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Preface

Colloid science is experiencing a renaissance. The beginnings of
this new phase can be traced back some fifty -ycars when a
scientific understanding of at least some colloidal phenomena
began to evolve. Since then activity has increased steadily.
Fundamental knowledge has developed rapidly and the resulting
insights have been exploited extensively in industry. Many empir-
icisms which for generations have guided practical applications
have gradually been shown to have their origin in the laws of
physics and chemistry. There is still much to be learned, but a
stage is being reached at which it is becoming possible to present
a general account of the main themes of colloid science in terms
of basic physical chemistry. That is one of the objectives of the
present book.

It has also become clear that there is a need for a book that
presents an outline of colloid science starting from a relatively
clementary knowledge of science. Several such books have
appeared in the past but all are now out of print, and in any case
they are somewhat outdated in view of recent developments. The
present book will, it is hoped, fill this gap and both provide an
introduction to colloids for those with a basic familiarity with
physical chemistry and serve as a jumping-off point for those
wishing to go more deeply into the many fascinating areas - hich
constitute the broad range of fundamental and applied colloid
science.

One of the major features of the development of colloid science
has been the impressive advances that have been made in colloid
technology. However, although many large companies have ex-
ploited recent developments, it is unfortunately the case that
smaller companies have often failed to recognise the potential
applications of colloid science in enhancing the efficiency of their
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vi Preface

processes or the quality and range of their products. Attention is
therefore drawn to some of those areas of the subject that have
been, or can be, of industrial importance. In a book of this size it
is impossible to deal in detail with such matters, but Chapter 14
outlines some of the industrial applications of colloid science.
Thus the book as a whole may prove of value both to those
entering industry with little previous knowledge of colloids and to
those already in industry wishing to become familiar with recent
ideas.

The structure of the book is such that the carlier chapters can
be read by students studying chemistry at A-level (in conjunction,
for example, with the Nuffield Advanced Special Option on
Surface Chemistry). Some simple experiments on colloidal sys-
tems described in Appendices I and II are suitable for use at this
level or in undergraduate courses. Later it is necessary to employ
a more sophisticated mathematical approach, but this is kept to a
minimum and should not deter those with a modest mathematical
background. Some of the more detailed theoretical topics are
relegated to Appendices ITI—VI.

It will be seen that the main emphasis of the book is on
disperse systems. While the crucial importance of surface chemis-
try is stressed, it has been thought preferable to omit discussion of
the adsorption of gases and vapours by solids and to leave out
some of the very important phenomena associated with capillar-
ity, wetting, and spreading.

A book of this kind can only expect to provide one perspective
of an immense subject. Many rcaders will, one hopes, wish to
broaden their knowledge and understanding, and to this end
Appendix VII lists references for further reading. It includes:
relatively ‘popular’ accounts in, for example, the Scientific Amer-
ican; papcers aimed mainly at the educationalist in the Journal of
Chemical  Education; and those with industrial implications in
Chemistry and Industry. In addition, some of the books and articles
deal in a more advanced fashion with recent developments which
take the reader up to the frontiers of current rescarch.

In writing this book I have been influenced by many colleagues
and friends. In particular, I wish to acknowledge my gratitude to
those who have read and commented on cither the whole or parts
of the manuscript. These include Dr. A. Couper, Dr. T. H. K.
Barron, Dr. B. Vincent, Dr. J. W. Goodwin, Dr. S. Lubetkin, and
Dr. A. L. Smith. Their help and advice have been greatly
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appreciated. I am also indebted to Mr. S. R. Neck, who has over
the years given me invaluable help in devising and constructing
demonstration models and experiments to illustrate many of the
topics dealt with in this book.

This book would not have been written but for the development
of the strong School of Colloid Science which has been built up in
Bristol during the past 25 years. I am grateful, thercfore, to all
those, staff and students, who have contributed to the success of
this venture, and in particular to Professor Ron Ottewill, F.R.S.,
for the central role he has played throughout this period.

Finally, I owe an immense debt of gratitude to my wife for her
unfailing support and encouragement throughout the writing of
this book.

D. H. Everelt
Bristol, October 1987
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Chapter 1

What are Colloids?

To some the word ‘colloidal’ conjures up visions of things indefinite in

shape, indefinite in chemical composition and physical properties, fickle

in chemical deportment, things infilterable and generally unmanageable.
Hedges, 1931

INTRODUCTION

The above remarks reflect the impression created by many
textbooks of physical chemistry — if they deign to mention colloids
at all. In fact, in both its experimental and theoretical aspects,
and no less important in its technological applications and in the
appreciation of its biological implications, colloid science has
made impressive progress in the last few decades. In the following
chapters an attempt is made to summarise the basic concepts of
colloid science and to dispel some of the doubts expressed in the
above quotation.

A full understanding of the properties of colloids calls upon a
wide range of physical and chemical ideas, while the multitude of
colloidal systems presented to us in nature, and familiar in
modern society, exhibit a daunting complexity. It is this that has
delayed the development of colloid science, since a detailed and
fundamental theoretical understanding of colloidal behaviour is
possible only through a thorough knowledge of broad areas of
physics, chemistry, and mathematical physics, together in many
instances with an understanding of biological structures and
processes. On the experimental side there is an ever-increasing
emphasis on the application of modern physical techniques to
colloidal problems. Colloid science is thus a truly interdisciplinary
subject.

Nevertheless, despite the sophistication needed for the develop-
ment of a complete quantitative theory of colloids, the basic

1



2 Chapter 1

principles that underlie many colloid problems can be seen as
extensions to such systems of the fundamental concepts of physic-
al chemistry. One important objective of this book is to emphasise
the close link between colloid science and physical chemistry and
to show how a broad understanding can be built up on a few
relatively simple physico-chemical ideas. We shall not only seek
common features revealed by experimental study but also, of
much greater significance, try to identify the fundamental con-
cepts that link together many apparently unconnected aspects of
the subject.

DEFINITION OF COLLOIDS

In setting out to define the scope of colloid science, it should first
be said that any attempt to lay down too rigid a scheme of
definitions and nomenclature is likely to be unnecessarily restric-
tive. Rather than try at the outset to develop a formal definition,
it is preferable to describe examples of systems to which the term
‘colloidal’ is now applied.*

An essential part of any study of physics and chemistry involves
first the recognition of three states of matter — solid, liquid, and
gas — and a general discussion of the transformations — melting,
sublimation, and evaporation — between them. Pure substances
arc considered, and then attention passes to solutions which are
homogenecous mixtures of chemical species dispersed on a molecu-
lar scale. What remained largely unrccognised until about a
century and a half ago was that there is an intermediate class of
materials lying between bulk and molecularly dispersed systems,
in which, although one component is finely dispersed in another,
the degree of subdivision does not approach that in simple
molecular mixtures. Systems of this kind, colloids, have special
properties which arc of great practical importance, and they were
appropriately described by Ostwald as lying in the World of
Neglected Dimensions. They consist of a dispersed phase (or discon-
tinuous phase) distributed uniformly in a finely divided state in a
dispersion medium (or continuous phase).

As familiar examples of colloidal systems we cite the following:
fogs, mists, and smokes (dispersions of fine liquid droplets or solid
particles in a gas — aerosols); milk (a dispersion of fine droplets of

* The etymology of the term colloidal (glue-like) introduced by Thomas Graham
is now largely irrelevant.
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fat in an aqueous phase — emulsions); paints, muds, and slurries
(dispersions of fine solid particles in a liquid medium — sols or
colloidal suspensions); jellies (dispersions of macromolecules in liquid
— gels); opal and ruby stained glass (dispersions, respectively, of
solid silica particles in a solid matrix or of gold particles in glass —
solid dispersions). So-called (and miscalled) photographic emulsions are
dispersions of finely divided silver halide crystallites in a gel — in
a sense they are a colloid within a colloid. In association colloids
molecules of soap or other surface-active substances are associated
together to form small aggregates (micelles) in water. The aggre-
gates formed by certain substances may adopt an ordered struc-
ture and form [liquid crystals. Many biological structurcs are
colloidal in nature. For example, blood is a dispersion of corpus-
cles in serum, and bone is essentially a dispersion of a calcium
phosphate embedded in collagen.

In the above examples, which may be called simple colloids, a
clear distinction can be made between the disperse phase and the
dispersion medium. However, in network colloids this is hardly
possible since both phases consist of interpenetrating networks,
the elements of each being of colloidal dimensions. Porous solids,
in which gas and solid networks interpenetrate, two-phase glasses
(opal glasses), and many gels are examples of this category.

Furthermore, there are other instances (multiple colloids) that
may involve the co-existence of three phases of which two (and
sometimes three) phases are finely divided. One example is a
porous solid partially filled with condensed vapour, when both the
liquid and vapour phases within the pores are present in a finely
divided form; a similar situation arises when oil and water
co-exist in the pores of an oil-bearing rock, also in frost heaving
when water and ice co-exist in a porous medium. Multiple
emulsions consist for example of finely divided droplets of an
aqueous phase contained within oil droplets, which themselves are
dispersed in an aqueous medium.

Some of the more important types of colloidal systems outlined
above are summarised in Table 1.1. For simplicity we shall limit
ourselves in this book to a discussion of simple colloids, although
the ideas developed can be extended and applied to more complex
systems.

The fundamental question which has to be answered is ‘What
do we mean by “finely divided”?” It turns out, for reasons which
will soon be apparent, that systems usually exhibit properties of a
specifically ‘colloidal character’ (which we shall explain in more
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Table 1.1 Some typical colloidal systems.

Examples Class Nature of the
disperse dispersion
phase medium

Disperse systems

Fog, mist, tobacco Liquid aerosol or Liquid Gas
smoke, ‘aerosol’ aerosol of liquid
sprays particles ¢

Industrial smokes Solid aerosol or Solid Gas

aerosol of solid
particles ¢
Milk, butter, Emulsions Liquid Liquid
mayonnaise,
asphalt,
pharmaceutical
creams
Inorganic colloids Sols or colloidal Solid Liquid
(gold, silver iodide, suspensions
sulphur, metallic
hydroxides, etc.),

paints *
Clay slurries, When very Solid Liquid
toothpaste, muds, concentrated called
polymer latices a paste
Opal, pearl, stained Solid suspension or Solid Solid
glass, pigmented dispersion
plastics
Froths, foams Foam ¢ Gas Liquid
Meerschaum, Solid foam Gas Solid
expanded plastics
Microporous oxides, Xerogels?

‘silica gel’, porous
glass, microporous
carbons, zeolites

Macromolecular colloids

Jellies, glue Gels Macro- Solvent
mole-
cules

Association colloids

Soap/water, — Micelles Solvent
detergent/water, dye
solutions
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Table 1.1 (cont.)

Examples Class Nature of the
disperse dispersion
phase medium

Biocolloids
Blood Corpuscles Serum
Bone Hydroxy-  Collagen
apatite
Muscle, cell Protein structures, thin
membranes films of lethecin, efc.

Three-phase colloidal systems (multiple colloids)

Coexisting phases

Oil-bearing rock Porous rock Oil Water
Capillary condensed Porous solid Liquid Vapour
vapours

Frost heaving Porous rock or soil Ice Water

Mineral flotation Mineral Water Air
bubbles
or oil
droplets

Double emulsions Oil Aqueous  Water

phase

« Preferred nomenclature according to IUPAC recommendations. * Many modern
paints are more complex, containing both dispersed pigment and emulsion
droplets. ¢ In a foam it is usually the thickness of the film of dispersion medium
which is of colloidal dimensions, although the dispersed phase may also be finely
divided. 7 In some cases both phases are continuous, forming interpenctrating
networks both of which have colloidal dimensions.

detail in later chapters) when the dimensions of the dispersed
phase lie in the range 1-—1000 nm, i.e. between 10 A and 1 um.*

These limits are not rigid, for in some special cases (e.g.
emulsions and some slurries) particles of larger size are present.
Moreover, it is not necessary for all three dimensions to lie below
1 um, since colloidal behaviour is observed in systems containing
fibres in which only two dimensions are in the colloid range. In
other systems, such as clays and thin films, only one dimension is
in the colloid range. This is illustrated schematically in Figures
1.1 and 1.2, while Figure 1.3 shows electron microscope photo-
graphs of colloidal particles of several types.

* These dimensions are below the limits of resolution of simple optical microscopes
so that direct imaging and measurement of the sizes of colloidal particles only
became possible with the development of electron microscopes.
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N,
Y

(b) (c)

o

Figure 1.1 Schematic representation of the subdivision of a cube to give colloidal
systems of different kinds: (a) slicing of a cube leads to a laminated
disperse system with one dimension in the colloid range, (b) cutting
a sheet into narrow strips leads to fibrillar disperse systems with
two dimensions in the colloid range, (c) cutting of rods or fibrils into
particles leads to corpuscular disperse systems with all three
dimensions in the colloid range. )

(Adapted from A. von Buzagh, ‘Colloid Systems’, Technical Press,

London, 1937)

(b)

/7

(d)

Figure 1.2 Schematic representation of colloid systems of various types: (a) kaoli-,
nite, (b) Plaster of Paris, cement, asbestos, (c) polymer latices,
(d) network structures, e.g. porous glass, gels.

Colloids in which the particle size is below about 10 nm often
require special consideration. One example of such particles are
the nuclei which initiate bulk phase changes, while the justifica-
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tion for including macromolecular solutions and association col-
loids within this classification arises from the fact that the
particles within them are either macromolecules of considerable
length, which even when coiled up have diameters of well over
1 nm, or aggregates of smaller molecules forming micelles of a size
falling within the colloid size range. Biocolloids again have their
individual characteristics, but once more the presence of struc-
tures of colloidal dimensions justifies their inclusion as examples
of colloids. The limit below which colloid behaviour merges into
that of molecular solutions is usually presumed to be around 1 nm

(10 A).

Figure 1.3 Electron micrographs of colloidal materials in which three, two, and
one dimensions lie in the colloid range (bars indicate I um):
(a) spherical particles of monodisperse polystyrene latex, (b) packed
spherical particles of polystyrene latex, (c) fibres of chrysotile asbestos,
(d) thin plates of kaolinite.

(By Dr. D. W. Thompson, School of Chemistry, University of Bristol)
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An alternative subdivision of colloids which has been widely
used in the past is into lyophobic (or hydrophobic, if the dispersion
medium is water) and lyophilic (hydrophilic, in water) colloids,
depending on whether the particles can be described in the former
case as ‘solvent hating’ or in the latter case as ‘solvent loving’.
These characteristics are deduced from the conditions required to
produce these colloids and from the means available for their
redispersion after flocculation or coagulation. It will become
apparent later that, while this subdivision has many uscful
aspects, it is neither entirely logical nor sufficiently all-embracing,
and we shall make only limited use of it.

COLLOIDS AND SURFACE CHEMISTRY

Because of the range of dimensions involved in colloidal struc-
tures, the surface-to-volume ratio is high and a significant propor-
tion of the molecules in such systems lie within or close to the
region of inhomogeneity associated with particle/medium inter-
faces. These molecules will have properties (e.g. energy, molecular
conformation) different from those in the bulk phases more
distant from the interface. It is then no longer possible (as we do
in bulk thermodynamics) to describe the whole system simply in
terms of the sum of the contributions from the molecules in the
bulk phases, calculated as though both phases had the same
properties as they have in the bulk state. A significant and often
dominating contribution comes from the molecules in the inter-
facial region. This is why surface chemistry plays such an
important part in colloid science and why colloidal properties
begin to become evident when the particle size falls below 1 um.
We can see this in the following way.

The surface area associated with a given mass of material
subdivided into equal-size particles increases in inverse proportion
to the linear dimensions of the particles. Thus the area exposed
by unit mass (the specific surface area, a,) is given by 6/pd, where p
is the density of the material and  is the edge length in the case
of cubic particles or the diameter in the case of spheres. If the
material is made up of molecules of linear dimension £ and
molecular volume ~#%, then the fraction of molecules in the
surface layer is given approximately by 6(/d). Thus for a
substance of molar volume 30 cm®mol ™! or of molecular volume
0.05 nm?® (e.g. silver bromide) 4 = 0.37 nm. For a 1 cm cube only
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two or three molecules in ten million are surface molecules, and
these have a negligible influence on its properties. However, when
divided into 10'? particles of 1 um, one molecule in four hundred
and fifty is a surface molecule, and the properties of the system
begin to be affected. At 10 nm the ratio rises to nearly one in four
and surface effects dominate. Beyond this it is hardly possible to
decide what we mean by a surface molecule, and, as indicated
above, special considerations apply to the size range 1—10 nm.
To illustrate this point, Figure 1.4 shows the variation of the
percentage of surface molecules with particle size for the typical
case of silver bromide.

25

201

Percentage of molecules in the surface

L 1 1 ]
-2 -1 0 1 2
logd/um
Figure 1.4 Variation of the percentage of molecules in the surface as a function of
particle size for a substance with a molar volume of 30 cm® mol~'.
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This approach to colloids, emphasising the importance of
surface or interfacial properties, suggests a more meaningful
description of colloids as microheterogeneous systems, the microhetero-
geneity being characterised by lengths in the range 11000 nm.

It should be noted, however, that some typically colloidal
phenomena, such as light scattering, are exhibited (though very
weakly) by systems in which the microheterogencity arises from
random kinetic fluctuations in density in an otherwise uniform
system of small molecules such as a gas or a liquid, while in some
cases (e.g. suspensions of relatively coarse solid particles) certain
colloid-like properties may persist to particle sizes much larger
than the above maximum.

NOMENCLATURE*

Before proceeding further, it will be helpful to introduce a number
of additional terms which are widely used in the description of
colloidal behaviour.

Disperse systems in which all the particles are of (approximate-
ly) the same size are said to be monodisperse (or isodisperse);
conversely, if a range of particle sizes 1s present, they are
polydisperse. In certain circumstances, to be discussed in greater
detail later, the particles of a dispersion may adhere to one
another and form aggregates of successively increasing size which
may, despite the tendency of thermal motion to keep them in
suspension, separate out under the influence of gravity. The
nature of the aggregated material may depend on the conditions
of its formation, or it may change with time. An initially formed,
rather open aggregate is called a floc and the process of its
formation flocculation. The floc may or may not scparate out. If
the aggregate changes to, or is produced in, a much denser form,
-1t is said to undergo coagulation with the formation of a coagulum.
An aggregate usually separates out either by sedimentation (if it is
more dense than the medium) or by creaming (if it is less dense
than the medium). Since in many cases it is not readily apparent

* Reference should be made to the recommendations of the International Union of
Pure and Applied Chemistry (IUPAC) *Definitions, Terminology and Symbols in
Colloid and Surface Chemistey®, Pure and Applied Chemistry, 1972, 31, 579—638, for
a fuller discussion. More specific TUPAC recommendations on particular aspects
of colloids are to be found in Pure and Applied Chemistry, 1974—86; sec Appendix
VI
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which type of aggregate is formed, the terms flocculation and
coagulation have often been used interchangeably, but the more
specific meanings introduced above are gaining more general
acceptance. One characteristic which is sometimes used to infer a
distinction between the two is whether aggregation is reversible.
It is usually supposed that coagulation is irreversible whereas
flocculation can be reversed in the process of deflocculation ™
However, conditions can sometimes be found under which even
coagulated systems can be redispersed.

The meaning of the term stability as applied to colloid systems
is discussed in Chapter 2.

AN HISTORICAL PERSPECTIVE

Although the true nature of colloids was not appreciated until
relatively recently, Man has observed and made use of colloidal
systems and their properties since the ecarliest days of civilisation.
Moreover, colloids have played in geological time, and play
today, an important role in many natural phenomena. Perhaps
the oldest record of a colloidal phenomenon is that of the
deposition of silt at river mouths mentioned in the Babylonian
Creation myth — which, incidentally, was inscribed on tablets of
clay, themselves an example of a colloidal material — while the
Book of Genesis refers to clouds and the fall of rain. But early
Man must also have been familiar with many other colloidal
phenomena, such as the effect of walking on wet sand and the
treachery of quicksands. He soon ecxploited them in the prepara-
tion of butter, cheese, and yoghurt and in the making of bread.
His carly technology, too, often depended on colloids and their
properties: the making of bricks, the extraction of glue from
bones, and the preparation of inks and pigments are a few
examples. Indeed, there can have been few aspects of his domestic
life that were independent of the behaviour of colloids, either of
natural occurrence or prepared by him. The same is cven more
true today: the list of colloids and colloidal processes of vital
importance to modern living and industrial technology is almost
unlimited. Their diversity can be appreciated by quoting just a
few examples, which include the following: the products of

* Beware that occasionally the term deflocculation is used, misleadingly, to denote
the process floc — coagulum.
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modern food technology; pharmaceutical and cosmetic prepara-
tions of many kinds; agricultural and horticultural chemicals;
paints, dyestuffs, and paper; the processes involved in mineral
extraction, oil recovery, water treatment, photography, biotech-
nology, and so on. The difference today is that colloid technology
is rapidly becoming more rational and scientifically based and is
leaving behind many of the empiricisms that characterised those
earlier crafts which depended on controlling and using colloidal
materials. We shall return to discuss some of these aspects in
more detail in Chapter 14.

Despite this long history, the scientific study of colloids is a
relatively recent development. It is true that the alchemists
prepared and used two important forms of colloidal gold, namely
potable gold (supposedly the Elixir of Life) and Purple of Cassius,
used to make ruby glass. And Macquer in his Dictionary of
Chemistry (1774) speculated that in these gold was present in a
finely divided form. But the first experimental studies date from
the early years of the nincteenth century, when Selmi (1845)
prepared what were then called demulsions of sulphur and silver
halides. It was not until 1856 that Michael Faraday made the
first systematic study of colloidal gold, which will be outlined in
the following section, and put forward ideas which can still be
seen in modern theories concerning the factors responsible for the
stability of these dispersions. The word ‘colloid’ was coined later
by Thomas Graham in 1861 to describe systems which exhibited
slow rates of diffusion through a porous membrane, of which glue
solutions were a typical example. The usefulness of this definition
depends on the significant decrease in the diffusion rate when the
size of the diffusing particle exceeds a few nanometres. However,
such solutions are but one example of the wide class of disperse
systems described above, although this was not appreciated
immediately.

