packed layers).®” The curves correspond to different val-
ues of the contact angle 6. For 6 < 90°, w, is positive, indicating that energy is
needed to break phase 1 into drops, and increases with decreasing drop size. For
0 = 100° however, w; 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 6 = 93°
is the first term in equation (1.35) small and comparable to the second term. Then, the
dependence of w; 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 0, 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, w,, 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 (¢, = 0.3).°’
Although the curves are almost identical to those in Figure 1.17(a), around 6 = 93°
the dependence of w, 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 £ < g, it is favourable for the d