The slow progress in the understanding of colloidal behaviour
compared with that in other branches of chemistry and physics
was in large part due to the extreme difficulty of preparing well
characterised materials with reproducible properties, as exempli-
fied by the quotation heading this chapter, and in part to the
absence of adequate theoretical knowledge to provide a basis for
understanding the factors controlling these properties.

Recent progress has followed the reduction and, in some cases,
the elimination of these barriers. Thus methods of preparing well
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characterised colloids have made it possible to perform quantita-
tive and reproducible experiments, while the development of
theories of intermolecular forces, electrolyte solutions, and poly-
mers was cssential before the concepts they introduced could be
brought together and applied in colloid science. Coupled with
these factors, and playing an increasingly important role, has
been the application to colloids of sophisticated modern in-
strumental techniques, including high-resolution and scanning
clectron microscopy, laser light scattering in its various forms,
ncutron scattering, nuclear magnetic resonance, optical spectros-
copy (infrared and Raman in particular), and greatly improved
rheological techniques (see Chapter 15).

The guidance provided by basic research into the fundamental
factors controlling colloidal behaviour has proved, and is in-
creasingly proving, of immense value in enhancing industrial
processes that involve colloids and in developing new processes
and products. Among the many cxamples — some of which will be
discussed in Chapter 14 — are the dramatic improvements in paint
technology and drug delivery systems which have taken place in
the last twenty to thirty years, based in large measure on an
increased understanding of the principles of colloid and surface
chemistry.

AN ILLUSTRATIVE EXAMPLE: COLLOIDAL GOLD

In later chapters we shall discuss the properties of a variety of
colloidal systems. However, as a preparation for our consideration
of the general properties and stability of dispersions, it will be
useful to use one simple example to outline some of their more
important characteristics. It so happens that one of the first
colloidal dispersions to have been examined systematically will
suit our purpose admirably.

During 1856—7 Michael Faraday first prepared colloidal gold
by reducing an aqueous solution of gold chloride with phosphorus
to yield a ruby-coloured liquid.* He showed by chemical tests
that the gold was no longer present in an ionic form but that
reagents that dissolve metallic gold were able to remove the
colour. He concluded that the gold was dispersed in the liquid in

* In Appendix I instructions are given for preparing this and some other typical
colloidal dispersions; Appendix II outlines some simple experiments to illustrate
their properties.
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a very finely divided form, the presence of which could be
detected by the blueish opalescence observed when a narrow,
intense beam of light is passed through the liquid.* He observed
that the addition of a small amount of various salts changed the
colour from ruby towards blue and that the blue liquid tended to
deposit solid. Neither the blue liquid nor these deposits could be
changed back to ruby. He found that the gold sol could also be
produced in the presence of a warm gelatine solution, which on
cooling set to a jelly. Moreover, when prepared in this way
addition of salt to the warm solution did not change the colour to
blue.

Faraday concluded that the change from ruby to blue resulted
from an increase in particle size. Of the particles in the ruby
liquid he said, ‘Whether the particles be considered as mutually
repulsive, or else as molecules** of gold with associated envelopes
of water, they differ from those particles which by the application
of salt or other substances arc rendered mutually adhesive, and so
fall and clot together.’

His observations on the jellied samples implied, he believed, ‘a
like association (of the gold particles) with that animal substance’
which explained their stability in the ruby form.

In this series of experiments Faraday thus demonstrated some
of the more important properties of colloidal dispersions: light
scattering, sedimentation, coagulation by salts, and their ‘protec-
tion’ from the effects of salt by gelatine. His interpretation of
these observations was remarkably perceptive, in contrast to the
speculations. of some of his contemporaries. He correctly surmised
that the change induced by changing conditions ‘is not a change
of the gold as gold, but rather a change in the relations of the
surface of the particle to the surrounding medium’.

It is perhaps surprising that Faraday did not examine the effect
of an electric current on his gold sols. Had he done so, he would
have discovered the one additional factor which in due course
provided the clue to many of their properties, namely that
colloidal particles in an aqueous medium (except under special
circumstances) move under the influence of an electric field. The

* This phenomenon was subsequently investigated by Tyndall and is known as the
Tyndall effect.

** Note that the modern use of the word ‘molecule’ was not introduced until
Cannizarro publicised the work of Avogadro in 1859.
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phenomenon of electrophoresis (of which more in Chapter 6) shows
that colloidal particles usually carry an electric charge, which in
the case of gold sols is negative. We shall have occasion later to
discuss the origin of these charges and the factors that determine
their sign. For the moment it is sufficient to know that they exist.

With this brief account of the properties of one typical colloidal
dispersion we are now in a position to examine in the next two
chapters the factors that are responsible for the stability of
dispersions.



Chapter 2

Why are Colloidal
Dispersions Stable?
I Basic Principles

INTRODUCTION

In this and the following chapter we shall be concerned mainly
with dispersions of colloidal solid particles in liquids. Two closely
related questions arise. First, under what conditions will the
dispersion remain in the dispersed state? We need to know the
answer to this before suitable methods of preparation of a stable
dispersion can be defined and understood.

Secondly, under what conditions will the dispersion flocculate
or coagulate? The answer to this is of vital importance in the
many practical situations in which colloids must either be avoided
or eliminated (e.g. in the filtration of precipitates or in water
purification).

To understand the nature of these questions, we must first say
something about the principles of physico-chemical equilibrium
and show how they can be applied to colloidal systems.

THE MEANING OF ‘STABILITY’

We have referred to colloidal systems as being either stable or
unstable. It is important to be clear about what is implied by
these terms and how their usage in colloid science is related to
that in other areas of physical chemistry.

It is a fundamental principle of thermodynamics that, if a
system is kept at a constant temperature, it will tend to change
spontaneously in a direction which will lower its free energy. This
is exemplified by the simple mechanical case of a weight that falls

16
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under the influence of gravity or of a ball bearing, released from
the edge of a saucer, that runs down and settles at the bottom of
the saucer. In each case the reverse of the spontaneous process —
raising the weight or rolling the ball to the rim of the saucer — is
one in which work has to be done on the system.

It is essential to stress that systems only tend to transform to
states of lower free energy — the change actually occurs only if a
suitable mechanism exists which enables it to take place. Thus a
weight resting on a table can manifest its tendency to fall only if
it is moved to the edge of the table and allowed to drop off.*

A more meaningful analogy for our present purposes is that of
a skittle pin on a horizontal platform (Figure 2.1). The free
energy of the pin (which in this simple case can be identified with
its gravitational potential energy) may be measured, relative to
the surface of the table, by the product mgA#k, where m is the
mass of the skittle, g the acceleration due to gravity, and A/ the
height of the centre of gravity of the pin above the table. In the
configuration shown in Figure 2.1(a) the skittle has a higher free
energy than that in the flat position [Figure 2.1(c)]. The tendency
to fall to the position of lower free energy cannot, however,
manifest itself unless the pin is sufficiently disturbed (e.g. by the
impact of a ball) so that it reaches the intermediate configuration
shown in Figure 2.1(b). The way in which the free energy of the
pin varies with the angle of rotation 6 is shown in Figure 2.2.

t
Ah __}'_—3
|
(a) (b) (c)

Figure 2.1 Illustration of three types of equilibrium of a skittle: (a) metastable,
(b) unstable, (c) stable.

* In a similar way, a gaseous mixture of oxygen and hydrogen — which has a
much higher free energy than the corresponding amount of liquid water — is
unable to manifest this tendency to chemical reaction unless it is sufficiently
disturbed (e.g. by an electric spark) to enable the molecular processes of chemical
reaction to occur.
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Figure 2.2 Variation of gravitational energy with angle of rotation of skittle,
illustrating the characterisation of stable and metastable equilibrium by
a minimum of potential energy and of unstable equilibrium by a
maximum. In this context gravitational energy can be equated to free
energy.

From this we see that to knock the pin over it is first necessary to
increase its energy to take it over the ‘energy hill’ or ‘energy
barrier’; separating the state of higher free energy from the lower
equilibrium state. This cnergy increment (AG* in Figure 2.2) may
be called the free energy of activation for the process involved.

The above analogy illustrates some important aspects of the
description of equilibrium states. According to Figure 2.1, the flat
position (c) is that of lowest accessible free energy and is said to
be the state of stable equilibrium. Position (a), although stable with
respect to small disturbances, will pass over into (c¢) when the
disturbance exceeds a critical value; it is called a state of
metastable equilibrium. The intermediate position (b), at which the
free energy is a maximum, is in principle one that could be
achieved by careful balancing, but an infinitesimal disturbance in
either direction will cause the skittle to fall into one or other of
the energy minima; this intermediate state is onc of unstable
equilibrium.

Physico-chemical systems are of course much more complex
than this, but they can nevertheless be represented in similar
terms, the free energy being plotted against an appropriate
‘reaction parameter’. Thus a chemical reaction is also charac-
terised by an activation energy associated with the rate-
controlling molecular mechanism involved in the reaction.

The activation energy needed for the process to occur is often
provided as kinetic energy. In the case of skittles this is from the
impact of the ball, which must transfer sufficient kinetic energy to



Why are Colloidal Dispersions Stable? I Basic Principles 19

tilt the pin through the critical angle 8y corresponding to the top
of the energy barrier. In chemical systems the random impacts of
colliding molecules arising from their thermal motions may pro-
vide a given molecule, or a pair of colliding molecules, with
enough energy to enable reaction to occur. Alternatively the
energy can come from the absorption of a photon of radiation.

The chance of the process occurring by a collision mechanism
depends both on the fraction of molecules having the requisite
excess energy and on the chance that they will collide. This is
analogous to the calculation we could make of the probability of
knocking down a skittle, which is proportional both to the chance
that the throw is accurate and to the chance that the throw is
powerful enough so that on impact the energy barrier is over-
come. Since in physico-chemical systems the energies of molecules
are distributed about a mean value according to the Maxwell-
Boltzmann distribution law, there will always be a chance,
however small, that the change from a metastable state to the
stable state will occur, though if the barrier is very high it may
take place imperceptibly slowly.

SURFACE FREE ENERGY

The discussion of the preceding section suggests that it will be
useful to deal with the stability of colloids in terms of the free
energy of a colloidal dispersion. It was stressed in Chapter 1 that
an important characteristic of disperse systems is the large area of
the interface between the particle or droplet and the surrounding
medium, with the consequence that a significant proportion of the
molecules are associated with the microheterogeneous regions
which form the interfaces between the dispersed phase and the
dispersion medium. Since the contributions which these molecules
make to the thermodynamic properties of the system are different
from those made by the ones within each of the bulk phases, the
presence of the interface must affect the overall thermodynamic
state of the system and in particular its free energy. For example,
in the process of breaking a column of material of cross-sectional
area A (Figure 2.3), the increase in potential energy of the system
which accompanies this process is measured by the amount of
work needed to separate the pieces reversibly against the forces of
attraction between them (AW). If the process is carried out
isothermally, then this is equal to the increase in free energy (see
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Figure 2.3 Splitting of a column of material of cross-sectional area A to form two
surfaces of total area 2A, and separation to infinity.

the appendix at the end of this chapter). Figure 2.4(a) shows
schematically the amount of work needed to separate the surfaces
reversibly as a function of the distance of separation /4. When the
pieces are infinitely far apart the increase of free energy is
proportional to the area (24) of surface created and is called the
surface excess free energy,

AG = AW = 20°4, (2.1)

where the proportionality factor ¢° is called the surface or
interfacial tension.*
Initially, all the molecules in the planes between which separa-

* These terms may be used interchangeably, although surface tension usually
refers to a surface between a condensed phase (solid or liquid) and a vapour or
vacuum, while interfacial tension refers to that between two condensed phases.
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tion is to take place are ‘bulk molecules’; in the separated state
they are ‘surface molecules’ in a quite different molecular environ-
ment and with different energies. The increase in free energy thus
arises from the difference between the intermolecular forces ex-
perienced by surface molecules compared with those acting on
them when they are part of the bulk material [Figure 2.5(a) and

(0]

(a) Ad :
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)
S (b) o0 = AW
3 24
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Figure 2.4 Variation of the free energy per unit area of surface of the system
shown in Figure 2.3 as a function of separation, H, of the surfaces:
(a) in vacuo, (b) immersed in a fluid medium. The free-energy change
per unit area at complete separation is the surface tension of the free
surface 0°, which is reduced by A0? on immersion. The free-energy
change at intermediate separations can be regarded as the surface
tension of the surfaces at that separation. Since (dAG/dH) is positive,
the surfaces attract one another at all separations (see the appendix on
page 28).

It is seen that the surface excess free energy is not fully
developed immediately since at small separations the surface
molecules are still to some extent under the influence of those on
the opposite faces [Figure 2.5(b)]. One may say that the surface
excess free energy, and hence the interfacial tension of the
surfaces, depends on their separation; we shall have occasion to
use this concept in later chapters.

The above discussion refers to an idealised situation. In prac-
tice the change in surface area may be brought about by
comminution of a solid or, for a liquid, by forcing it out of a
nozzle to form an aerosol of liquid droplets. In both cases work
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has to be performed. However, it is impossible to carry out a
grinding process or to form an aerosol spray reversibly, so that
the increase in free energy is less than the work done in the
process: part of the work is degraded by frictional processes and
manifests itself as ‘heat’. So these are not practicable ways of
actually measuring surface free energies. However, the area of a
liquid surface can be varied by forcing a drop of liquid slowly
from a syringe tip, and this is the basis of one method of
measuring its surface tension (sce page 72). The determination of
the surface free energies of solids, however, raises a number of
important questions which cannot be dealt with here.

T R

(b)

H —>» ©

(c)

Figure 2.5 Schematic representation of interatomic (or intermolecular) forces
(a) in the solid before splitting, (b) at a separation H when the
atoms on each surface still interact with those on the opposite surface,
and (c) at infinite separation where the surface atoms interact only
with the bulk atoms below the surface.
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The form of the curve shown in Figure 2.4(a) refers to the case
in which the surfaces are formed in a vacuum or an inert gas. An
attractive force acts at all separations. The free energy thus
decreases as the two broken surfaces come together, and they tend
to re-adhere. Indeed this tendency is manifested in practice by the
‘caking’ of fine powders, a problem of importance in their
handling and in the design of hoppers.

The situation is somewhat different if the separation is carried
out under a liquid. As we shall see later, if the space between the
broken surfaces is filled with a pure liquid, the force between
them is reduced and the interaction energy curve will be modified
as shown in Figure 2.4(b). The free energy is reduced at all
separations but the surfaces will still attract one another at all
distances, albeit less strongly.

It is clear that this simple discussion of surface free energies is
unable to account for colloid stability. This can only arise if there
is some way of inserting an energy barrier between the states of
separation and contact which prevents the metastable state from
passing over into that of lower energy, i.e. the state of contact.

Energies have always to be measured relative to some chosen
initial state. So far we have chosen zero separation as this
reference level. For many purposes, however, it is more conve-
nient to choose infinite separation as the energy zero so that
Figure 2.4 takes the form shown in Figure 2.6. The curve now

(b)
(a),

AG®Y 24—

Figure 2.6 Variation of the free energy per unit area of surface as a_function of H
taking as energy zero that at infinite separation, (a) and (b) as in
Figure 2.4.
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represents the attractive free energy AG**/2A and becomes
increasingly negative as the surfaces approach.

REPULSIVE FORCES: THE TOTAL FREE-ENERGY
CURVE

If the medium between the two surfaces is no longer a pure
liquid, but is one of certain types of solution to be discussed later,
then new phenomena may arise leading to a repulsive force
between the surfaces. If such a repulsive force exists, then work
must be done to reduce the distance between them. This is shown
in Figure 2.7: the free energy arising from repulsion increases as
the separation decreases.

AG™®%/2A

H

Figure 2.7 Influence of repulsive forces on the free energy of interaction of surfaces
as a function of separation, taking the energy at infinite separation as
the energy zero. Work has to be done on the system to bring the
surfaces together.

It is usually assumed that the contributions to the total free
energy from attractive and repulsive forces are additive, so that
depending on the range and relative strengths of these two
contributions a variety of total free-energy curves may result.
Some typical shapes are shown in Figure 2.8. We shall leave until
the next chapter a discussion of the origins of the various forces
leading to surface free-energy curves such as those in Figure 2.8.
Before doing so we will consider how the stability of a colloid is
related to the shape of such curves. It is their contribution to the
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total free energy of a dispersion that is usually the most impor-
tant.*

COLLOID STABILITY

From what has been said earlier, it will be clear that a colloidal
dispersion represents a state of higher free energy than that
corresponding to the material in bulk (Figure 2.4); passage to a
state of lower free energy will therefore tend to occur spon-
taneously unless there is a substantial energy barrier preventing
the elimination of the colloidal state. In the presence of such a
barrier the system will be metastable and may remain in that state
for a very long time.** On the other hand, if. conditions are
adjusted so that the energy barrier becomes negligibly small, or
disappears altogether [Figure 2.8(b) and (c)], then the colloid
becomes unstable. Thus the whole question of the preparation and
stability of colloidal systems is closely tied up with the factors that
give rise to free-energy barriers of adequate height to prevent the
breakdown of the colloidal state. Conversely the problems of the
destruction of colloids depend on our ability to change conditions
so that such energy barriers are reduced or eliminated.

In the case of colloidal dispersions the energy necessary to
carry a system over the energy barrier comes from the Brownian
motion of the particles (see Chapter 6) which results from the
random bombardment of the surface of the particles by molecules
of the medium. It turns out that the average translational energy
of colloidal particles undergoing Brownian motion is of the order
of (3/2)kT per particle, where £ is Boltzmann’s constant, equal to
1.38 X 107 J molecule ' K~!, and 7 is the absolute tempera-
ture. At 300 K two particles bring into a collision an energy of the
order of 107% J. However, there is a finite probability that at a
given moment a particle may have a larger or smaller energy.
The chances of a collision involving a total energy of several times
kT (say 10kT) become very small so that, provided the free-
energy barrier is sufficiently high, compared with (7, the disper-
sion will remain indefinitely in a metastable state: it is said to be
* The entropy change associated with subdivision or aggregation cannot always be

ignored and is responsible for a number of special phenomena (see Chapters 9 and
11).

** Some of Faraday’s original gold sols are still in existence at the Royal
Institution in London. ’
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(b)

Figure 2.8 Some possible forms of the total-interaction free energy (iil) resulting
Jfrom a combination of attractive (i) and repulsive (11) contributions:
(a) states of separation and contact separated by a high energy barrier
(primary maximum, P) arising from strong repulsive interaction,
(b) lowering of the energy barrier by reduction of the repulsive
interactions or a decrease in their range, the system being able to pass
over into the primary minimum, M, if the primary maximum is

colloidally stable.

Instability will ensue if the ratio of the barrier height to 47 is
reduced to say 1-—2. This may arisc in various ways. In principle,
if the absolute height remained constant, then instability could be
induced by an increase in temperature, but this is a relatively
small effect. In practice the barrier height is found to be a
sensitive function of several factors: including the composition of
the medium, temperature, and pressure. Instability and floccula-
tion are, therefore, more often caused by the reduction in the
height of the barrier resulting from a change in one or more of
these factors.

A situation peculiar to colloidal systems is that in which the
free-energy curve has the form of Figure 2.8(d). Here aggregation
is prevented by a high energy barrier, but preceding this is a
relatively shallow minimum - called a secondary minimum to
distinguish it from the deep primary minimum. If the depth of the
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(c)

lowered to a few kT, (c) elimination of the energy barrier, the system being able to
pass over into the primary minimum, M,, without any activation energy, (d) it
is sometimes found that a shallow minimum exists (secondary minimum, M,)
before the primary maximum is reached. In these diagrams account is also taken of
the short-range repulsive forces when the surfaces are almost in contact (Born
repulsion). Figures 2.4 and 2.6 refer to ‘hard’ interactions where on contact the
repulsive force becomes infinite.

secondary minimum is of the order of a few k7, then small
relatively weakly bound aggregates (flocs) can form. These have a
limited lifetime, and a kinetic equilibrium may be set up between
single particles and flocs, which is often described as weak
Slocculation or secondary minimum flocculation. An important feature of
such a situation is that, although the flocs are sufficiently stable
not to be completely dissociated by Brownian motion, they may
disintegrate under externally applied hydrodynamic forces, such
as vigorous stirring. Some practical implications of this phe-
nomenon will be discussed in Chapter 14.

In the following chapters we shall first seek to understand the
origin of free-energy curves of the various types illustrated in
Figure 2.8 and then apply these ideas to a discussion of the
formation and stability of some typical systems.

So far we have limited our attention to one particular kind of
colloid, namely particulate dispersions. In these the driving force
for aggregation or dispersion is the gradient of the free-energy
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curve. However, the surface free energy of a system is a function
both of the surface tension and of the interfacial area:

G = oA. (2.2)

The processes we have considered so far may therefore be
regarded as taking place at constant surface area:

dG = Ado. (2.3)

However, there are many examples in which the driving force is
the change in the surface area of interfaces, the surface tensions
remaining essentially constant:

. dG = odA. (2.4)

As we shall see, this is the case in the destruction of emulsions by
the coalescence of emulsion droplets. In more complex systems,
which we shall not discuss, colloid stability is controlled by
changes in both surface tension and area:

dG = d(oA) = od4 + Ado. (2.5)

APPENDIX

We consider the sequence illustrated in Figure 2.3. At a given
separation H the external force which has to be applied to hold
the two parts at this distance is equal and opposite to the force of
attraction between the parts F**. By convention, F*" is given a
negative sign so that the work done reversibly on the éystem when
the separation is increased by dH is —%*'dH, which is positive,
in accordance with the usual thermodynamic convention. The
work done on the system in the whole separation process, carried
out reversibly, is then given by

AW = ——J:) FadH.

If the process is carred out isothermally, then AW measures the
increase in free energy, AF, between the initial and final states,
while the slope of the curve of AF as a function of H,
[3(AF)/2H] , is equal to —F,

That AW is not equal to the total energy change, AU, is
readily understood since, in general, the process will be accompa-
nied by a flow of heat, AQ, into or out of the system to maintain
constant temperature. By the first law of thermodynamics
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AU = AW + AQ,
while, according to the second law, in a reversible change
AQ = TAS,

where AS is the entropy change accompanying the separation
process. It follows that

AW = AU — TAS,

which by definition is equal to AF.

Note that in the present context no distinction need be made
between the energy U and the enthalpy H, nor between the
Helmholtz free energy F and the Gibbs free energy G. In-the
following chapters we shall use the Gibbs frec cnergy.
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Why are Colloidal
Dispersions Stable?
II Interparticle Forces

INTRODUCTION

In Chapters 1 and 2 we saw that in vacuo or in an inert
atmosphere the free energy of two bodies increases as the separa-
tion between their surfaces increases so that they will attract one
another and the natural tendency will be for them to come
together spontaneously; if the two bodies are colloidal particles
they will tend to aggregate. We have, however, indicated that
under certain circumstances the mutual f{ree-energy curves of
colloidal particles may exhibit a maximum (Figure 2.8) so that
when the particles approach the free energy increases initially, i.e.
the particles repel one another, until at the maximum in the curve
this repulsion changes over to an attraction. The system thus has
to surmount a free-energy barrier, which if sufficiently high
(compared with £7) will keep the particles apart so that the
dispersion will be colloidally stable. In this chapter we shall
discuss the various factors which contribute to the shape of
interparticle free-energy curves and hence control the stability of
dispersions.

INTERMOLECULAR FORCES

Our ultimate aim is to understand the interactions between
colloidal particles. However, since these are attributed to the
summation of the interactions between individual molecules in the
two particles, we must begin by discussing the origin and nature
of intermolecular forces.

30
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The existence of attractive forces between non-polar molecules
has been recognised since the classical work of van der Waals
(1873), but their origin was not understood until London (1930)
showed how they could be calculated by a quantum mechanical
discussion of the interaction between fluctuating dipoles, arising
from the motions of the outer electrons on the two molecules.*

According to the theoretical equations, these attractive forces
increase in magnitude as the molecules approach one another,
and at a separation of r between the nuclei of atoms (or the
centre of mass of roughly spherical molecules) they are propor-
tional to the inverse seventh power of the separation:**

Fot = —Afy. (3.1)

The work done in separating reversibly a pair of atoms or
molecules from a distance d to infinity is given by

AW = — L Fadr = A L (1/r")dr = AJ6d® = A’/d°.(3.2)

If we choose the energy at infinite separation as the energy zero,
then the free energy of attraction between a pair of atoms or
molecules at a separation d is

AG™ = —AW = —A"/db (3.3)

and is shown schematically as curve (a) in Figure 3.1. The
constant A’ is related to the nature of the individual molecules
through certain quantum mechanical properties, which can be
expressed approximately in terms of experimental quantities.

One expression, used by London, gives A’ for the interaction of
two identical atoms or molecules in the form

A = (3/4)hva?, (3.4)

where « is the polarisability of the atom or molecule, £ is
Planck’s constant (6.63 X 1073 Js), and v is a characteristic
frequency identified with that corresponding to the first ionisation

* The term ‘dispersion forces’, often used to describe these forces, will not be used
here in order to avoid confusion with the term ‘dispersion’ used to describe
colloidal systems. We shall call them Lendon—van der Waals forces. The van der
Waals forces between polar molecules include other contributions which have to
be added to the London forces.

** We adopt the convention of giving a negative sign to attractive forces and a
positive sign to repulsive forces. Note that the external force needed to balance the
attractive force is —~ %2 (see page 28). N.B. A here is a constant, not area.
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potential and consequently lying in the ultraviolet. For two unlike
molecules, 1 and 2,

= (3/2)h|— 22 ) 3.5)
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Figure 3.1 Potential energy of interaction, AG(d), between two molecules a
distance d apart: (a) van der Waals attraction, (b) Born repulsion,

(¢) resultant intermolecular potential.

The attractive force increases and the free energy becomes
increasingly negative as the atoms approach one another. How-
ever, at close distances their electron clouds begin to interact. If
the clectrons are in non-bonding orbitals, this gives rise to a
repulsive force and an increase in free energy which becomes
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effectively infinite when the electron clouds interpenctrate. This
repulsive force (sometimes called the Born repulsion) is expected
theoretically to have the form

Frev = Be~ad, (3.6)

where ¢ and B are constants, leading to a contribution to the
intermolecular potential at a distance 4 apart of

AG™ = (B/a)e ™. (3.7)

The algebraic handling of problems involving intermolecular
potentials is greatly simplified if the repulsive potential is repre-
sented by the approximate expression™®

AG™ = B'/d"?, (3.8)

which is shown as curve (b) in Figure 3.1. The total potential
energy of interaction between a pair of atoms or molecules is
assumed to be the sum of the contributions from attractive and
repulsive forces so that, as shown in curve (c) of Figure 3.1,

AG = AG™ + AG* = (B'[d"?) — (A'/d"). (3.9)

This is usually known as the Lennard-Jones potential.** In-
stead of expressing the equation in terms of the parameters A’
and B’ it is often more convenient to use the depth of the
potential well €, and the distance at which the potential is zero,
70, when

AG = demnl(r0/d)"* = (r0/d)°]. (3.10)

INTERPARTICLE FORCES

One method of calculating the potential energy of interaction
between two particles is to assume that every molecule in one
particle interacts with each molecule in the other according to a
Lennard-Jones potential and that the total free energy of interac-
tion is obtained by summing the contributions from all possible
pairs of molecules [Figure 3.2(a)]. The repulsive contribution can
be neglected except for those molecules on opposing surfaces. The

* Now that these problems are more frequently solved by computer, the

advantages of equation (3.8) over (3.7) have largely disappeared.

** A similar expression in which the exponents 12 and 6 were left unspecified as
n,m had been used empirically much earlier by Mie.
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simplest case to handle mathematically is that of two hard, flat,
effectively infinite plates a distance H apart [Figure 3.2(b)], for
which it was shown by Hamaker that, for unit area of surface,

AGHM = —AH/(IQWHQ), (3.11)

where Ay is called the Hamaker constant. Its value is closely
related to A’ of equation (3.4) and is given by

Ay = (3/H)hva’n?q? = A'n?q?, 3.12
q q

where ¢ is the number of molecules in unit volume of particles. A
similar calculation for two equal-sized spheres [Figure 3.2(c)] of

(a)

B~ (b)

Figure 3.2 [Interaction between elements of volume dV containing qdV molecules,
which on summation for all pairs of volume elements gives the
total-interaction free energy between the two bodies: (a) particles of
arbitrary shape, (b) two parallel semi-infinite plates a distance H
apart, (c) two spheres whose surfaces are a distance H apart.
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radius a gives, as an approximation when the spheres are close
(H/a < 1):

AG* = —(Aya/12H)[1 + (3/4)H/a + higher terms]. (3.13)

For many purposes it is sufficient to neglect all but the first term
in brackets.

Both formulae (3.11) and (3.13) emphasise a very important
point, namely that the energy of attraction between particles falls
off very much more slowly than that between single molecules: the
long range of interaction between colloid particles plays a crucial
role in determining their properties.

When close-range repulsion is taken into account, the total
frec-energy curves for particles interacting through London-van
der Waals forces have the forms alrcady shown schematically in
Figure 2.8.

Because the forces between colloidal particles have a much
longer range than those between individual molecules, an extra
factor has to be considered in discussing interparticle forces. In
the London theory the interaction between fluctuating dipoles is
supposed to occur instantanecously. However, the electromagnetic
field set up by a moving electron is propagated at the velocity of
light. There is thus a delay between the wave being sent out by
one molecule, its arrival at a neighbouring molecule, and the
response of that molecule being received by the first. By this time,
if the molecules are far apart, the electronic state of the first
molecule may have changed. For molecules the range of the
interactions, and hence the time-scale, is so short that this effect
can be ignored. For particles, however, it becomes important.
Typically for separations greater than 10 nm this so-called retarda-
tion effect is significant and causes the interaction to fall off more
rapidly than it does at closer separations. Imitially, as we have
seen, the energy of interaction between two plates falls off in
proportion to H7% at greater distances, when the forces are
‘retarded’, the relation changes to a proportionality to A 3. While
the retardation effect is important in quantitative theories of
colloid interaction, it does not influence the general principles
which are the subject of this book.

EFFECT OF THE INTERVENING MEDIUM

The expression given above for the Hamaker constant for the
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interaction between two particles applies only to the case in which
the particles are in a vacuum; it is also adequate in the presence
of an inert gas and so can be used, for example, in discussing the
interaction between aerosol particles.

Particles immersed in a liquid medium experience a smaller
attractive force. The calculation of such forces and their rela-
tionship to the nature of the particles and of the dispersion
medium has been, and continues to be, a major theoretical
problem. Important advances towards its solution have been
made in recent years, and they will be mentioned briefly in
Chapter 15. For the present purposes it is sufficient to use a
relatively simple approximate equation according to which the
appropriate Hamaker constant to be employed when two particles
of material 1 are separated by a medium 2 is given by

Ay = [AW} = A (3.14)

where Ao is the Hamaker constant for interaction between two
particles of material 1 through a vacuum, and similarly for A4 4.
The important qualitative deduction from this, which is confirmed
by more sophisticated theories, is that the more closely similar the
disperse phase and the dispersion medium the closer will be the
values of Al and AL/,’ and hence the smaller the value of Ay for
particles of 1 immersed in 2. Because equation (3.14) involves the
squarc of the difference between Ay and Ay, the same will be
true for particles of 2 immersed in 1. The form of the interaction
curve between particles immersed in a liquid thus has the same
form as in Figurc 2.4(b) but with a different value of the
Hamaker constant. So far, therefore, theory predicts that colloidal
particles will attract one another at all distances of scparation
down to that of the primary minimum; we still have to seck the
origin of the repulsive forces that give rise to colloid stability.

ELECTROSTATIC FORCES: THE ELECTRICAL DOUBLE
LAYER

In Chapter 1 it was stated that the particles in most colloidal
dispersions in aqueous media carry an electric charge. We also
learned that the stability of such dispersions is very sensitive to
the addition of electrolytes. Evidence for the existence of charges
on particles comes from the phenomenon of electrophoresis, which
will be dealt with in Chapter 6. Meanwhile we accept their
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presence and consider their origin and their role in stabilising
colloids.

Surfaces may become electrically charged by a variety of
mechanisms, the more important of which are the following:

(1) lonisation of surface groups. If the surface contains acidic groups,
their dissociation gives rise to a negatively charged surface
[Figure 3.3(a)]; conversely, a basic surface takes on a positive
charge [Figure 3.3(b)]. In both cases the magnitude of the surface
charge depends on the acidic or basic strengths of the surface
groups and on the pH of the solution. The surface charge can be
reduced to zero (at the point of zero charge, p.z.c.) by suppressing
the surface ionisation by decreasing pH in case (a) or by
increasing the pH in case (b). Many metal oxides exhibit
amphoteric behaviour in that both positively and negatively
charged surfaces can be obtained by varying the pH.

(11) Differential solution of ions from the surface of a sparingly soluble
crystal. For example, when a silver iodide crystal is placed in
water, solution occurs until the product of ionic concentrations
equals the  solubility  product: [Ag*][I7] = K= 10716
(moldm™3)2. If equal amounts of Ag® and I~ ions were to
dissolve, then [Ag*] = [I"]=10"%moldm™% and the surface
would be uncharged. In fact silver ions dissolve preferentially,
leaving a negatively charged surface [Figure 3.3(c)]. If Ag* ions
are now added (in the form say of silver nitrate solution), the
preferential solution of silver ions is suppressed and the charge
falls to zero when [Ag*] = 107>° (or pAg = —log[Ag*] = 5.5);
further addition leads to a positively charged surface, since it is
now iodide ions that are preferentially dissolved [Figure 3.3(d)].
If 17 ions had been added instead (say as potassium iodide
solution), then the negative charge would have been increased
since the preferential solution of the Ag* ions would have been
increased. The surface charge thus depends on the relative
concentrations of Ag* and I~ ions, the p.z.c. occurring at
pAg = 5.5. (An alternative, but equivalent, description of the
above sequences can be given in terms of the relative adsorptions
of Ag™ and 1~ ions at the crystal surface.)

(i) Isomorphous substitution. A clay may exchange an adsorbed,
intercalated, or structural ion with one of lower valency, produc-
ing a negatively charged surface. For example, Al may replace Si
in the surface, tetrahedral, layer of a clay, producing a negative
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surface charge [Figure 3.3(¢)]. In this case the p.z.c. can be
reached by reducing the pH, the added H* ions combining with
the negative charges on the surface to form OH groups. -
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Figure 3.3 Origin of surface charges by: (a) ionisation of acid groups to give a
negatively charged surface, (b) ionisation of basic groups to give a
positively charged surface, (c) differential solution of silver ions from
a Agl surface, (d) differential solution of iodide ions from a Agl
surface, (e) isomorphous substitution in a clay surface to give a
negatively charged surface, (f) breaking a clay crystal to give a
positively charged edge, (g) specific adsorption of a cationic surfactant,
(h) specific adsorption of an anionic surfactant.
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(iv) Charged crystal surfaces. 1t may happen that, when a crystal is
broken, surfaces with different properties are exposed. Thus in
some clays (e.g. kaolinite), when a platelet is broken, the exposed
edges contain AIOH groups which take up H* ions to give a
positively charged edge [Figure 3.3(f)]. This may coexist with
negatively charged basal surfaces, leading to special properties
(see Chapter 13). In this case there will be no single p.z.c., but
each type of surface will have its own value.

(v) Specific ion adsorption. Surfactant ions may be specifically
adsorbed, leading, in the case of cationic surfactants, to a
positively charged surface [Figure 3.3(g)] and, in the case of
anionic surfactants, to a negatively charged surface [Figure
3.3(h)].

To examine the way in which these charges affect the prop-
erties of colloids, it 1s first necessary to say a little about
fundamental electrostatic theory.

The fundamental law of electrostatics — Coulomb’s law —
expresses the inverse square law of force between two electric
charges ¢, and ¢, scparated by a distance 4 in a vacuum in the
form:

F = q.q2/(4meod?), (3.15)

where g is the permittivity of free space (vacuum). If ¢, and ¢,
have the same sign, the force is a repulsion; if they are of opposite
sign, the force is an attraction.*

In the presence of a material medium surrounding both
charges, the force is reduced by a factor & = g/g, the relative
permittivity (or dielectric constant) of the medium. The work done in
bringing two charges together from infinite separation to a
distance 4 in a medium of permittivity € is therefore given by

d
AGH = AW = — [ Fdb = gigofiamed)  (3.16)

and measures the electrical free energy of the system relative to
that at infinite separation.

The charge ¢, may be thought of as producing an electric field at
a point d, such that the work needed to bring a unit charge to this
point is ¢,/(4med); this is called the electrical potential at d due to
* This is the form taken in the S.I. system of units. The original form (in e.s.u.

units) may be more familiar to some readers: ¥ = g,¢9/d2. Note the sign
convention on page 28.
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the charge ¢, and is denoted by 3. The work done to bring up a
charge ¢» to this point is ¢, and is positive if ¢, 1s positive and
converscly.

To enable us to discuss the electrostatics of electrolyte solutions
we need to introduce another fundamental principle — Boltzmann’s
distribution laww — which relates the probability of particles being at
a given point at which they have a potental cnergy, or free
energy, AG, relative to some chosen reference state. This prob-
ability may be expressed in terms of the average concentration, c,
at the point considered relative to that, ¢, at the reference level,
taken as the zero of energy. If the temperature i1s 7', then

¢ = exp(=AG/KT). (3.17)

The simplest example of this is, of course, the distribution of
gas molecules in the Earth’s atmosphere. The potential energy of
a gas molecule of mass m (relative to its value at the surface of
the Earth) is mgAh, where AA is the height of the point
considered above the surface. Thus

In(c/c®y = —mgAhJkT, (3.18)

which indicates that (if the temperature of the atmosphere were
constant and independent of height) the concentration of gas
molecules and hence the atmospheric pressure should decrease
logarithmically with height, which is broadly true. The same
equation applies to the distribution of colloidal particles in the
Earth’s gravitational field, as shown by Perrin in his classical
work on gamboge particles (see Chapter 6).

Applied to the electrostatic case, Boltzmann’s law indicated
that, if at some point in an electrolyte solution there is an
electrical potential 1, then in the region of that point the
concentration of positive ions will be

o(+) = exp(—zrep/kT), (3.19)

where z4 is the valency of the positive ion, e the elementary
(protonic) charge, and ¢ the concentration of positive ions in a
region where ¥ = 0. For negative ions similarly

o(=) = exp(+z_eyp/kT). (3.20)
In this region there will therefore be an imbalance of clectrical
charges, which in the casc where 2z, =z =11s

c(+) = e(=) = lexp(—ey/kT) — exp(+eyp/kT)]. (3.21)
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If the region under consideration is close to a negative ion, then
 will be negative and [¢(+) — ¢(—)] will be positive. This means
that around a negative ion there will be an excess of positive
charge; this is called a charge cloud or ionic atmosphere. Since the
electrolyte solution as a whole is electrically neutral, the integral
[¢(+) — ¢(—)]dv taken over the whole volume (v) of the solution
outside the negative charge must exactly balance that charge.
This picture is the starting point for the Debye—Hiuckel theory of
electrolytes in which the contribution of electric charges to the
free energy of an electrolyte solution is calculated.

In colloid science we are particularly interested in the ionic
atmosphere which is developed around a charged colloid particle,
rather than around a single ion. In this context it is usual to call
this ionic atmosphere an electrical double layer. The charge on the
particle is distributed over its surface and is just balanced by the
total charge in the double layer in which there is an excess of
oppositely charged ions (counter-ions) (Figure 3.4).

The concept of an electrical double layer was introduced by

(a)

(b)

Figure 3.4 The electrical double layer: (a) according to the Helmholtz model,
(b) the diffuse double layer resulting from thermal motion. O positive
charge, @ negative charge.
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Helmholtz, who envisaged an arrangement of charges in two
parallel planes as shown in Figure 3.4(a), forming in effect a
‘molecular condenser’. However, thermal motion causes the
counter-ions to be spread out in space, forming a diffuse double
layer in which the local concentration is determined by equation
(3.21), Figure 3.4(b).

The case most fully studied is that of a plane surface carrying a
uniformly distributed charge. The electrical potential in the
solution then falls off exponentially with distance from the surface

(Figure 3.5):
Y = Ylexp(—kz). (3.22)

Thus at a distance 1/k the potential has dropped by a factor of
(1/e). This distance may be used as a measure of the extension of
the double layer and is often loosely called the thickness of the
double layer. According to the theoretical equations it has the value
1/k = [ekT/e?Zc;z2]"/** and is identical with the parameter intro-
duced in the Debye-Hiickel theory of clectrolytes in which 1/k is
identified with the radius of the ionic atmosphere. Of particular
importance in colloid science is the fact that the thickness of the

1-:0

1/e

Tng 1w, 1,
z

Figure 3.5 Variation of electrical potential with distance from the surface and its
dependence on  electrolyte  concentration: (i) low, (ii) medium,
(iii) high electrolyte concentration. 1/ is called the thickness of the
double layer.

—3.

* N.B. Here ¢; is the number of ions m™% if ¢; is expressed in molm ™3 then
1/k = [eRT/F?Zc;z}] 2, where Fis the Faraday constant.
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double layer depends markedly on the ionic concentration as
shown in Figure 3.5: as the concentration increases, the thickness
of the double layer decreases rapidly. Thus in an aqueous solution
of a 1:1 electrolyte at 25°C the values of l/K are: at

(b)
0
O
]
x
(8]
0 e
V4
(c)
0
(8]
1
*
(8]
O m—

z

Figure 3.6 Charge distribution in the diffuse double layer. Variation with distance
from the surface of: (a) the concentrations of positive and negative
ions in the neighbourhood of a negatively charged surface, (b) the net
excess charge, (c) dependence of the net charge distribution on the ionic
strength of the solution, for the case in which the surface charge is
constant. Curves (1), (il), and (i) refer to increasing ionic strength.
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107* moldm™ 304nm, at 10 ®moldm™ 9.6nm, at
1072 moldm ™3 3.0 nm, and at 10™! moldm ™% 0.96 nm.

It follows from equation (3.22) that the local ionic concentra-
tions vary with the distance from the surface in the way depicted
in Figure 3.6(a), while the local charge density [¢(+) — ¢(—)] 1s
shown in Figure 3.6(b). The area under this curve 1s equal to the
charge on the surface. From these considerations we arrive at the
picture of a charged colloid particle as being enclosed in a sheath
in which charges of opposite sign to that on the particle pre-
dominate. The distance over which this imbalance of local
charges persists is dependent on the electrolyte concentration, as
shown in Figure 3.6(c) for the case in which the surface charge is
constant, i.e. the areas under the various curves are constant.

In colloid science we have to consider not only the nature of a
single double layer (a subject of importance in surface clectro-
chemistry) but also the way in which the double layers surround-
ing two colloid particles interact with one another when they
come together.

When two similarly charged colloid particles, with their associ-
ated double layers, move toward one another they will begin to
‘feel’ one another’s presence as soon as any appreciable overlap of
the ‘tails’ of the charge distributions occurs [Figure 3.7(a)]. This
interaction will develop steadily as they approach. The resulting
repulsion between the particles may be pictured, and interpreted
in detail, in various ways and at various levels of sophistication
(see Chapter 9). One simple view is that the two ionic charge
clouds, of the same sign, repel one another in much the same way
as the electron clouds around atoms and molecules. Alternatively,
the double layers may be thought of as screening the charges on
the colloid particles from one another. Seen from a sufficient
distance, a charged particle with its neutralising double layer
‘looks’ like an uncharged entity. At closer separations the screen-
ing is incomplete and each particle ‘sees’ the other as a partially
charged particle of the same sign, as a consequence of which the
particles repel one another. The full solution of the electrostatic
problem still cannot be achieved without mathematical approx-
imation and physical simplifications, but the general picture is
clear. The general form of the double-layer repulsive energy and
its dependence on electrolyte concentration is that shown in
Figure 3.7(b).

We have now identified one mechanism by which colloid
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particles may repel one another. It has the important properties
that it is dependent on the charge on the particle (and hence on
the electrical potential at its surface) and on the electrolyte
concentration, both of which affect the range of the repulsive
force. We shall come back later in the chapter to consider the
consequences of adding this repulsive potential to that arising
from van der Waals forces. Before doing so we deal briefly with a
second phenomenon which can lead to repulsion between parti-
cles.

(a)

c(#)-c(-)

(b)

AG™¢P

H

Figure 3.7 (a) Overlapping of the two double layers when two charged particles
approach. (b) Double-layer repulsive energy as a function of particle
separation. Curves (i), (ii), and (iii) refer to increasing electrolyte
concentration.

‘STERIC REPULSION’: THE EFFECT OF ADSORBED OR
ANCHORED LAYERS

It has been known for a very long time, empirically, that the
addition of certain natural biopolymers such as gelatine can
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stabilise colloidal dispersions. The earliest example is probably
the use of natural gums by the Chinese and Egyptians 2000—
3000 years ago to prepare inks. Their action was -attributed by
Faraday and later authors to the formation of a protective sheath
around each colloid particle which prevented flocculation. The
phenomenon of stabilisation by this means was called protection.

In recent years systematic studies using a wide variety of
synthetic polymers have led to a considerable elucidation of the
detailed mechanism of stabilisation of this kind, which has been
given the name steric stabilisation.

Adsorbed layers can affect interparticle forces in two ways.
First they can influence the van der Waals attractive forces, and
secondly they can give rise to a repulsion between the particles:
We consider two cases.

(1) Anchored (or effectively anchored) layers. 1f an adsorbed layer is
compact and is not displaced on collision between particles, then
the presence of this layer has the effect of preventing the centres
of the particles from coming closer than 2(a + &), where a is the
radius of the particles and 0 the thickness of the adsorbed layer
(Figure 3.8). The particles may be regarded as essentially hard
spheres with an effective (collision) diameter of 2(a + ). In this
simple case the attractive van der Waals potential can be
calculated by an extension of the pair-wise summation procedure
described earlier and illustrated in Figure 3.8. Two extreme
situations are possible. If the surface layer has properties closely
similar to those of the dispersion medium, then for a given
centre-to-centre distance the attraction will be unaffected by the
presence of the surface layer. However, since the centre-to-centre
distance cannot fall below 2(a + §), the attractive potential at
contact will be less than that for an uncoated particle (6 = 0)
[Figure 3.9(a)]. On the other hand, if the coating is closely
similar to the core material, the coated particle will behave simply
as a larger particle, and in accordance with equation (3.13) it will
have a greater attractive potential than the uncoated particle
[Figure 3.9(b)].

It follows that it is possible to reduce the depth of the potential
well on contact by choosing for the adsorbed layer a polymer
which, although strongly attached to the surface, has properties
matching those of the dispersion medium. If a sufficient reduction
is achieved, e.g. by having 6 large enough and so reducing the
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well depth to a few &7, then Brownian motion (see Chapter 6)
may keep the system in a dispersed state.

This picture is, however, incomplete. The adsorbed layer of
polymer is not usually dense enough to enable it to behave as a
hard surface. The polymer chains will extend out into the
medium to an extent which depends on how they interact with
the medium [Figure 3.10(a)]: the more closely similar chemically
are the polymer segments and the medium the more open the
surface structure. On collision between particles the polymer

Figure 3.8 Interaction between two particles carrying an anchored polymer layer of
thickness O. The interaction energy is calculated by summing the
contributions between the pairs of elements as indicated.

AG

H—>

(a)

(b)

26

Figure 3.9 Interaction potential curves corresponding to Figure 3.8. (a) If the
polymer has properties closely similar to the dispersion medium,
Agy = Asz; (b) if the polymer has properties closely similar to the
particle, A; = Ay,.
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(a)
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Figure 3.10 Origin of the steric repulsion between particles: (a) particles far
apart, H >> 20, (b) successive stages of overlap of the polymer
layers as H goes from 20 to O. & = a(rl2)'?2, where 1 is the number
of segments in the polymer, | is the length of each segment, and « is
an expansion coefficient (o = 1 for a random coil).

chains will interpenetrate [Figure 3.10(b)]. This has two conse-
quences. First, the local density of polymer segments increases.
Osmotic effects (see Chapter 6) will then cause the medium to
diffuse into the region betwecn the surfaces to reduce the segment
concentration and so to drive the surfaces apart. Secondly,
because the segments are linked together in a polymer chain, this
increased concentration will constrain the chains, leading to a
reduction in the number of configurations they can adopt. This
implies a reduction, AS, in the entropy of the system and hence
an increase, |TAS|, in the free energy. This contribution to the
intermolecular potential is called the entropic repulsion term. In this
case the centre-to-centre separation of the particles can fall below
2(a + 8), but as it does so the potential rises steeply. This is
shown schematically in Figure 3.11(a). The magnitude of the
repulsion arising from the presence of the adsorbed layer clearly
depends on the density with which it covers the surface: the more



Why are Colloidal Dispersions Stable? I Interparticle Forces 49

thinly it is spread the smaller its effectiveness in preventing the
particles from approaching one another. It follows that, as the
density decreases, the total-interaction potential curves can take
on the series of forms shown in Figure 3.11(b), and eventually the
adsorbed layer is unable to prevent the system from passing over
into the primary minimum. If AS is constant, the repulsion free
energy arising from this effect increases with increasing tempera-
ture, so that systems stabilised in this way may be expected to
become more stable as the temperature is raised. However, other
factors, to be discussed in greater detail in Chapter 9, show that,
although steric stabilisation is initially favoured by an increase in
temperature, this tendency may be reversed at higher tempera-
tures.

(iv) \Gii) |G i) (a)
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©
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0 26 H—>
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0 H—>
(i)
(iv)
AGC\H

Figure 3.11 (a) Contribution to the repulsive free energy for sterically stabilised
systems: (1) hard surface, (ii)—(iv) decreasing density of the
adsorbed layer, at constant 8. (b) Total-interaction free energy for
systems in (). If the adsorbed layer becomes too sparse (iv), it may
not be able to prevent coagulation into the primary medium.
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To exploit this phenomenon it is necessary to devise methods of
preparation of colloidal dispersions which lead to particles having
anchored to them a layer of polymer of a nature different from
that of the particle, as closely similar as possible to the medium,
and of sufficient chain length to give an adequately large value of
0. The polymer may be attached by specific chemical bonds, by
chain entanglements, or by strong adsorption. In the latter case it
is advantageous to employ a block copolymer of the form A,B,, or
B,A,B, in which the A-chains are strongly adsorbed by the

particle while the B-chains are ‘soluble’ in the medium.

(11) Reversibly adsorbed substances. In the above discussion we have
supposed that no desorption of the adsorbed layer occurs during
the time involved in a collision. This is often an inadequate
assumption. If the substance is adsorbed reversibly, and equilib-
rium is maintained during a collision, then somewhat different
considerations apply. It is a fundamental result of surface thermo-
dynamics that adsorption of a substance lowers the surface
tension at that surface. Thus aqueous soap solutions in which
soap molecules are adsorbed at the liquid/gas interface have a
lower surface tension than water. Let us return to the splitting
process illustrated in Figure 2.3, but now with the surfaces
immersed in a solution. Suppose that, once the surfaces have been
separated, one component of the solution 1is preferentially
adsorbed, then the free-energy curves will be modified as shown
in Figure 2.4. At infinite separation the surface tension of the
surfaces will be reduced by an amount Ao = (¢° — o), the
magnitude of which depends on the amount adsorbed.*

In general, the adsorption will depend on the separation of the
surfaces: its contribution to ¢ will vary with A. It turns out, as
will be explained in Chapter 5, that, if the adsorption increases as
the surfaces come together, adsorption ecffects enhance the attrac-
tion, while, if I' decrcases as H decreases, adsorption cffects
opposc the attraction and may lead to an overall repulsion.

* According to the Gibbs adsorption isotherm (sce page 67),
do = —R7Tdlna,

where I is the adsorption on unit area of surface and a is the activity of the
adsorbed component in the solution. Thus on going from pure solvent (x = ¢ = 0)
to solution of activity a:

Ina

o~ o0 =—RT | [dina
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OTHER FACTORS

The presence of polymers, either adsorbed on colloidal particles
or free in solution, can lead to other interesting effects. For
example, if a high-molecular-weight polymer is present at low
concentration, remote segments of a polymer chain may be
adsorbed on separate particles, causing them to be drawn
together (bridging flocculation). The presence of an excess of non-
adsorbed polymer can also result in flocculation (depletion floccula-
tion). These and other special cases will be discussed in Chapter
9.

THE TOTAL-INTERACTION POTENTIAL CURVE

We have now considered briefly the main contributions to the
total free energy of interaction between two colloid particles. The
most general equation for the total free-energy difference (AG)
between particles at infinite separation and at a separation H is
obtained by adding these contributions:

AG = AG™ (van der Waals) + AG™ (short range)
+ AG™P (electrostatic) + AG™P (steric)
+ AG (other effects). (3.23)

In practice it is not necessary to consider all these contributions
simultaneously, except in certain special cases. We shall here deal
with the two simpler situations in which the long-range repulsive
potential arises either from electrostatic or from steric contribu-
tions. Figures 3.12(a) and 3.12(b) show schematically the total
free-energy (or potential) curves in these two cases. Particular
attention is drawn to the way in which the double-layer repulsion
depends on the ionic strength of the medium: the curves may
show a high repulsive barrier at low ionic strengths, a so-called
secondary minimum at intermediate ionic strengths, and a neglig-
ibly small barrier, or none at all, at higher ionic strengths. In the
same way the form of the steric repulsion is determined by the
nature of the interactions between the adsorbed polymer chains
and the solvent. A repulsive barrier of variable range and a
minimum of variable depth can result, depending on the solvent
and the temperature.
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(a)

Q

0
H—>
(iii)

(iii) {Cii) (i) (b)

AG

AG

H—>

Figure 3.12 Typical forms of the total-interaction free energy for: (a) electrostati-
cally stabilised systems [curves (i), (ii), and (iii) refer to increasing
electrolyte concentration], (b) sterically stabilised systems [curves (i),
(i1), and (iii) refer to constant density of polymer chains, but
decreasing O, arising from decreasing values of «].

SUMMARY

In the last two chapters we have explained in general terms some
of the main theoretical ideas upon which much of colloid science
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is based. In later chapters these concepts will be developed in
greater detail and applied to a discussion of the properties of a
variety of colloidal systems.

It is important to stress again that what we have done so far is
to draw together several aspects of physical chemistry and show
how they are relevant to the study of colloids.



Chapter 4

How are Colloidal Dispersions
Prepared?

INTRODUCTION

It is evident from the description of colloidal systems in Chapter 1
that there are two fundamentally different ways in which colloidal
dispersions can be formed, either by breaking down bulk matter
to colloidal dimensions (dispersion methods) or by building up
molecular aggregates to colloidal sizes (condensation or nucleation
methods). We learned in Chapters 2 and 3, however, that such
dispersions will only remain in a metastable or colloidally stable
state if conditions are arranged so that the repulsive forces are
large enough to prevent the particles from coagulating or floccu-
lating.

In this chapter we shall consider these two routes to colloidal
dispersions in turn. The formation of gels and association colloids
will be dealt with separately in later chapters.

DISPERSION METHODS
Comminution

We have already discussed in Chapter 2 the energy changes
associated with the breaking of a column of material into two
parts which are then separated to infinity. If this process is
continued until the solid is broken down into particles of colloidal
size, the increase in free energy accompanying this process will be
given by the product of the surface area produced and the surface
tension of the surfaces so formed. It follows that the ease with
which a powder can be produced by grinding depends on the
surface tension of the solid. If the comminution process could be

54
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continued until the material were reduced to single molecules,
then the work done would correspond to the energy of sublima-
tion or evaporation of the bulk material. It is not surprising
therefore that both empirical and theoretical relationships have
been proposed between the surface tensions and the energies of
sublimation or evaporation of solids and liquids.

If the grinding process takes place in an inert atmosphere, there
will be a strong tendency for the particles to adhere to one
another — the caking of dry powders is a common problem in
practice.

Since immersion of a solid surface in a liquid results in a
lowering of surface tension (see Figure 2.4), grinding is often most
conveniently carried out under a liquid. Furthermore, by controll-
ing the composition of the liquid by the addition of, for example,
dispersing agents a stable dispersion may be achieved. The nature
and mode of action of dispersing agents or stabilisers have been
hinted at in Chapter 3 and will be discussed in more detail later.
Meanwhile, we note that in industrial applications dispersion
methods are in many instances the preferred procedures and that
a wide range of dispersing agents is commercially available.

Emulsification

The formation of emulsions by breaking down one liquid in the
presence of another may also be achieved by mechanical means.
In some instances simple shaking or stirring may be sufficient; in
others it is necessary to apply very strong hydrodynamic forces as
is done in commercial ‘colloid mills’ or ‘emulsifiers’. In these a
coarse mixture of the two liquids is forced under pressure through
a narrow gap and sometimes, by having relative motion between
the surfaces forming the gap, is subjected simultaneously to shear.

The success of an emulsifying process depends in large measure
on the interfacial tension between the two liquids. This can be
modified by the addition of appropriate emulsifying agents, whose
mode of action we shall again discuss later. In favourable cases,
where the interfacial tension is very low, the energy needed to
form an emulsion is correspondingly small and may be provided
by the thermal motion of the molecules. Spontaneous emulsification is
an important phenomenon, made use of, for example, in the
dispersion of agricultural chemicals in water and, potentially, in
oil recovery. In many instances (e.g. microemulsions) the dispersions
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so produced are thermodynamically stable.

As mentioned earlier, it is not uncommon for emulsion droplets
to have diameters well above the accepted colloid size range.
However, even in this case colloid principles are of fundamental
importance when one considers the problem of droplet coalesc-
ence in the destruction of emulsions (de-emulsification). Here the
medium between two approaching droplets is progressively thin-
ned, and before coalescence can occur it is reduced to a film of

colloidal thickness (see Chapter 12).

Suspension and Aerosol Methods

An important technique is that in which it is the precursor of the
final colloidal particle that is reduced to a colloidal size. Thus a
liquid reactant may be emulsified and then caused to react to
form a colloidal dispersion of solid particles whose particle size
distribution is related to that of the emulsion precursor. The
commonest application of this method is in suspension polymerisa-
tion,* in which an emulsion of monomer droplets, stabilised by a
surfactant, is polymerised by adding an initiator which is soluble
in the monomer. Polymerisation occurs within the monomer
droplet, leading to the formation of a polymer latex.

The use of aerosol particles for the same purpose is a very
recent development. For example, a titanium(1v) ethoxide aerosol
reacted with water vapour yields amorphous spherical titanium
dioxide particles, while exposure of droplets of p-t-butylstyrene to
a vapour initiator yields particles of the corresponding polymer.

CONDENSATION METHODS: NUCLEATION AND
PARTICLE GROWTH

In principle one can prepare a colloidal particle from a molecular
species by forming molecular complexes of increasing size until
the colloid size range is reached, and this is the way in which
very many dispersions are formed. Usually the molecular (or
atomic) species are formed by a chemical reaction, and being
virtually insoluble in the dispersion medium they aggregate into
particles of increasing size. Among familiar examples are the
formation of colloidal sulphur by the interaction of sodium

* Not to be confused with emulsion polymerisation (see page 60).
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thiosulphate solution with acid, of colloidal gold by the reduction
of gold chloride, and of colloidal silver halides by the reaction of
an alkali halide with silver nitrate solution (see Appendix I).

This process is, however, not as simple as this brief description
implies, and stable colloidal dispersions are obtained only if the
conditions are properly controlled.

In the first place, passage from the molecular state to a particle
involves passing through the intermediate size range of 1—10 nm
in the process of nucleation. We can see rather generally what this
involves in the following way; a more rigorous alternative treat-
ment will be mentioned in Chapter 11.

As a rough approximation we can think of a cluster, or embryo,
of n molecules as being made up of a core of n° molecules having
the properties of the bulk solid, surrounded by 7° surface mole-
cules (Figure 4.1). The free energy of the cluster, g(n), can thus
be expressed in terms of bulk (g?) and surface (¢°) molecular free
energies:

g(n) = n’g" + n°¢*
= (" + n°)g" + n*(g® — g"). (4.1)

Figure 4.1 An embryo pictured as a core of n* molecules having the same
properties as bulk material and a surface layer of n° molecules.

We have already seen (Chapter 2) that the surface tension of a
pure substance can be equated to the difference per unit area in
free energy between bulk and surface molecules, so that in this
approximate equation (4.1) we may write*

* For the present purposes we can neglect the difference between the Helmholtz
free energy (F) and the Gibbs free energy (G). In this form of the theory the
translational entropy of the embryo is also neglected.
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g(n) = ng® + 64, (4.2)
where
o= (g — g"n/A (4.3)

and A is the surface area. Now for a sphere A4 o %% and the
molecular free energy of the bulk solid is equal to its molecular
chemical potential u® (i.e. the conventional molar chemical poten-
tial divided by Avogadro’s constant). The frec energy of the
cluster is thus of the form

2(n) = nu® + obn??, (4.4)

where 6 is a geometric factor.

The formation of a cluster from individual molecules of a
substance A present in bulk solution at a mole fraction x may be
represented as

nA — A, (4.5)

for which the free-energy change AG, per mole of A, formed, is
given by

AG = g(n) — ny, (4.6)
where p is the molecular chemical potential of monomers. If the
solution is dilute,

u=u®+ kTlnx, (4.7)

where u® is the standard chemical potential in solution. Thus,

inserting (4.4) and (4.7) into (4.6),

AG = [nub + obn??] — a[u® + kTInx], (4.8)
which rearranges to
AG = n|u" — u® — kTInx] + obn??. (4.9)
Now for a saturated solution x = x*' and u"” = u® + £Tln x™, so
that equation (4.9) becomes
AG = —nkTn [x/x] + obn®P, (4.10)
while
(OAG/3n) = —kTln [x/x*] + 2obn~'/. (4.11)

The ratio x/x%" is called the supersaturation of the solution. Figure
4.2 shows AG as a function of n. At n. the maximum in the



How are Colloidal Dispersions Prepared? 59

curve, 3(AG)/dn, is zero. Thus for n<n. the addition of
molecules to the embryo is disfavoured and the embryo will tend
to disintegrate, while for values of n > n. growth is accompanied
by a decrease in free energy and is thus a spontaneous process.
The embryo containing just n. molecules is called the critical
nucleus. Whether or not critical nuclei are formed in the course of
thermal fluctuations depends on the height of the free-energy
barrier: if it is high compared with &7 (the thermal energy), the
chance of forming such nuclei is negligible and no particles will
be formed.

. (a)

AG

N
S (b)

Figure 4.2 The free energy of an embryo as a function of its size. The two terms
in equation (4.7) are shown dotted. Curves (a) and (b) refer
respectively to a lower and higher supersaturation; both n, and the
height of the barrier decrease as x[x increases.

However, the form of the curves in Figure 4.2 depends on the
degree of supersaturation of the solution: as the supersaturation
increases, the height of the barrier and the size of the critical
nucleus both decrease, as shown in Figure 4.2(a) and (b).
Eventually a concentration is reached at which the barrier is low
enough for the rate of production of critical nuclei by spontaneous



60 Chapter 4

fluctuations to increase dramatically, and these nuclei begin to
grow. This concentration is called the critical supersaturation.

In many cases, of course, nucleation signals the onset of the
growth of embryos to macroscopic size. Familiar examples are the
condensation of a supersaturated vapour and the induction of
crystallisation of a solid by the addition of seed crystals (larger
than the critical nucleus) or by scratching the side of the vessel to
encourage nucleation. The condition for the formation of a
colloidal dispersion is that the supply of molecules must run out
while the particles are still in the colloidal size range. This is
favoured by (i) having dilute solutions and (ii) ensuring that a
very large number of nuclel are produced in as short a time as
possible.

In the chemical preparations mentioned above the solubilities
of the products are so low that, even when dilute solutions are
used, the critical supersaturations are far exceeded.

In addition to ensuring that conditions are such that nucleation
and growth of particles to colloidal size are controlled, it is also
essential that an appropriate stabilisation mechanism is operative.
In the case of colloids formed in aqueous media from electrolytes
this stabilisation usually arises from double-layer interaction,
while in non-aqueous media it is necessary to employ some form
of steric stabilisation.

EMULSION AND DISPERSION POLYMERISATION

Processes of major industrial importance which depend on nuclea-
tion and growth processes include those of emulsion and disper-
sion polymerisation. These differ from suspension polymerisation
discussed earlier. Once again the monomer, which is slightly
soluble, is dispersed as emulsion droplets, but now in contrast to
suspension polymerisation the initiator is insoluble in the mono-
mer but soluble in the continuous phase. Polymerisation therefore
occurs in the continuous phase, the droplets of monomer serving
as a source of monomer. When the growing polymer in solution
reaches a critical molecular weight, nucleation occurs and insolu-
ble polymer particles arc formed. These may then grow by the
addition of polymer molecules or by direct reaction between
surface free radicals and monomer in solution. Depending on the
particular system involved, an emulsifying agent may be needed
to stabilise the monomer emulsion, while the resulting polymer
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latex may be stabilised either by a surface charge or by adsorp-
tion of a steric stabiliser.

PREPARATION OF MONODISPERSE COLLOIDS

It is becoming of increasing interest from both theoretical and
practical standpoints to be able to prepare monodisperse colloids
of controlled size. From the above discussion it follows that to do
this it is necessary for a large number of critical nuclei to be
formed in a short interval of time, nucleation then to cease, and
those nuclei already formed to grow simultaneously at the same
rate. This can be achieved, at least in principle, if the reaction
producing the precipitating species takes the concentration rapidly
to somewhat above the critical supersaturation. The ensuing
spontaneous nucleation then reduces the concentration to below
the critical supersaturation, so that no further nuclei are formed.
Growth of the existing nuclei, rather than the production of fresh
nuclei, is now the preferred process, and provided the rate of
supply of the precipitating species by chemical reaction is not
greater than the rate of growth of the particles the original nuclei
will continue to grow. This sequence of events is illustrated in
Figure 4.3.

- - = =\= critical supersaturation

T time

Figure 4.3 Variation in the concentration of the precipitating species during the
Sormation of a monodisperse colloid. The species is produced by
chemical reaction until its concentration exceeds the critical supersatura-
tion. It is then lowered by the formation of nuclei. Depletion of the
solution by precipitation then reduces the concentration to below the
critical supersaturation and no further nuclei are formed. The existing
nuclei grow uniformly. The shorter the time T the more uniform the
Sinal dispersion.
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It may be shown that under these conditions the spread of
particle sizes, (arising from the spread of time — 7 in Figure 4.3 —
during which nuclei are formed) becomes sharper with time. It is
indeed well known that the monodispersity of colloids formed
under comparable conditions improves as the particle size in-
creases.

Methods based on the above general principles have been
developed for the preparation of monodisperse colloidal disper-
sions of a variety of metal oxides and hydroxides and of polymer
latices. The latter have played a major role in the understanding
of colloids and their properties.



Chapter 5

What is the Role of
Surface Chemistry?
Surface Tension and Adsorption

INTRODUCTION

In the preceding chapters we have seen how one can in a general
way understand colloid formation and stability in terms of the
variation of free energy with the separation between the surfaces
of two particles. When this free energy is measured with respect
to the state in which the two surfaces are in contact, it may be
identified with the surface or interfacial tension (see Figure 2.4).
A major contribution to this surface tension arises from the van
der Waals attractive forces between the particles. It turns out,
however, that the surface tension, and hence the force between
the two surfaces, is also strongly influenced by the adsorption of
molecules at the surfaces.

A full discussion of this problem requires a detailed analysis in
thermodynamic terms. Here we present only a general account,
but the interested reader will find fuller proofs of the important
equations in Appendix I1I.

ADSORPTION

When two phases are in contact there is a transition region of
molecular dimensions in which the composition changes from that
of one phase to that of the other. In the case of a solid in contact
with a vacuum or inert gas, the transition region is unlikely to be
thicker than one or two molecular layers and is characterised by
local surface irregularities shown schematically in Figure 5.1. For
a pure liquid in contact with its vapour a more gradual and
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smooth transition occurs, extending up to five or six molecular
diameters (Figure 5.2). For a liquid mixture/vapour interface a
local concentration profile exists for each component of the
solution (Figure 5.3). In the case of fluid phases the thickness of
the interfacial region increases with increase in temperature until
it disappears at the critical temperature of the system. A similar
diagram (Figure 5.4) can be drawn for a solid/liquid interface.

=

y.wg
(a) (b)

c
Figure 5.1 (a) Surface of a solid showing surface imperfections. (b) Stepped
concentration profile corresponding to (a).

(a) (b)

cs c
c

Figure 5.2 (a) Surface of a liquid showing change of concentration from c' to c¢
on passing through the interface. (b) Concentration profile at a
liquid [vapour interface.

An immediate consequence of this situation is that the total
amount of a particular component in a system of given volume
and interfacial area will be determined by the shape of the local
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concentration profile. However, experimental methods of deter-
mining the shape of this profile are at an early stage of develop-
ment and so far are limited to polymer solutions. Currently all
that one can do is to investigate the overall macroscopic,
stoichiometric, consequences of the presence of the profile at the
interface. Various ways of quantifying this have been suggested,
and a choice between them is largely a matter of taste since they
lead in the end to essentially identical results. The course adopted
by Willard Gibbs is the one we shall employ. An attempt will be
made to dispel some of the supposed difficulties associated with
its usc.

©)

(b)

Figure 5.3 (a) Surface of a solution of which one component is preferentially
adsorbed at the liquid/vapour interface. (b) Concentration profile of
component 2 on passing through the interface.

€2
Figure 5.4 (a) Preferential adsorption of one component of a solution at a
solid [solution interface. (b) Concentration profile of component 2 at a
solid [solution interface.
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The basic idea is very simple. Let us try to do some ‘book-
keeping’. We first consider the amount of a given substance, i,
which we would expect to find in a volume V¢ of phase « in
which the concentration, uniform throughout this volume, is ¢f,
together with a volume V* of phase 8 in which the concentration
is ¢f. This would be simply (¢*V* + ¢#V#). However, since the
local values of ¢; vary on passing through the interface, there will
be, in general, a different amount, 7;, of i actually present. The
difference

n? = n; — (VY + LVP) (5.1)

i
is called the surface excess amount of i which is present because of
the interface; it may also be called the amount of i adsorbed at the
interface. The problem lies in deciding exactly how to identify the
separate volumes V¥ and VP, ie. in deciding on the location of
the surface (called a Gibbs dividing surface) defining the interface
between them: all we know is that the sum V¢ + V# is equal to
the total volume V. The value to be attributed to n is critically
dependent on the location chosen for this surface. It turns out
that one way of choosing the dividing surface which leads to
equations having a simple form is to follow Gibbs in locating it at
a position that reduces to zero the adsorption of one chosen
component (usually the solvent denoted by 1). This is illustrated
in Figure 5.5. This leads to the definition (see Appendix III) of
the relative adsorption of i with respect to component I, which when
related to unit area of interface is denoted by I'{".

It is important to realise that the Gibbs ‘model’ does not imply
that the surface excess is concentrated at the Gibbs dividing
surface: this is clearly physically impossible since molecules have
a finite size and cannot occupy a mathematical surface. What the
Gibbs method does is to recognise the existence of concentration
profiles such as those shown in Figure 5.3, whose exact form
cannot yet be measured experimentally, and to provide a method
of expressing the observable consequences of their existence.

Equations relating the relative adsorption to observable quanti-
ties are given in Appendix III. However, the direct measurement
of surface excesses using these equations is not always easy. Thus
it is extremely difficult to measure T'{" at a liquid/vapour inter-
face, although accurate measurements are possible for liquid/solid
interfaces. In the next section we shall see how this quantity can
be related to the surface tension of the interface and obtainable
from experimental measurements of surface tension.
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(a)

S €2

Figure 5.5 Concentration profiles of (a) component I and (b) component 2 at an
interface. If the Gibbs dividing surface is chosen so that the adsorption
of component 1 is zero [i.e. the stippled areas in (a) are equal], then
the stippled area in (b) gives the relative adsorption of 2 with respect
to component 1: T4,

THE GIBBS ADSORPTION EQUATION

One of the most important equations in surface thermodynamics
is that which links changes of surface tension to adsorption
processes. The derivation of this equation is given by Appendix
II1.

The equation is most commonly applied to the case in which
the temperature is constant, when it is known as the Gibbs
adsorption isotherm, and has the form, for a binary mixture,

do = —T'{dp,, (5.2)

Uy being the chemical potential of component 2. Since at equilib-
rium the chemical potential of 2 is uniform throughout the
system, Wy may be taken as its value in either of the adjacent
phases. To make use of this equation we therefore express this
chemical potential in terms of the composition of one of the bulk
phases. For example, for a liquid/vapour interface we may equate
Uy to its value in the liquid:

dus = RTdlna, = RTdlnx}ys, (5.3)
where 4}, is the activity of 2, set equal to the product of its mole

fraction, x5, and its activity coefficient, y5.
Hence,

do = —RTTdlnxyy). (5.4)
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Since in any stable phase the chemical potential increases with
increase in concentration, it follows that if component 2 is
adsorbed at the interface (I'{" positive) then the surface tension
decreases with increase in concentration of component 2.

Substances that are strongly adsorbed at an interface and hence
cause a substantial lowering of the surface tension are called
surface-active agents or surfactants. The difference between the sur-
face tension (o) of a solution of a surface-active agent at a mole
fraction of x} and that of the pure solvent (0%) is given simply by

integrating equation (5.2) or (5.4):
o—o0f=— J r''dus (5.5)

\

,=0

or
- ot = _RTJ '_“rf_,”dlnxgy.g. (5.6)

An important application of the Gibbs adsorption equation is to
the calculation of the relative adsorption from measurements of
the variation of surface tension with concentration:

Iy = -i[—ag—} (5.7)
: RTL dlnxby)

In the special case of an ideal solution y, =1 and dlnx,
= dXQ/XQ, so that

!
X9 Qo
Y €13
V= lag (5.8)

The early attempts to measure I'{" directly, outlined in Appendix
III, were designed to test the Gibbs equation experimentally, by
comparing the measured value with that calculated from surface
tension data using equation (5.7). The limited accuracy of these
measurements did no more than check this equation to within a
few percent. However, since equation (5.7) is derived by'rigorous
thermodynamic arguments, this comparison should be regarded
as assessing the reliability of the experimental techniques used for
the direct measurement of adsorption and surface tension rather
than a test of the correctness of the thermodynamic equation.

The Gibbs equation applies also to the solid/liquid interface.
Direct measurements of the surface tension of a solid are possible
only in very special circumstances. On the other hand, as outlined
in Appendix III, adsorption at a solid surface is usually more
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readily measured. In this case equation (5.7) may be used to
calculate the surface tension at the solid/solution interface, rela-
tive to that at the interface between solid and pure component 1.
This contrast between fluid/fluid and fluid/solid interfaces is
summarised in Table 5.1.

Table 5.1 Measurement of surface tension at fluid/fluid and fluid/solid

interfaces.
Fluid[fluid Fluid/solid
o Directly measurable Not measurable; calculate from
adsorption data
r Not accurately measurable; Directly measurable
calculate from surface tension

data

THE INFLUENCE OF ADSORPTION ON
INTERPARTICLE FORCES

We have identified the free-energy increase arising from the
formation of unit area of new surface with the surface tepsion
and have pointed out that when the surfaces are immersed in a
fluid (liquid or vapour) this free energy is modified (i.e. the
surface tension of the approaching surfaces is decreased). One
contribution to this effect arises from the screening of London—
van der Waals forces by the intervening medium. A second
contribution arises from adsorption by the surfaces of one of the
components of the fluid phase.

To fix our ideas let us consider two infinite, flat, parallel plates
in adsorption equilibrium with a binary solution. Suppose that at
a separation H and at a given solution concentration the relative
adsorption of component 2 is I'{’(H). We wish to know how the
presence of the solution between the plates at a mole fraction x,
affects the surface tension.

According to the Gibbs equation,

do/du; = =T (H). (5.9)
Differentiating this equation with respect to H we obtain

d20/dusdH = —dT"(H) /dH. (5.10)
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Since the order of differentiation does not matter, this can be
written in the form

d(do/dH)/du, = —dT'(H) /dH. (5.11)
But 2do/dH = —%, so that
dF(H) /du, = 2dT$)(H) /dH. (5.12)

Recalling that a positive value of & implies a repulsion, we are
led to the following important qualitative generalisations concern-
ing the effect of adding component 2 to the solution:

(1) if the adsorption increases as the plates are brought together
[ie. if dAT/dH is negative for all values of us], then the
magnitude of the attractive force between the plates increases
as component 2 is added, while

(2) if the adsorption decreases as the plates are brought together
[ie. if dTYV/dH is positive for all values of us], then adsorp-
tion effects will make a contribution to the repulsive forces. If
this contribution outweighs the attraction arising from disper-
sion forces, then the surfaces will repel one another.

These effects can be given a simple qualitative molecular
interpretation. As the two surfaces come together, their adsorption
force fields begin to overlap and produce a larger (deeper)
adsorption potential [Figure 5.6(b)]. The adsorption will increase
as the plates approach and an extra attractive force arises.
However, when the space between the plates reaches molecular
dimensions, although the adsorption potential may be high, the
space available for adsorption decreases and at some point I'}"
begins to decrease [Figure 5.6(c)]; adsorption now contributes to
a repulsion between the plates. One way of looking at this effect is
to say that to decrease the adsorption the system must be
supplied with the desorption energy of the molecules which are
being ‘squeezed out’ of the space between the plates; this energy
is provided by the work done in pushing the plates together
against a repulsive force. The above principles turn out to be of
wide applicability, but it must be remembered that they refer to
the case in which adsorption equilibrium is maintained as the
surfaces come together.

In many kinds of system, particularly those involving polymer
adsorption, it is doubtful whether there is time for adsorption
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equilibrium to become established during a collision between
colloidal particles undergoing Brownian motion. Under these
circumstances the collision takes place at constant adsorption and
the chemical potential of the adsorbed species can no longer be
equated with that of the species in solution. Consequently, a
different interpretation has to be placed on the phenomenon as
explained in Chapter 3 and dealt with further in Chapter 9 and
Appendix VI
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(a)

Figure 5.6 Effect of adsorption on interparticle forces. (a) At large separations
the adsorption at the two surfaces is independent of separation;
adsorption does not contribute to the interparticle force. (b) At closer
separations the adsorption fields of the two surfaces overlap and
enhance the adsorption in the space between the surfaces: U'Y) JOH is
negative so addition of component 2 leads to an attraction [F(H)
negative]. (c) At very close approach the space available for adsorption
decreases: AT [QH is positive and adsorption effects make a repulsive
contribution to the interparticle force.

This figure illustrates the effect in the case of adsorption from the
vapour phase. For adsorption from solution where there is competition
between the adsorption of solute and solvent the picture is slightly more
complicated, but the outcome is similar.
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THE EFFECT OF THE CURVATURE OF SURFACES ON
EQUILIBRIUM

The concept of surface tension was introduced in Chapter 2 in
terms of the amount of work needed to increase the arca of a
surface. In the case of liquids we may consider this to be done by
forcing liquid reversibly out of a nozzle (Figure 5.7). Since this
incrcases the total surface energy, work has to be done. If the
piston is moved in displacing a volume dJ against a pressurc
(p! — p*%), the work donc is (p' — p¥)dV. The radius of the
spherical drop (we ignore gravity for simplicity) increases from 7
to r + dr, and its area increases by 8mrdr. The increase in energy
for unit increase in surface area is cqual to the surface tension:

o= [(p) — p*)/8ar)(dV/dr). (5.13)

(p'- p9)4

dx

p! dV=Adx

Figure 5.7 Work done in increasing the arvea of a spherical drop. A force
(p' — p2)A has to be applied to the piston. The work done in moving
the piston a distance dx is (p' — p2)Adx, which is equal to the work
needed to increase the surface area of the drop: 8mordr. Note that the
increase in the volume of the drop is equal to minus the decrease in the
volume in the cylinder.
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Now for a sphere dV/dr = 4mr?, and so
o= (p' = p)r/2

or

(p! — p%) = 20/r. (5.14)

This is a special case of the Laplace equation, which can be
expressed more generally as

(p™ = pP) = Ap = Co, (5.15)

where the phases o and f are separated by a surface whose
curvature C is defined by

C = (1/r)) + (1/ry). (5.16)

Here | and ry are the principal radii of curvature of the surface
(Figure 5.8). If the centre of curvature corresponding to 7, lies in
«, then 7, is given a positive sign, and similarly for r,. If 7, and
r9 are both positive, then so is C and the pressure in « is higher
than that in . If r; and ry are of opposite sign [eg for a
saddle-shaped surface, Figure 5.8(b)], C may be positive or

-

o 0,
A
/
/ \
\
/ \
/ A
) / \
' /) o \\
|
'
|
N
' \
, -~
:’ h 15 \
|
'

-
e~

O ~-
~

(a) (b)

Figure 5.8 Definition of the curvature C of a surface: C = (1/r,) + (1/r,).
(a) 7, and 1, of the same sign, (b) 1, and 75 of opposite sign.
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negative depending on the relative magnitudes of 7, and r,. If the
pressure difference across the surface is the same at all points,
then the surface must be one of constant curvature.

Since the properties of matter depend on pressure, the prop-
erties of the liquid in a drop will be different from those of the
liquid in bulk. For liquids and solids the effects are negligible for
drops of radius greater than a few micrometres; below this,
however, important phenomena arise. Thus curvature effects
become significant when one enters the colloid size range.

These effects are most simply seen by considering the depend-
ence of the chemical potential on pressure,

du = vdp, (5.17)

where v is the molar volume. The chemical potential of liquid in
a spherical drop is thus increased by

u' (drop) — ! (bulk) = 20v/r. (5.18)
Now the chemical potential of a vapour (u®*) is related to its
partial pressure (p) by

us = uts + RTIn(p/pT), (5.19)

where pT is a standard pressurc (usually taken as the unit of
pressure) at which u = ut. At equilibrium between vapour and
bulk liquid, which exerts a vapour pressure p*,

' (bulk) = ps(p*) = uts + RTIn(p*/pT), (5.20)

while for the liquid in a drop, at equilibrium with vapour at a
pressure p,

' (drop) = us(p) = ut= + RTIn(p/p"). (5.21)

Inserting these values of u' (bulk) and ' (drop) into equation
(5.18) gives

In(p/p*) = 200/rRT. (5.22)
More generally,
In(p/p*) = Cov/RT. (5.23)

Equations (5.22) and (5.23) arc forms of the Kelvin equation.
Since for a drop C is positive, the vapour pressure of a drop is
greater than that of the bulk liquid; conversely for liquid con-
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densed in a capillary (Figure 5.9) C is negative and the vapour
pressure is lowered. In this case C is related to the size of the
capillary (C = 2/r if the contact angle is zero). Measurements of
the vapour pressure exerted by a liquid condensed in a porous
solid can thus give information on the sizes of the pores present.

(a)

p<p*

Figure 5.9 Vapour pressure over curved surfaces: (a) over a drop p > p*,
(b) over liquid condensed in a ¢ylindrical capillary p < p*.

Even though the surfaces bounding small crystals are not
generally curved, they exhibit a similar increase in vapour press-
ure and in their solubility as their size is reduced. In this case the
radius of curvature has to be replaced by a length (%), which for
the present purpose, for an isodimensional crystal, can be taken
as roughly half the diameter of the crystal. Thus

In(S/$*) = 20v/ART, (5.24)

where § is the solubility of the small crystal and §* that of the
bulk. Equation (5.24) has important consequences for colloidal
particles, as will be mentioned in Chapter 10.

In the above it has been assumed that o is independent of the
drop or particle size. This may not always be justified and in
more sophisticated theories this has to be taken into account.



Chapter 6

Some Important
Properties of Colloids
I Kinetic Properties

INTRODUCTION

In this chapter we shall discuss a group of properties related to
the movement of colloidal particles. First we examine the problem
of the random Brownian motion of a single particle and then apply
the resulting equation to discuss the diffusion of particles down a
concentration gradient. We then consider various  osmotic phe-
nomena. Next we deal with the diffusion of charged particles in
an clectric field, electrophoresis, and the related phenomena of
electro-osmosis and streaming potential. Finally we treat briefly sedi-
mentation and creaming in a gravitational field.

BROWNIAN MOTION

The apparently random stepwise or zig-zag movement of colloidal
particles (Figure 6.1) was first observed by the botanist Robert
Brown in 1827, and named after him. It provided early evidence
for the molecular kinetic theory and was interpreted as arising
from the random buffeting or jostling of the particles by molecules
of the surrounding medium. The directions of movement of the
molecules of the medium immediately adjacent to the particles are
randomly oriented, while their speeds are distributed according to
the Maxwell-Boltzmann law. The force acting upon the surface of
a colloidal particle is- proportional both to the frequency with
which molecules collide with it and to the velocity of these
molecules. The former is proportional to the local density of the
molecules within one free path of the surface. Since the local

76
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density in a liquid fluctuates, as does the molecular velocity, the
force on unit area of particle surface will also fluctuate. At any
instant there will be a net force on a particle arising from the
imbalance of forces on various parts of its surface [Figure 6.2(a)].
The direction and magnitude of the resultant force will vary
randomly from instant to instant, leading to a zig-zag motion of
the particle.

(a) (b)

Figure 6.1 Schematic representation of the random stepwise path executed by a
particle undergoing Brownian motion. (a) The position of the particle
is shown afier successive time intervals Ot, and the total displacement
Ax after a time At. (b) If Ot is long compared with the interval
between collisions of molecules of the medium with the particle, then
each of the steps in (a), e.g. PQ, is itself made up of a sequence of
random substeps executed on a shorter timescale, as shown in (b). The
shorter Ot is made, the more fine-grained is the representation of the
motion.

One method of discussing this problem, due to Langevin
(1908), is to consider the equation of motion of the particle as
determined by the randomly varying instantaneous force acting
upon it. The motion resulting from this force is opposed by the
resistance arising from viscous forces, which is proportional to the
velocity of the particle. Solution of this equation leads to an
expression for the mean square velocity of a large number of
particles (or the mean for a given particle averaged over a
sufficiently long time interval). According to the principle of
equipartition of energy, the mean square velocity is equal to 34T /m,
where m is the mass of the particle. This can be shown to lead to
the result
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Ax? = (2kT/B)At, (6.1)

where Ax is the distance travelled by a particle in the time At
and B is the viscous friction coefficient. For spherical particles use
_can be made of Stokes’ equation relating B to the viscosity of the
medium (1) and the radius of the particle (a):

B = 6mna, (6.2)

whence

Ax? = (kT/3mma)At. (6.3)

(a)

Figure 6.2 (a) Resultant force on a particle arising from random forces caused by
impacts with molecules of the medium; the direction and magnitude of
the resultant force vary randomly from instant to instant. (b) Rota-
tional Brownian motion of a non-spherical particle which is superim-
posed on the translational motion.

Alternatively, one can regard the motion of the particle as a
‘random walk’, consisting of a sequence of steps, the direction of
each step being chosen at random and independent of the
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direction of the preceding step. In reality the lengths of these
steps, determined by fluctuations in the surrounding medium, will
vary randomly, but it is sufficient to consider the case in which
the steps are of equal length (A). It can then be shown that the
mean displacement of a particle after n steps is given by

Ax? = An. (6.4)

Now the number of steps taken in a time At is /7, where T is the
mean duration of a step, so that

AT = (A2/0)AL. (6.5)

Again appealing to the equipartition principle, it can been shown
that

A2/t = 2kT/B, (6.6)

leading back to equations (6.1) and (6.3).

Note that the mass of the particle does not appear explicitly in
equation (6.3) but the mcan square displacement is proportional
to the reciprocal of its radius and hence to the reciprocal of the
cube root of its volume. This means that the smaller the particle
the more extensive the Brownian motion. We also observe the
important result that the root mcan squarc displacement is
proportional to the square root of the time.

If the particles are non-spherical then, first, the simple form of
Stokes’ equation does not apply and, secondly, the unsymmetrical
Jorces exerted on the particle by solvent molecules cause the
particles to rotate and undergo Brownian rotation or rotational

diffusion [Figure 6.2(b)].

DIFFUSION

Brownian motion is a characteristic of the movement of single
colloidal particles, but this motion has important consequences
when many particles are present. Suppose, for example, we
consider a thin sheet in which there are initially ¢° particles in
unit volume [Figure 6.3(a)] and examine the distribution of these
particles after a time Af{. They will have spread out in both
directions. The chance that a given particle will have reached a
distance Ax is proportional to At'/2: the sharp initial concentra-
tion peak will spread out into a broad peak, which has the shape
of a Gaussian probability curve [Figure 6.3(b)].
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X X
(a) (b)

Figure 6.3 Diffusion of particles from a thin sheet at a concentration ’: (a) at
zero time, (b) at a later time.

The local concentration will now be proportional to the product
of the initial concentration ¢’ and a probability function whose
width increases with A¢'/2,

Now let us consider two sheets I and II a short distance apart,
the concentration in one being ¢; and in the other ¢y, where
¢1 > ¢ (Figure 6.4), and examine the flow across some intermedi-
ate plane (shown dashed). Particles will move through this plane
from both directions, but the flow from I will be greater than that
from II so that there is a net flow from the higher to the lower
concentration. This net flow per unit area will be equal to
(¢1 — ¢9)u, where u is the mean rate of flow of individual
molecules along the x-axis.

From the theory of Brownian motion we alrcady have an
expression for Ax” [equation (6.3)]. It is sufficient to make the
approximation Ax? — (Ax)?, so that the mean speed is

u = dAx/dt = kT /6mnalx. (6.7)
The net rate of flow of particles is thus

dn/dt = u(c, — ¢9) = —u(de/dx)Ax
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I 11

S C2
i

Figure 6.4 Diffusion from two closely neighbouring sheets across a plane between
them. ¢; > ¢y, ¢; = ¢y — (dc/dx)Ax.

or, from equation (6.7),
dn/dt = —[kT/(6mna)](dc/dx). (6.8)

Experimentally it is indeed found that the flow is directly
proportional to the concentration gradient. This is Fick’s first law
of diffusion:

dn/dt = —D(dc/dx), (6.9)
where D is called the diffusion coefficient. Thus
D = kT/6mna. (6.10)

It follows that another way of writing equation (6.3) for Brownian
motion is

Ax? = 2DAL. (6.11)

The above interpretation of diffusion is based on a molecular
model of Brownian motion and follows broadly the arguments of
Einstein (1905).

We may also derive the same result from a thermodynamic
argument. Just as a ball falls from a higher to lower gravitational
potential and as heat flows from a higher to a lower temperature,
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so do molecules diffuse from a higher to lower chemical potential
(u). In general, the negative of the differential of a potential with
respect to distance may be regarded as a force. Thus the
gravitational potential of a mass m is mgAh and —d(mgAh)/dh
= —mg is the gravitational force acting on the mass; similarly the
‘force’ driving heat flow is —d7/dx. By analogy, —du/dx is the
‘chemical force’ driving molecules to a lower potential. In the case
of steady flow of particles this force is exactly balanced by the
viscous resistance, which is proportional to the overall rate of flow
u, so that

—dp/dx = Bu. (6.12)

Now according to thermodynamic arguments, the chemical poten-
tial for a single particle is

u=pu® + kTlIne, (6.13)

where u® is a standard potential, independent of ¢ and hence of
x, so that

—du/dx = —(kT/c)(de/dx) = Bu. (6.14)
Thus
u = —(kT/Bc)(de/dx). (6.15)
The amount of material transported per unit area is
dn/dt = ue = (kT/B)(dc/dx) (6.16)
or
D = kT/B. (6.17)
Again, for spherical particles B is given by equation (6.2) and
D = kT/6mna. (6.18)
OSMOSIS

The phenomenon of osmosis is another example in which mole-
cules flow from a location of higher chemical potential to a region
of lower potential. In an osmotic experiment a sample of disper-
sion in compartment II is separated from pure medium in
compartment I by a semi-permeable membrane which allows
passage of molecules of the medium but is completely imperme-
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able to particles of the suspension [Figure 6.5(a)]. The chemical
potential of the pure solvent (uf!') in 1 is higher than that of the
solvent molecules in the dispersion in II (u}'). For an ideal system

W, = utf + RT1In x,
so that
wil — ul' = —RTInx, > 0, (6.19)

where x; is the mole fraction of solvent in II. There will therefore
be a spontaneous diffusion of solvent molecules into the suspen-
sion, which becomes progressively more dilute. If the pressure on
the two compartments remains constant, then this process con-
tinues indefinitely until the suspension becomes infinitely dilute
(x1—>1).

dispersion (@)
pure solvent
——i
P pure E ) , p+II
— H dispersion (b)
solvent H

Figure 6.5 Osmosis. (a) Dispersion separated from pure solvent by a semi-
permeable membrane. Solvent molecules diffuse into the dispersion.
(b) Osmotic equilibrium is set up when an excess pressure I1 is
applied to the dispersion to stop the flow of solvent through the
membrane.

The situation is changed, however, if the pressure applied to
the dispersion in II is increased [Figure 6.5(b)]: the osmotic flow
is slowed down and stops when the pressure difference between
the two compartments reaches the osmotic pressure (II) of the
dispersion. At this point the excess pressure, Il, applied to the
dispersion has raised the chemical potential of the solvent in
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compartment II, ui'(p + I), to equal that of the pure solvent in
L i (p).
The increase in chemical potential of the solvent when the

applied pressure is increased by dp is du, = v,dp, so that
Auit = o IT = pi'(p + ) — i (p), (6.20)

where v is the molar volume of the solvent.
Therefore,

wip + ) = ui"(p + T + RTInxy = uif'(p)  (6.21)
or
will(p + ) — u'(p) = v, = —RTInx,. (6.22)
Thus
[1=—(RT/v))Inx,. (6.23)
This cquation can be simplified if x; 1s close to unity (dilute
dispersion) since then
Inx, = In(l — xy) = —x,, . (6.24)
and
I1=RTx./v,. (6.29)
When the mass concentration of particles, p = my/V, replaces the
mole fraction, i.e.*
Xy = 0,p/M,, (6.26)
the equation becomes
1= RTp/M,, (6.27)

which is van’t Ho[f’s equation.

In principle, therefore, the molar mass of the particles can be
calculated from measurements of IT as a function of p in a dilute
suspension. In practice, the magnitude of Il is so small for
particulate dispersions (e.g. for ¢y = 10" particles cm™,
IM=4 % 107%atm) that osmometry does not provide a useful
route to particle size determination. It is nevertheless used for the

determination of the molar mass of macromolecules, although

* In a dilute suspension xg = ny/n| = (my/My)/( V/vy) = pv /My, where My is
the molar mass of the particles.
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here the applicability is limited both by the small values of I1
when My 1s large and by the difficulty of preparing suitable
membranes when My is small (say smaller than a few thousand
g mol™').

Because solutions of macromolecules exhibit deviations from
ideality even at low concentrations, this must also be taken into
account. Equation (6.23) for an idcal mixture may be written

Mo, /RT = —In(1 — xy) = x5 + Sx3 4+ ... (6.28)

If the solution is non-ideal, then by analogy with the virial
equations used to represent the properties of non-ideal gases we
may write

Mo, /RT = x, + B'x%. .., (6.29)

where B’ =} for an ideal solution. However, when B' = 0, the
system follows the van’t Hoff equation to much higher concentra-
tions than it would for an ideal solution. Writing equation (6.29)
in terms of mass concentration, we have

II/RT = p/My + B'(v,/MHp? . .. (6.30)

The term B'(v,/M3) is called the second osmotic virial coefficient*
and is denoted by B. Then

M/p = RT/M, + BRTp. (6.31)

The molar mass M, can thus be obtained by mecasuring I1 as a
function of p, plotting I1/p against p, and extrapolating the line
so obtained to zcro concentration.

DONNAN EQUILIBRIUM

A somewhat more complex situation arises when osmotic equilib-
rium is set up between two electrolyte solutions, one of which
contains ions to which the membrane is impermeable. These ions
may be macromolecular (colloidal electrolytes) or in the limit

* This term is sometimes applied to B'. It is important to remember that the
analogy between the second osmotic virial coefficient, B, and the second gas virial
coefficient, By, is not exact. For an ideal gas By = 0, while for an ideal solution
B' =1 and B=1(v,/M3) #0. N.B. The osmotic virial coeflicient is not to be
confused with the osmotic coefficient defined as IT/ITidel = ¢ =1+ (B’ —
D(v/My)p + . . .; for an ideal solution ¢p— 1 as p — 0.
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charged colloid particles. Under these circumstances equilibrium
involves not only the establishment of a pressure difference but
also an electrical potential difference across the membrane. To
illustrate the principles underlying this phenomenon it is conve-
nient to discuss a simple case and to assume that the mobile ions
behave as ideal solutes.

We consider an initial state in which [Figure 6.6(a)] compart-
ment I contains a solution of sodium chloride at a mole fraction
x! in contact through a membrane with a solution in compart-
ment IT of the sodium salt of a colloidal electrolyte, NaX. The
anion X~ is unable to diffuse through the membrane. For
convenience we assume that the two compartments contain the
same amounts of material. Since the concentration of chloride
ions in I is greater than that in II, chloride ions will flow from
compartment I to II. To maintain electrical neutrality an equal
amount of sodium ions must accompany them. Furthermore,
diffusion of solvent will also take place to establish osmotic
equilibrium. If diffusion lowers the salt concentration in compart-
ment I by Ax, the resulting concentrations in the two compart-
ments will have the values shown in Figure 6.6(b).

Equilibrium is achieved when the chemical potentials of all
diffusable species are the same on the two sides of the membrane.
Thus for the solvent, S,

us = pg', (6.32)

which requires the establishment of an osmotic pressure, II,
across the membrane given by [¢f. equation (6.23)]:

= p" — pl = —(RT/vs)In(x4 /x§). (6.33)

[In the previous section, cquation (6.23) refers to the case in
which compartment I contains purc solvent so that x{ = 1.]
For the diffusable ions

Hia = UNas
Uer = e (6.34)

Since the ionic concentrations in the two compartments are
different, these equalities can only be achieved if other factors
which influence the chemical potentials differ in the two compart-
ments. The pressure difference makes some contribution which we
shall neglect. The main effect arises from the electrical potential
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difference. It follows from the discussion in Chapter 3, page 40,
that the chemical potential of an ionic species (now its electro-
chemical potential, W) depends on the clectrical potential of the
phasc. For an 1on of valency z a change in electrical potential Ay
causes a change in the clectrochemical potential

AT = zFAY, (6.35)

where F is Faraday’s constant (96487 coulombs mol ™).

1 11
. = + I
Na x K Na X
ol 5 p” (a)
- I8 (- 11
o« Hx x (pl=p"
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¢I lb” ((J,JI - ¢II)
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Na' x'-Ax X X
p! ) pl!
Na' x +Ax i I (b)
oAb (p-p= ID)
clm Ax
¢! ol w's e

Figure 6.6 The Donnan effect. (a) Initial state: the pressures and electric
potentials are the same in the two compartments. (b) When equilib-
rium has been set up, an amount Ax of NaCl has diffused from
compartment 1 to compartment 11 and a pressure difference, I1, and
an electric potential difference W' — Y' have been established.

This has to be added to the change in chemical potential
arising from the concentration difference between’ the compart-
ments, so that at equilibrium for sodium ions (z = +1)

UN, — M, = RTIn(xy,/xy,) + F(y" — y') = 0. (6.36)
Similarly, for chloride ions (z = —1)

ue — puo = RTIn(xg/xa) — F(y" — y') = 0. (6.37)
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Thus
Y — @l = (RT/F)In(x%,/x1,) = RT/FIn(x%/xL), (6.38)
whence*
XNaXCl = XN (6.39)

Inserting the concentrations given in Figure 6.6(b), we obtain
for the amount of salt transferred

Ax = (xH2/(x" + 2x1), (6.40)

which is always positive.
Thus three effects are observed:

(1) An osmotic pressure is set up.

(2) There is a net transfer of salt into the compartment contain-
ing the non-diffusable ion. This applies whether this ion is an
anion or a cation.

(3) An electrical potential difference (membrane potential) is set up
across the membrane. In the present example P! — ! is
negative. If the non-diffusing ion had been a cation, ! — y!
would have been positive.

It is not possible here to investigate more complicated examples
of the Donnan effect. Suffice it to say that membrane potentials
(which can be produced by mechanisms other than the Donnan
effect) play an important role in many colloid phenomena,
especially in biological systems.

DIALYSIS

One practical application of osmosis is the process of dialysis in
which colloidal dispersions are purified by removing from them
traces of reagents or by-products remaining from, or produced in,
their preparation. The colloid is contained in a bag of semi-
permeable material, e.g. a Visking (cellulose) membrane. This is
immersed in a bath of distilled water, which is replaced from time
to time. The unwanted components, to which the membrane is
permeable, diffuse out of the dialysis bag, and completion of the

* This result follows also from the fact that the chemical potential of the neutral
species NaCl is finac) = UNa t Ber and its activity is xNaxcp. Since the chemical
potential of a neutral species is unaffected by the electrical potential, the condition
of equilibrium is just equation (6.39).
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process is monitored by measuring the conductivity and/or the
surface tension of the external water.

ELECTROPHORESIS, ELECTRO-OSMOSIS, AND
STREAMING POTENTIALS

Electrically charged particles tend to move under the influence of
an electric field. Once again as a first approach to this problem
we may set the electrical force acting on a particle carrying unit
charge equal to the negative of the differential of the electrical
potential, . If the particle carries a charge ¢, then the force is

Fa = —q(dy/dx) = ¢E, (6.41)

where £ is the clectric field strength. For a spherical particle the
viscous force opposing this motion is

F ise = Bu = 6mnau, (6.42)

where u is the speed of the particle [¢f. equation (6.2)]. At this
point it should be noted that a particle moving through the fluid
carries with it a thin boundary layer of stagnant fluid, so that « in
the above equation refers to the radius of the particle plus the
thickness of this layer. For many purposes this difference is
unimportant (which is why we have not drawn attention to it
carlier), but in the present context it cannot be ignored.

When the particle is in a state of steady motion, the two
opposing forces are equal so that

u = qE [6mna. (6.43)
Now the electrical potential (£) at the surface of a sphere of
radius ¢ and carrying a charge ¢ is*

¢ = g/4mea, (6.44)

where € is the permittivity of the medium in which it is immersed.
In terms of the surface potential or zeta-potential ()

u = 3eCE/n. (6.45)

* Tt is a result of clectrostatic theory that a sphere carrying a charge ¢ uniformly
distributed over its surface bchaves as though the charge is concentrated at the
centre of the sphere. The electrical potential immediately outside the surface of the
sphere is thus given by equation (6.44) (¢f. page 39).
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The zeta-potential of the particle refers to the potential at the
outer limit of the boundary layer, often called the shear plane or
slipping plane. It may be determined from measurement of the
velocity of particles in an electric field £. Since the precise
location of the shear plane is difficult to define, the zeta-potential
is an ambiguous measure of the potential at the surface of the
particle (Figure 3.5).

In the above argument we have ignored the effect of the ionic
atmosphere, or electrical double layer, around the charged part-
cle. Tts presence has two conscquences (Figure 6.7). First, the
counter-ions in the double layer tend to move in a direction
opposite to that of the particle, which in effect has to drag its
double layer with it. Sccondly, it does not entirely succeed in
taking all of its double layer, but fresh ions become attached to it
as some arce left behind; this reconstruction of the double layer
does not take place instantancously. Both effects lead 10 a
retardation of the movement of the particle. More complete
theories lead to the introduction of an additional term f{ka) into
equation (6.45):

w = (eCE/M)f(Ka), (6.46)

where k is the reciprocal Debye length introduced in Chapter 3.

Figure 6.7 Double layer around a moving particle in an electric field.

For very small particles in dilute solution where the radius of
the double layer (1/x) is large so that ka— 0, the correction
factor f(ka) — 1.0 and cquation (6.45) sull applics. However, for
large particles in more concentrated solution where ke — % (in
practice > 100), f(ka) — 1.5. If the particles conduct clectricity, a
further correction is needed.

In addition to the above theoretical problems in interpreting
clectrophoretic data there is also an important experimental
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problem arising from a second electrokinetic effect, which we now
consider.

In discussing electrophoresis we have considered the motion of
a charged particle relative to the surrounding liquid. A similar
phenomenon occurs when liquid in a capillary, whose walls carry
an electric charge, is subjected to an electric field directed along
the axis of the capillary. Since the solid is immobile it is the
liquid which now moves relative to the solid surface. This is the
phenomenon of electro-osmosis, which arises from the influence of
the electric field on the counter-ions in the double layer adjacent
to the wall [Figure 6.8(a)]. It turns out that, since the radius of
the capillary is large compared with 1/k, the relative velocity of
the liquid is given by equation (6.46) with f(ka) = 1.5, i.e.

u = eCEM. (6.47)
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Figure 6.8 Electrokinetic phenomena: () electro-osmotic flow of the medium
caused by the flow of counter-ions under the influence of an electric
field, (b) streaming potential set up when the liquid flows under the
influence of a pressure gradient and carries counter-ions with it.

Experimentally it is usual to measure the volume flow of liquid,
dV/dt, which is given by

dV/de = ud, (6.48)

where A is the area of the capillary. For a cylindrical capillary
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this area is readily measured, but very often electro-osmosis is
applied to the study of materials in the form of porous plugs
whose area cannot be measured directly. It may now be assumed
that Ohm’s law can be applied. In this case the area and field
strength can be related to the current, /, flowing through the

plug:
I = AkKE, (6.49)

where £ is the electrical conductivity of the solution. It follows
that equations (6.47) and (6.48) can now be written

dv/de = etl/nk. (6.50)

Again further corrections have to be made if the solid or its
surface conducts electricity.

The direct observation of electrophoresis is carried out by
observing the rate of movement of individual particles in a small
cell or capillary illuminated in an ultramicroscope.* The walls of
the container (glass or quartz) usually carry a surface charge so
that the application of the electric field needed to observe
electrophoresis causes the liquid adjacent to the walls to undergo
electro-osmotic flow. Colloidal particles will be subject to this flow
superimposed on their electrophoretic mobility. However, in a
closed system the flow along the walls must be compensated for
by a reverse flow down the centre of the capillary: a horizontal
convection current is set up (Figure 6.9). There is a surface
separating the two zones of convection at which the flow is zero,
and it is necessary to make electrophoretic measurements only on
particles at this level by adjusting the focus of the microscope to
pick out such particles.

Finally, a third consequence of the eclectrokinetic effect is
observed when an clectrolyte is caused to flow through a capillary
or porous plug by the application of a pressure difference, Ap. An
clectrical potential difference A¢, called the streaming potential,
arising from the displacement of the double layer by the flowing
liquid [Figure 6.8(b)], is set up. Its value is found to be given by

Agp = (e&/nk)Ap. (6.51)

Comparing equations (6.50) and (6.51) we observe that

* The optics of an ultramicroscope produce a convergent beam of light that
illuminates colloidal particles, which appear as bright specks on a dark field.
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A@/Ap = (dV/de)/I = e&/nk, (6.52)

showing the close relationship between electro-osmotic flow and
streaming potential.
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Figure 6.9 Horizontal convective flow in an electrophoresis cell; observations must
be made at the level of one of the neutral planes.

SEDIMENTATION AND CREAMING

If the particles of a colloidal dispersion have a density different
from that of the medium, they will be subjected to a gravitational
force which will tend to cause the particles to sink (sediment), if
they are denser than the medium, or rise to the surface (cream), if
they are less dense. In either case the result will be to produce a
concentration gradient of particles tending to restore a uniform
concentration. Gravitational forces are thus opposed by diffusion,
and a steady state is set up in which the two processes are in
balance. As before, we can express the gravitational force as
—(Pp — Pm)vg, where p, and py,, are the densities of particle and
medium, respectively, and v is the volume of a particle. The
driving force for diffusion is (dg/d#4). In the steady state

—(pp = Pm)vg = (du/dh) = kT(dlnc/dh), (6.53)
so that
kTdlne = —(p, — Pm)mgdh. (6.54)

Integrating this equation between a height A% and 4° + A% we
obtain

¢/ = expl=(py — Pm)0gAR/KT], (6.55)

which is of course the result that we should expect from the
application of the Boltzmann distribution law to the problem
[equation (3.17)]. The above argument, however, brings out very
clearly the way in which physico-chemical equilibrium is achieved
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by the balance between the effects of potential energy (gravita-
tional energy here) and thermal energy (represented here by
diffusion or Brownian motion).

The experimental test of equation (6.55), and also of (6.3), was
first carried out by Perrin (1908) in his classical work on the
sedimentation of gamboge particles in the Earth’s gravitational
field. This relationship is now widely applied in two main areas.
It may be used, first, to dectermine particle sizes of very small
particles and, sccondly, by increasing the gravitational force using
a centrifuge (or ultracentrifuge), to study both the diffusion and
molar mass of macromolecules.

It is interesting to note that, although Boltzmann’s distribution
law was introduced to describe the statistical behaviour of mole-
cules, the first experimental demonstration of its validity involved
the assumption that colloidal particles follow the same statistical
law as molccules. Perrin’s experiments, although described in
most text books as an carly attempt to determine Avogadro’s
constant (N ), should more logically be regarded as determining
the Boltzmann constant, £, the evaluation of N being arrived at
from the relation between £ and the gas constant R:

R = Nk (6.56)

As we shall see, the idea that colloidal systems can be treated by
statistical mechanics in just the same way as molecular systems
has been revived in recent years, and it represents one of the
important growing points in colloid science.



Chapter 7

Some Important
Properties of Colloids
IT Scattering of Radiation

INTRODUCTION

In this chapter we shall outline some of the properties of colloidal
dispersions which can be studied by methods involving the
interaction of radiation with matter. Classical methods based on
the scattering of light have in recent years been supplemented by
laser light scattering and necutron scattering techniques that are
becoming of increasing importance.

LIGHT SCATTERING
Conventional Light Scattering

The first attempts at a systematic study of the optical properties
of finely dispersed systems were those of Faraday. His preparation
of colloidal gold was probably somewhat fortuitous, for the
original objective of his work was to prepare very thin films of
gold and to examine them by reflected and transmitted light. In
the cvent the preparative method he tried led to colloidal gold.
He regarded the scattering of a narrow beam of light by his
preparations as evidence for the particulate nature of the gold, no
doubt by analogy with the way in which dust in the atmosphere
is revealed by a shaft of sunlight. Further study by Tyndall led to
this phenomenon being called the Tyndall effect.

The theoretical study of the scattering of light by particulate

95
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matter also has a long history.* The first rigorous theory for very
small particles was developed by Rayleigh in 1871. The land-
marks in the further evolution of the subject were the extensions
of the theory by Mie (1908), Debye (19135), and Gans (1925) to
particles whose size approaches the wavelength of light. These led
to methods of estimating the size, and in some circumstances the
shape, of colloidal particles. Much further progress has been
made in the last few years largely as a result of the development
of lasers, of sophisticated electronics for recording data, and of
computers both for the analysis of experimental results and for
cnabling theorctical calculations of complex mathematical func-
tions to be carried out rapidly for comparison with experiment.

The subject is still developing rapidly and leading to new
methods for the study of particle size and shape, rates of diffusion
and particle growth, and the structure of dispersions. A detailed
mathematical treatment would be out of place here, but neverthe-
less the basic principles can be expounded in a relatively straight-
forward fashion.

According to classical electromagnetic theory, radiation can be
represented as a wave motion in which a fluctuating electrical
field and, at right angles, an associated fluctuating magnetic field
arc propagated through space at the velocity of light. The
radiation intensity (/) is proportional to the square of the
amplitude (E£°) of the wave motion (Figure 7.1). We shall not be
concerned here with the quantum mechanical interpretation in
which the radiation is propagated as ‘wavc packets’ or photons.

Radiation interacts with matter through the effects of the
clectric field vector on the electron distributions in molecules.
Absorption of radiation involves raising a system from one energy
level to a higher level by the absorption of a quantum of encrgy
(a photon). Elastic scattering of radiation involves no such quantum
jumps and can be discussed in classical terms.**

The experimental method of studying light scattering is, in
principle, very simple. The basic arrangement is shown in Figure
7.2, in which the intensity of light scattered at an angle 6 is

* The interested reader will find a fascinating account of the intertwining ol work
by many persons in M. Kerker, “The Scattering of Light'. Academic Press. 1967,
pp. 34-63.

** Scattering may also be inclastic. The wavelength of the scattered light is then
different from that of the incident light (Raman effect).
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measured at a distance 7 from the scattering object by a suitable
detector. In practice, the modern equipment to achieve high
precision is sophisticated, and great care has to be taken both to
exclude rigorously all traces of dust and to ensurc that no stray
light gains access to the detector.

Figure 7.1 Schematic representation of electromagnetic radiation as the propagation
of a fluctuating electric field (E) at right angles to an associated
Sluctuating magnetic field (H). Light scaitering results from the
interaction of molecules with the electric vector.

incident light,I, sample

detector

Figure 7.2 Basic principle of the experimental arrangement for studying light
scattering. Observations are made in the plane of the paper at an angle
of 6 to the direction of propagation.

To understand the basic principles of light scattering it is best
to begin with scattering from small particles whose dimensions
arec much smaller (say by a factor of twenty) than the wavelength
of light: this corresponds to particles in the lower range of the
colloidal size range (say less than 25 nm in diameter). At a given
instant the particle will be subjected to an electric field which will
polarise the particle, inducing in it a dipole moment (Figure 7.3).
Since the particle is small, all parts of it are subjected to
essentially the same field. As the wave passes, both the clectric
field and the induced dipole fluctuate in magnitude. If the light is
planc polarised (i.e. the plane including the electric vector and the
direction of propagation is fixed), the induced dipole lies in the
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— e

distance

Figure 7.3 Polarisation of a particle much smaller than the wavelength of light in
the plane of the electric vector. The induced dipole is proportional to
the amplitude of the wave at the position of the particle. As the wave
passes the particle, the induced dipole oscillates with the same
frequency as the light.

plane of the electric vector, and part of the energy of the wave is
used in creating the oscillating dipole. Since atomic nuclet are so
much heavier than the clectron, this dipole may be pictured as
arising from the movement of electrons up and down in the plane
of the clectric vector. This electron movement constitutes in effect
an oscillating current which produces its own clectromagnetic
ficld and radiates light of the same frequency as the incident
rachation. The spacial distribution of the intensity of this radia-
tion 1s sketched in Figure 7.4, The intensity of light propagated in
a given dircction is proportional to the length of the line, along
the direction in question, from the origin to the surface depicted
(the heavy arrows in Figure 7.4). Since the dipole has an axis of
symmetry, the radiation intensity is symmetrical about this axis.
This means that, if observations are made in the plane normal to
the direction of polarisation of the light, the intensity at a given
distance from the particle will be independent of the scattering
angle, 6; this is indicated by the dashed line in Figure 7.4(a).
Morcover, the light will be polarised in the same direction as the
incident beam. Conversely, if the direction of polarisation s
turned through 90° and observations are made in the same planc
as before, so that this planc now includes the direction of
polarisation [Figure 7.4(b)], then the radiation intensity is repre-
sented by the dumb-bell shape which results from the intersection
of the plane of observation with the surface representing the
spacial distribution (only one half of the surface is shown).
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Figure 7.4 Intensity of radiation from an oscillating dipole in space. Propagation
is directed in the x-direction. (a) Electric vector in the x-z plane,
observations made in the x—y plane. The intensity at an angle 8 io the
direction of propagation is given by the length of the heavy arrow and
is independent of O (dashed circle). (b) Electric vector in the x—y
plane and observations made in the same plane. The intensity at an
angle O is given by the length of the heavy arrow and varies with 6,
as shown by the heavy two-lobed curve.

The intensity of a scattered wave at a distance r from its source
is proportional to the square of the polarisability of the particle
and inversely proportional to r?. According to electromagnetic
theory, the ratio of the scattered intensity (/) to the incident
intensity (/y) in the plane normal to the direction of polarisation
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where « is the polarisability of the particle, & the permittivity of
a vacuum, and A the wavelength of the light in the medium in
which the particle is immersed. The subscript v denotes the fact
that this refers to vertical polarisation with respect to the observa-
tional plane. Furthermore, the polarisability of a particle of
volume v, having a refractive index 7, immersed in a medium of
refractive index ng 1s

2
ne — 1
o = 380(—2———)0, (7.2)
n® + 2
where n = nl/n() 1s the relative refractive index.
Substitution for @ in equation (7.1) then gives

I) 972 1(712—1)22
—| = — v 7.3
(Iov r? At n? 4+ 2 (7:3)

or, for a spherical particle of radius R, for which
v = (47/3)R3, (7.4)

1 16m* RS [n? — 1)2
(—) _ Lom ——( . . (7.5)

Iylv r2 o At p? 4+ 2

Similarly, the intensity of light from a horizontally polarised beam
[Figure 7.4(b)] is given by
(_I_) _ lém* R®(n? — 1
Io/n 2 At \n? 42
Unpolarised light of intensity /; can be represented by the sum
of two mutually perpendicular plane polarised beams of equal
intensity (/y/2). Consequently, by combining the effects shown in
Figures 7.4(a) and (b), the light scattered from unpolarised light
and observed in the horizontal plane is the sum of contributions
from the vertically and horizontally polarised components:

EANRYCa T
Iy n’ + 2

2
) cos? 6. (7.6)

- )2(1 + cos? 9)] (7.7)

2 At
The factor in square brackets is called the Rayleigh ratio, Rg.
The radiation diagram corresponding to equation (7.7) is shown
in Figure 7.5. We see that when 6= 0° and 180° (forward and

r
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back scattering) cos?6 = 1 and equal contributions are made by
the vertical and horizontal components; the scattered light is
unpolarised. When 6 = 90°, cos?6 =0 and only the vertical
component contributes; the scattered light at this angle is vertical-
ly polarised.

(iii)

Figure 7.5 Intensity of light scattered from an unpolarised incident beam by a
small spherical particle at the origin as a function of the scattering
angle (Rayleigh theory). The outer dumb-bell-shaped curve (iii) is the
vectorial sum of the two inner curves (i) and (ii), given, respectively,
by equations (7.5) and (7.6). The intensity at an angle 6 is given by
the length of the vector from the origin to the outer curve. The
three-dimensional distribution is obtained by rotating the diagram
about the long axis.

The above calculations refer to light scattered by a single
particle. Provided that a colloidal dispersion is not too concen-
trated, the scattering is simply the sum of contributions from
individual particles. Thus the intensity of light scattered at an
angle 6 by unit volume of a dilute suspension of particle
concentration ¢ is

I/Iy = Rgc/r%. (7.8)

The intens:ty of scattering is seen to depend, through Ry, on
the relative refractive index, and it falls to zero if n, = ny.
Conversely, the greater the ratio of the indices the stronger the
scattering. Since Ry is a function of the particle size, one can also
in principle obtain the particle volume, or radius if the particles
are spherical, by means of light-scattering measurements. Because
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of the strong dependence of I/l on wavelength, the scattering is
strongest in the blue region of the spectrum: (Ared/Ablue)* = 7.
Thus, if a colloid dispersion is viewed in white light, the scattered
light in the Tyndall cone has a blue appearance, while the
transmitted light is richer in red light. This accounts for the blue
of the sky and the redness of the setting sun — phenomena for
which Rayleigh was originally secking an cxplanation. Here the
scattering centres are in fact molecules rather than colloid parti-
cles, although for a considerable time there were arguments as to
the nature of the scattering units: ice particles, dust, and water
droplets were all postulated as causing the effect.

The total scattered intensity (the turbidity, t) is obtained by
integrating the scattered intensity over the surface of a sphere to
give

Iscatt 24‘773 722 -1 ) .

T = = “v%¢ 7.9
Iy At At 402 (7.9)

or, in terms of the scattering at 90°,

16mr” 1y lom

T = s = —Ry. 7.10
3 7 g At ( )

It tollows from equation (7.9) that
T < (oc)v (7.11)

so that, if the total volume, wve, of particles is constant, the
turbidity increases with the particle size. This 1s what is observed
when flocs increase in size during flocculation, and it provides a
mcthod of studying the kinetics of flocculation.

Before discussing the limitations of Rayleigh’s theory and its
extensions, mention may be made of one other application. In the
above discussion it has been assumed that the scattering is caused
by a material particle. However, any local fluctuation in density
(and hence in refractive index) in an otherwise homogeneous
phase can cause scattering. Thus even pure liquids scatter light
feebly. In solutions fluctuations in local concentration also lead to
light scattering. It turns out that these fluctuations are dependent
on the molar mass of the solute and on the extent to which the
solution departs from ideality. By carrying out mecasurements at a
series of concentrations and at various scattering angles and
extrapolating to zero concentration and scattering angle it is
possible to obtain the molar mass of the solute. This technique is
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applicable to solutions of macromolecules.

The main limitations of the Rayleigh theory are that it applies
only to particles much smaller than the wavelength of light, takes
no account of particle shape, and applies only to dilute suspen-
sions.

Theories to overcome these limitations involve complex mathe-
matical treatments. The effects of increased particle size and
deviations from spherical shape can, however, be described in
reasonably simple terms. The first effect of increasing particle size
is to elongate the scattering diagram along the direction of
illumination (Figure 7.6), with the result that scattering at 45° is
no longer equal to that at 135° but is greater. Thus the first sign
of departure from the Rayleigh equations is that the ratio Lis/1135
is greater than unity. The origin of this effect is that all parts of a
particle are not, at a given instant, subjected to the same electric
field: light scattered from different regions within the particle is
out of phase and therefore interferes at the detector, reducing the
Intensity of scattering.

Figure 7.6 Intensity of light scattered from an unpolarised beam by a large
spherical particle at the origin, as a function of scailering angle O
(Rayleigh-Gans-Debye theory). The intensity of light scattered at
135° is less than that at 45°.

The theory to take account of these effects was developed
mainly by Debye and by Gans and applies when
(ny — no)R/A < 1; it is usually referred to as the Rayleigh—-Gans—
Debye (RGD) theory. The Rayleigh scattering (/r) is modified by
a correction factor P(8):

Ircp = [xP(O), (7.12)
where P(8) can be expressed as a series expansion:

P6) =1 — L(QRG) + ... (7.13)
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Here Q = (47 /A)sin(0/2) and is called the wave vector, while R is
the radius of gyration of a particle of arbitrary shape [for a
homogencous sphere R¢ = (2) '2R]. This shows that when 6 = 0°
sin(0/2) =0 and P(6) = 1, while when 6= 180° sin(6/2) = 1
and P(6) =1 — [(4wRs/A)* + .. .; thus scattering in the back-
wards direction is decrcased compared with Rayleigh scattering.
To a first approximation, when QRg << | and only the first term
in the series is important,

Ly 1 — 0.049(47 R c/A)*

Lis 1 — 0.285(4mR /M)
thus enabling R¢ to be calculated from measurements at 45° and
135°.

When the particles are much larger, (n; — ng)R/A =1, the
theory becomes very complex (Mie theory), cspecially when
account is taken of the absorption of light by the particle. The
main consequence of Mie’s theory is that the scattering diagram
now shows a complex dependence on 6; an example is shown in
Figure 7.7. However, by computation of such patterns for a range
of size and shape parameters it is now possible to match
experimental data to theoretical scattering profiles and to derive
information on particle size and shape. For example, the sizing of
monodisperse spherical particles up to about 2 um is possible by
this technique.

An outstanding limitation still remains: in more concentrated
dispersions light scattered by one particle may undergo further
scattering encounters with other particles before leaving the
sample. These multiple scattering effects soon become serious,
and no adequate theory is yet available to describe them. In
practice they arc mitigated by working with dilute suspensions
and small sample volumes.

(7.14)

Dynamic Light Scattering

In conventional light scattering the light scattered from different
particles is of random phase so that destructive interference does
not occur in a systematic way. If, however, a laser is used, the
light is coherent (i.e. the wave motion is in phase across a plane
of propagating light) and interference patterns are produced by
an array of particles. If the particles are stationary, then a pattern
of bright spots 1s scen: Figure 7.8 shows difiraction patterns
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Figure 7.7 Complex scattering pattern for a very large spherical particle (Mie
theory).

obtained by shining a laser beam through thin films of polymer
particles deposited on a glass plate. Figure 7.8(a) is analogous to
the Laue X-ray diffraction pattern produced by a crystal.

In a colloidal dispersion particles are in continuous motion and
the pattern of spots changes continuously, leading to a mobile
speckle pattern. If attention is directed to a specific area of view,
the light appears to twinkle as bright spots appear and disappear
from that area. The character of the twinkling is clearly related to
the motion of the particles, and dynamic light scattering exploits
this fact. The nature of the twinkling is sensed by a ‘photon
correlator’, which enables the correlation in time between the
fluctuations in light intensity to be analysed; for this reason the
technique is frequently described as photon correlation spectroscopy
(PCS). The result is a correlation function which represents the
relation between the average intensity at a time (¢ + 7) and that
at time {. When 7 is large, I(t) and (¢ + 1) are independent of
one another, while at very short delay times they are closely
related. This function in effect is a measure of the probability of a
particle moving a given distance in a time 7. In the case of
equal-size spherical particles the correlation function is a simple
exponential function:
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g(1) = exp(—1/1.), (7.15)

where the parameter 7, is related to the diffusion coefficient, D, of
the particles:

7. = 1/DQ". (7.16)

By plotting Ing(7) against 7, all of which is done by computer, t.
is found. Assuming the Stokes—Einstein equation for the diffusion
coeflicient [equation (6.10)], the hydrodynamic radius, R, of the
particles is given by

R = (kT/6mm) Q’T.. (7.17)

In practice onc measures T, at various scattering angles (various
values of Q) and plots 1/7. against Q” to obtain D and hence R.

PCS is now widely used for the determination of the size of
particles in the colloid range. In general the results are in
reasonably good agrecement with those found by electron micros-
copy. Such discrepancies that do occur may be attributed ecither
to a difference between the hydrodynamic radius (which may
include a sheath of solvent or an adsorbed layer on the surface of
the particles) and the real radius or to changes in the particle size
arising from the preparation (drying) of the sample for clectron
microscopy or arising from bombardment by the electron beam.
The method 1s, however, much less casily applied to polydisperse
systems, since the correlation function then has a much more
complex form and has to take account of the movement of
particles of different sizes.

Another application of laser light scattering is to the study of
clectrophoresis. This makes use of the Doppler effect. If light is
scattered by a moving particle, the wavelength of the scattered
light is changed. Thus, by comparing the wavelengths of the
scattered and incident light, the drift velocity of the charged
particles under the influence of the electric field can be deter-
mined. The method has several important advantages in speed
and accuracy over conventional observational methods of measur-
ing electrophoretic mobility (see Chapter 6).
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Figure 7.8 Interference patterns produced by passing a laser beam through a thin
layer of polymer latex particles deposited on a microscope slide:
(a) highly ordered layer showing Laue pattern, (b) disordered layer
showing a speckle pattern which twinkles if the particles are mobile.
The light intensity from a given area then fluctuates because of the
Brownian motion of the particles.

[(a) Reproduced with permission from Professor R. H. Ottewill and (b)

photographed by D. Jones, School of Chemistry, University of Bristol]
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NEUTRON SCATTERING

Because of the dual wave-particle character of subatomic parti-
cles, a beam of neutrons behaves in a wave-like fashion in that,
when scattered by matter, the scattering patterns that are pro-
duced are analogous to those obtained by light or X-rays.
However, the effective wavelength of neutrons is very small — in
the range 1—10 A depending on their velocity — so that when
applied to scattering by colloid-size particles one has R/A>> 1.
The equation representing the scattering is therefore of the same
form as equations (7.3) and (7.12):

(/1)) = A(p, = pm)?0?P(Q). (7.18)

Here the term (p, — pm)? replaces the refractive index term in
equation (7.3): p, and p, are, respectively, the ‘necutron
scattering-length densities’ of the particle and the medium. 4 is a
constant incorporating the other factors in equation (7.3) and is a
characteristic of the apparatus, i.e. the wavelength of the neut-
rons, the distance from target to detector. In this case the simple
equation for P(Q) given in equation (7.13) no longer applies. For
spheres it now has the form

P(Q) = [(3sin QR — QR cos QR)/(QR)*]? (7.19)

and exhibits an oscillating character, illustrated in Figure 7.9.
The separation of the peaks is a measure of the particle size. In
practice the peaks arc much less well defined than those shown in
the figure; nevertheless one can obtain satisfactory values for the
mean particle size.

It can be seen from Figure 7.9 that the scattering angles used
in neutron scattering are very small — a matter of a few degrees —
so the technique is known as small-angle neutron scattering (SANS).

This technique, although not superior to ordinary light scatter-
ing for the determination of particle size, has a number of
important advantages over light scattering when applied to more
complex problems. Two examples may be mentioned briefly.

The first arises from the fact that the neutron scattering-length
densities of different atoms vary widely: in particular those for
hydrogen and deuterium differ considerably so that by mixing
H»O and D,O in varying proportions media of widely different
values of p can be prepared. Equation (7.18) shows that if
Pp = Pm there is no scattering, i.e. neutrons do not ‘see’ the
particles. This principle can be exploited in the study of compo-
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site particles, such as particles covered with an adsorbed layer.
One may ecither match the medium to the adsorbed layer, to
obtain the size of the core, or match the core when the thickness
of the adsorbed layer can be estimated. In this way a method
may be developed for the measurement of adsorption from
solution by colloid particles.

A second important application of neutron scattering is to
concentrated dispersions which cannot be studied by light scatter-
ing because of their opacity. The method has close analogies with
the use of low-angle X-ray scattering to study the structure of
liquids, and its main application so far has been to investigate the
radial distribution function for colloid particles in concentrated
dispersions.

1 | 1 ] 1
0.02 0.04
a/k”’!

Figure 7.9 LogI as a function of Q for spherical particles according to equation
(7.19). Full curve, particle radius 100 nm; dashed curve, particle
radius 25 nm. For neutrons of wavelength 5 A Q = 0.05 A, corres-
ponding to a scattering angle of 2.6°.

(Reproduced from ‘Colloidal Dispersions’, ed. J. W. Goodwin, Special

Publication No. 43, The Royal Society of Chemistry, London, 1982)




Chapter 8

Some Important
Properties of Colloids
III Rheology

INTRODUCTION

Rheology is concerned with the flow and/or deformation of matter
under the influence of externally imposed mechanical forces. Two
limiting types of behaviour are possible. The deformation may
reverse spontaneously (relax) when the external force is removed:
this 1s called elastic behaviour and is exhibited by rigid solids. The
cnergy used in causing the deformation is stored, and then
recovered when the solid relaxes. At the other extreme, matter
flows and the flow ceases (but is not reversed) when the force is
removed: this is called wviscous behaviour and is characteristic of
simple liquids. The encrgy nceded to maintain the flow is
dissipated as heat. Between the two extremes are systems whose
response to an applied force depends on the time-scale involved.
Thus pitch behaves as an clastic solid if struck but flows if left for
years on a slope. Similarly, a ball of ‘Funny Putty’, a form of
silicone rubber, bounces when dropped on a hard surface, when
the contact time is a few milliseconds, but flows if deformed
slowly on a time-scale of seconds or minutes. Systems of this kind
are said to be wvisco-elastic. The precise nature of the observable
phenomena depends on the ratio of the time it takes for the
system to relax to the time taken to make an observation. This
ratio is called the Deborah number* (De):

* The term Deborah number was coined by M. Reiner (sce Physies Today, 1969,
17, 62), who recalled the song of the prophetess Deborah (Judges, Chapter 5, verse

5) “T'he mountains melted [‘flowed’ in the Hebrew] from before the Lord’,
suggesting that given infinite time (God’s time) cven mountains will flow.

110
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De = time for relaxation/time of observation. (8.1)

When De is very large, the system behaves like a solid and has
clastic properties: when De is very small, it flows like a liquid.
The importance of rheology in studying colloidal dispersions
arises from the fact that De is often around unity so that a wide
range of visco-elastic phenomena are observed.

Flow or deformation involves the relative motion of adjacent
clements of the material. As a consequence such processes are
sensitive to interatomic or intermolecular forces. In the case of
liquids containing dispersed particles, interparticle forces are also
important. Because the rheological properties of colloidal suspen-
sions exhibit such a rich variety of phenomena, rheological studies
not only provide information on medium—particle and particle—
particle interactions but also are of immense technological import-
ance.

It is not possible in this chapter to do more than give a brief
review of the subject and to indicate in rather general terms the
way in which rheological measurements can help us to under-
stand the behaviour of colloids. Some of the technological applica-
tions of rheological properties will be dealt with in Chapter 14.

VISCOSITY

We shall limit discussion to the simplest case of shear viscosity,
illustrated in Figure 8.1(a). Fluid is contained between two plates
parallel to the xy-plane and a distance /£ apart along the z-axis.
The plates are maintained in relative motion at a constant
velocity Vin the x-direction by a shearing force F applied to the
upper plate and a force —F to the lower plate.

Assuming that there is no slip at the solid/liquid interfaces, the
velocity of movement, v, of an element of fluid relative to the
lower plate increases linearly from zero at z =0 to V at z = h, as
shown in Figure 8.1(b). The ratio V/k is called the shear rate, or
the rate of shear strain, and 1s denoted* by D. The force needed to
maintain the steady motion is proportional to the area, A4, of the
plates (ignoring edge effects), and the ratio F/A is called the shear

* The notation and nomenclature employed are those recommended in the
IUPAC Manual of Symbols and Terminology for Physico-chemical Quantities and
Units, Appendix II, Part 1.13 (Selected Definitions, Terminology and Symbols for
Rheological Properties), Pure and Applied Chemistry, 1979, 51, 1213-8. Alternatives
to D and o are respectively ¥ and .
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stress and is denoted by o.
The ratio o/D is called the viscosity (n):
n=o/D, (8.2)

while its reciprocal is the fluidity.

(a) (b)

Figure 8.1 (a) Representation of a simple shear field between two parallel plates.
(b) Variation of the local velocity with distance in the space between
the plates.

In practice the idealised situation of parallel plates is approxi-
mated by using two co-axial cylinders whose radii are r, and 7y,
where (ry — ry) < r; [Figure 8.2(a)]. One cylinder is rotated at
constant speed while the torque needed to prevent the other
cylinder rotating is mecasured as a function of the speed of
rotation. An alternative geometrical arrangement in which the
shear rate is constant consists of a conc and plate [Figure 8.2(b)].
As onc moves away from the axis of rotation both the velocity
and the plate separation increase in proportion to the distance
from the axis, and the ratio v/h remains constant. Again the
torque required to hold the plate stationary when the cone rotates
is measured. By far the simplest apparatus is the capillary
viscometer [Figure 8.2(¢)|, in which one measures the rate of flow
of liquid under the influence of a more or less constant hydrosta-
tic head. However, the shear rate varies across the tube so that
the method is only uscful when the viscosity is independent of the
shear rate. A further, less precise, method is that in which the
terminal velocity of a solid sphere falling through the liquid is
measured |[Figure 8.2(d)]. The rate of rise of a small bubble may
also be used in the same way.

NEWTONIAN AND NON-NEWTONIAN SYSTEMS

In the simplest type of behaviour, exhibited by Newtonian systems,
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n is a constant independent of D, as shown in Figure 8.3(a).
Simple molecular liquids and dilute colloidal systems usually
respond in this way.

Figure 8.2 Basic methods of measuring viscosity: (a) concentric ~ cylinders
(Couette) [T = (2mLr*/Ar)owm], (b) cone and plate [T =
2R (w/a)n], (¢) capillary viscometer (Ostwald)
[m = (artpgh/8) /(dv/dt)], (d) falling sphere (Stokes) [n =

3

R (p, = pi) Ju].

In non-Newtonian systems the viscosity is shear dependent: we
then talk of the apparent viscosity, Napp, Or shear-dependent viscosity,
defined by equation (8.2). Some typical types of behaviour are
illustrated in Figure 8.3. The apparent viscosity, given by the
slope of the dashed lines, may increase with D [Figure 8.3(b)],
when the fluid is said to exhibit skear thickening (sometimes called
dilatency), or, in the case of shear thinning, it may decrease [Figure
8.3(c)]. A more extreme case of shear thinning, called pseudo-
plastic behaviour, is shown in Figure 8.3(d). In plastic systems
[Figure 8.3(e)] there is no initial response, on the time-scale of
observation, to the imposition of stress, but flow begins at a
limiting yield stress (0o). It is essential to specify the time-scale
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involved. Thus o for pitch is high if the force is applied quickly,
but a small force applied over years causes flow. Many colloidal
dispersions show Bingham flow, in which, at higher shear rates, the
relation between o and D becomes lincar, the slope being the
differential viscosity, na (sometimes called the plastic viscosity, n,,1).
In this region

0 — 0y = NaD, (8.3)

(a)

D
Figure 8.3 Basic types of rheological behaviour: (a) Newtonian, (b)—(e) non-
Newtonian [(b) shear thickening, (c) shear thinning, (d) pseudo-
plastic, (e) plastic (Bingham flow), in which o, is the yield stress
and Oy is the Bingham yield stress].
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the intercept of the line extrapolated from the linear region with
the o-axis being called the Bingham yield stress (o).

As emphasised above, the rheological properties of colloid
systems are often time dependent. If after a long rest the
application of a finite shear leads to a decrease in viscosity, work
softening is said to occur; if on standing the initial higher viscosity
is regained, the system is said to be thixotropic. The time taken for
this to occur is the time of thixotropic recovery. In other cases
opposite effects may be observed. Work hardening is said to take
place if the viscosity increases with the length of time for which
the stress is applied.

RHEOLOGY OF SUSPENSIONS OF COLLOIDAL
PARTICLES

The Newtonian viscosity of a liquid is modified, and may become
non-Newtonian, if it contains colloidal particles. This results from
the complex interplay of interactions including hydrodynamic
interactions between the liquid and solid particles, attractive or
repulsive forces between the particles, and, in concentrated sys-
tems, direct particle—particle contact.

Hydrodynamic interactions between the liquid and solid parti-
cles suspended in it result essentially from the finite volume
occupied by the particles: they are excluded volume effects
leading to additional viscous dissipation in the liquid and are
significant even at low concentrations.

Spherical Particles

According to a simple theory due to Einstein (1906) for spherical
particles at very low concentrations, the relative wviscosity, 1/ns,
where 7, is the viscosity of the pure liquid medium, is related to
the volume fraction, ¢, of particles by the simple equation

n/ms =1+ 2.5¢. (8.4)

This may also be expressed in terms of the relative viscosity
increment, 1; (the term specific viscosity is now discouraged by

IUPAC):
n=(m-mn)/m =25¢ (8.5)

or
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(] = mi/¢ = 2.5, (8.6)

where [n] is often called the intrinsic viscosity.* In general, the
intrinsic viscosity is the limit of 7;/¢ as ¢ — 0.

Einstein’s equation is strictly valid at infinite dilution where
only single particle/medium interactions are important. It is
found in practice to be followed with reasonable accuracy up to
volume fractions of about 0.01. The origin of this effect can be
understood qualitatively in the following way [Figure 8.4(a)]. The
centre of mass of a particle moves with a velocity v, equal to the
flow velocity of the medium at this level. In the absence of the
particle the medium at the level corresponding to the upper
boundary of the particle would move at a velocity
v+ R(dv/dz) = v + RD, where R is the radius of the particle.

. v+RD e
{R
JEE . A (a)
N
————— V- D - - - o= w— - -
X
N (b)

v

Figure 8.4 (a) Rotational motion of a sphere induced by a shear field: this motion
is resisted by viscous effects over the surface of the sphere. (b) Resul-
tant distortion of the flow field of the liquid: dotted line — flow field
in the absence of the sphere; full line — effect of the presence of the
sphere, which slows down the liquid around the upper hemisphere and
accelerates it in the lower.

* This term is also used for 77;/p, where p is the mass fraction of particles.
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At the lower boundary its velocity would be v — RD. When a
particle is present, this will no longer be the case. If there is no
slip at the liquid/solid surface, the forces acting on the upper and
lower hemispheres of the particle will cause it to rotate. However,
this rotation will be resisted by viscous forces over the whole
surface of the particle; for example, there will be shears down and
up, respectively, on the leading and trailing surfaces. Consequent-
ly the velocity of the liquid in contact with the top surface of the
sphere will be lowered and that at the bottom increased. The
velocity profile of the fluid round the perimeter of the particle will
be distorted as indicated schematically in Figure 8.4(b). If the
overall flow is to be kept constant, the stress must increase, i.e.
the viscosity is increased by the presence of the particle. In a
dispersion the total effect will be proportional to the concentration
of particles and to their volume, leading to the relationship in
equation (8.5).

At higher concentrations one has to consider the effects of pairs
of particles in close proximity. For example, if two particles are at
different levels in the flow field, that at the higher level will
overtake and pass that at the lower level [Figure 8.5(a)]. If their
two paths are close together, and separated by less than 2R, the
trajectories of the particles will be distorted as shown in Figure
8.5(b). This change of trajectory involves an expenditure of
energy. Since the probability of close approach of two particles is
proportional to the square of the volume fraction, a correction
term proportional to ¢* must be added to equation (8.5). The
exact theoretical treatment of this effect is complicated since
account has to be taken both of the hydrodynamic forces when
two particles pass one another on near-miss trajectories and of the
influence of the Brownian motion of the particles. Recent theore-
tical calculations have shown that the proportionality factor is 6.2.
On raising the particle concentration further, the influence of
three or more neighbouring particles must be included. It is then
reasonable to expect equation (8.5) to represent only the first
term in a series expansion in ¢:

N = 2.5¢ + 6.2¢% + ksp® + .. .. (8.7)

Only very approximate values of k3 have been derived, and little
is known about the higher terms. According to equation (8.7) the
ratio 7);/¢ will have the form shown in Figure 8.6.
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(b)
Figure 8.5 Relative motion of particles at different levels in the flow field.

Positions are shown at successive time intervals: (a) when the
trajectories are separated by substantially more than the collision
diameter (h>> 2R), (b) when the trajectories are separated by less
than the collision diameter (h < 2R), showing distortion of the
trajectories. (Brownian motion is neglected in this simplified repre-
sentation.)

/¢

¢
Figure 8.6 Variation of 1,/¢ with ¢ for a system in accordance with equation
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So far we have taken no account of interparticle forces. In the
absence of such forces two particles at different levels at a
separation greater than 2R will pass one another on essentially
parallel paths as already shown in Figure 8.5(a). However, if the
particles attract one another, their trajectories will be modified in
the way illustrated in Figure 8.7(a). Again there will be an
additional contribution to the drag and an increase in viscosity.
The effect increases with the increasing magnitude of the inter-
particle forces. If they are strong enough, the particles may form
a doublet — corresponding, for example, to secondary minimum
flocculation — which will be induced to undergo rotatory motion
[Figure 8.7(b)]. This represents yet another mode of energy
dissipation which contributes to the viscosity. Since pairs of
particles are involved, interparticle forces leading to reversible
doublet formation should not affect the intrinsic viscosity.

(b)

Figure 8.7 Trajectories of atiracting colloidal particles in a flow field. As in
Figure 8.5, the positions of the particles are shown at successive
intervals of time. (a) Moderate attractive forces leading to a distortion
of the trajectories, (b) strong attractive forces leading to the formation
of a doublet which then rotates in the field. (Brownian motion is
neglected in this simplified representation.)

Increase in concentration, or of interparticle forces, will lead to
larger aggregates which will enhance the viscosity even further.
Systems under these conditions are usually non-Newtonian since
these effects are sensitive to shear rate. Increase in the shear rate
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will tend to dissociate the flocs, which will decrease in both
concentration and size, and the system will exhibit shear thinning.
Yet another effect arises at very high shear rates. In Chapter 9
mention will be made of orthokinetic flocculation, in which hydro-
dynamic forces can bring particles together with sufficient energy
to overcome the primary maximum and lead to primary mini-
mum coagulation. If this occurs, then shear thinning at lower
shear rates may be followed at very high shear rates by shear
thickening caused by the presence of flocculated particles.

Increases in both particle concentration and magnitude of
interparticle forces may lead to an increase in the size of flocs to
such an extent that they form a particle network (gel, see Chapter
13) which resists flow until the yield stress is reached. The system
becomes first pseudo-plastic and then plastic.

Other phenomena may also be observed in concentrated disper-
sions. Thus, as the concentration increases, direct particle—particle
contacts increase in importance, and as the limiting packing
fraction is approached (¢ = 0.625 for the random close-packing of
spheres) the suspension ceases to flow and the viscosity becomes
infinite. Shortly before this limit is reached the suspension (espe-
cially if the particles are monodisperse spheres) often exhibits
dilatency. When the particles arc nearly close-packed, flow can
occur only by the particles rolling past one another (Figure 8.8),
and this results in an increase in volume: the shear thickening is
accompanied by dilatence of the system. If the amount of liquid
present is insufficient to fill the extra void volume produced, the
surface may become dry. This is the familiar phenomenon
observed when one steps on wet sand.

Figure 8.8 Schematic representation of the dilation caused by the relative motion of

particles in a nearly close-packed system; note the increase in the void

volume (shaded).

Systems of this kind often show additional interesting and
important time effects. Thus, if the stress is applied rapidly, the
particle structure does not have time to relax and the material
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appears to be almost solid. On the other hand, slow application of
stress leads to steady flow, or c¢reep. The suspension can be stirred
slowly, but it develops a very high viscosity if disturbed suddenly.
The non-drip properties of many modern paints depend on such
thixotropic phenomena.

In many colloid systems particles are covered with adsorbed
layers (see Chapter 5). These too influence the viscosity since the
effective radius, and hence the effective volume fraction, is greater
than that of the core particles. In attempting to fit experimental
data on dispersions of spherical particles to theoretical equations
the effective volume fractions must be employed. If measurements
are made on very dilute suspensions and at low shear rates,
equation (8.7) (retaining only the first two terms) may be used to
calculate the effective volume fraction and hence the particle size,
and the thickness of the adsorbed layer if the size of the core
particles is known. This is not, however, a very precise method
and generally other methods of finding the adsorbed layer thick-
ness are to be preferred.

Non-Spherical Particles

If the particles are strongly anisotropic then, as illustrated in
Figure 8.9(a), their rotational motion in the shear field is greatly
enhanced. Additional energy is dissipated in maintaining this
motion and the viscosity is increased. Since only single particles
arc concerned in this process, it will incrcase the intrinsic
viscosity above the value of 2.5 for spherical particles. For
example, it is calculated that for rods having an axial ratio of 15
the intrinsic viscosity rises to 4.0.

An important feature of the rotation of a rod-like particle is
that the turning moment depends on its orientation relative to the
direction of the shear field. The moment, and hence the angular
velocity, is greatest when the particle is at 90° to the shear field
and least when it is parallel to it [Figure 8.9(a)].* As the axial
ratio increases, this variation of angular velocity with orientation
increases dramatically until, although particles continue to rotate,
they spend most of their time in a near-parallel orientation

* In the parallel orientation the turning moment is zero, so one might expect
rotation to cease. However, Brownian motion will ensure that from time to time
the particle will rotate slightly and then be subjected to forces causing it to rotate
further.
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[Figure 8.9(b)]. Their rotation consists of occasional ‘flicks’
through 180°. Their influence on the viscosity is decreased and
the flowing liquid i1s no longer optically isotropic but becomes
birefringent; the phenomenon is known as flow birefringence and its
appearance 1s clear evidence that the particles are strongly
anisotropic [Figure 8.9(c)].

(i) (i) (iii)
(b)
P ——————————TE e
e
__—.——-—-—_ /__
R T XTI AT
(©)

Figure 8.9 Behaviour of anisotropic particles in a shear fleld. (a) Rotation
induced by a shear field: the turning moment, and hence the angular
velocity, is greatest when the major axis is at 90° to the field (iii).
(b) If the axial ratio is very large, the predominant orientation is
parallel to the field (). [f Brownian motion causes the particle to
rotate slightly, the flow may either, as in (i), restore the parallel
orientation or, as in (i), lead to a rapid “flick’ through 180°.
(¢) Optical anisotropy results when a large number of long rod-like
particles are oriented in the shear field.

In view of the complexity of the possible rheological phe-
nomena which colloidal systems can exhibit it is not surprising
that, even for dispersions of spherical particles, equation (8.7)
holds only up to a volume fraction of about 0.3 and that a large
number of empirical equations have been suggested to represent
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real systems at high concentrations. One semi-empirical equation
that is often useful and gives a reasonable representation of shear
thinning is the following:

In(n/n,) = =[Ml¢y(1 — ¢/p,), (8.8)

where ¢, is the maximum packing fraction, at which the viscosity
becomes infinite. For equal-size spheres one might expect ¢, to be
about 0.6 and [n] = 2.5. In practice, for real systems that follow
this equation both parameters differ from these values, and they
are often shear dependent.

So far, little progress has been made in understanding the
rheological properties of polydisperse systems, especially at high
concentrations.

ELECTROVISCOUS EFFECTS

As outlined earlier (Chapter 3), electrically charged colloidal
particles are surrounded by an electrical double layer. This leads
to important rheological effects. The primary electroviscous effect is a
consequence of the fact that the electrical double layer [Figure
8.10(a)] is deformed from its spherical shape by the shear field.
Construction of the double layer ahead of the particle and its
disintegration behind the particle take a finite time [Figure
8.10(b)]. This causes an increase in the intrinsic viscosity, which
for low zeta-potentials (§ < 25 mV) is proportional to the square
of this potential:

(] = 2.5 + f(e) &% (8.9)

where f{(¢) is a function of both the ionic concentration ¢ in the
bulk and the particle size. Furthermore, the repulsion between the
double layers increases the effective collision diameters of the
particles and hence their effective volume, whilst also leading to
distortion of the particle trajectories [Figure 8.10(c)]. This gives
rise to the secondary electroviscous effect, which again results in an
increase in the viscosity. As mentioned above, the presence of
adsorbed layers on a particle also increases its cffective diameter.
If these adsorbed layers are polyelectrolyte molecules, then their
effective thickness depends on both salt concentration and pH
[Figure 8.10(d)]: this 1s the origin of the tertiary electroviscous effect.
Changes in the solution composition that lead to a more compact
adsorbed layer decrease the viscosity, and vice versa.
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Figure 8.10 Origin of electroviscous effects: (a) electrical double layer round a
particle at rest, (b) distortion of the electrical double layer in a shear
Sfield, leading to the primary electroviscous effect, (c) trajectories of
repelling particles caused by double-layer repulsion, leading to the
secondary electroviscous effect, (d) effect of ionic strength (or pH) on
the extension of a charged adsorbed polyelectrolyte, causing a change
of the effective diameter of the particle, and the tertiary electroviscous

effect.

RHEOLOGICAL SPECTROSCOPY

A rapidly expanding field of study is that concerned with the time
response of colloidal systems to a mechanical disturbance. The
importance of this was hinted at at the beginning of the chapter
(page 110), and recent major developments in instrumentation
have opened up new arcas of research.

Referring to Figure 8.1, we suppose that the plates are initially
at rest and that at a time ¢y the upper plate is subjected to a
rapid, short-lived displacement. The resultant stress on the lower
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plate will not be experienced immediately, but only after a certain
delay time (A¢). By measuring the delay time as a function of the
separation of the plates, the velocity of propagation of the shear
wave can be measured. This is the principle of the shear rheometer.
The information obtained from such experiments gives significant
new information concerning the rheological properties of the
intervening material.

A technique of longer standing is that in which one component
of a rheometer [Figure 8.2(a) or (b)] is caused to undergo a
sinusoidal oscillation and the response of the other is monitored
(Figure 8.11). The recorded stress curve at the inner cylinder, or
the cone, lags behind the strain curve imposed on the outer
cylinder, or the lower plate. The variation of the relaxation time
with frequency provides information on the processes responsible
for the dissipation of energy which occurs as the individual
elements of material between the plates respond to the con-
tinuously varying stress to which they are subjected. The princi-
ples involved in this technique are essentially similar to those
governing the response of dielectric materials to a fluctuating

strain

stress

JANEYA

Figure 8.11 Time lag between the response of stress to a sinusoidal imposed
strain. The dependence of At on the frequency provides information
on the kinetics of interparticle motions.
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electric field, and the results are analysed in an analogous fashion
to identify the rheological storage and loss factors. These in turn
can be related to the naturc of the interparticle forces in a
colloidal suspension.

Further discussion of rheological spectrometry would lead to a
somewhat more involved treatment of response theory, which is
beyond the scope of this book.

CONCLUSION

The great variety of rheological phenomena exhibited by colloidal
dispersions, only a few of which have been dealt with above, not
only provide a major theoretical challenge but also present many
opportunities for exploitation in industrial applications, some of
which will be mentioned in Chapter 14.
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How are Colloidal
Dispersions Destroyed?
I Aggregation Processes

INTRODUCTION

Flocculation involves the aggregation of particles without the
destruction of their individuality and differs fundamentally from
the processes of sintering and particle growth, to be discussed in
the next chapter. Since flocculation is the first step in the
destruction of a very wide range of colloids, it is important to
understand the underlying mechanisms involved. Major research
efforts have and are being made to elucidate the details of this
process.

As explained in Chapter 2, flocculation occurs spontaneously if
it is accompanied by a decrease in the total free energy of the
system. This free energy is made up of several contributions. We
have seen earlier that one contribution arises from the potential
energy of interaction between colloidal particles which may be
regarded as lowering the surface tension between the interacting
surfaces. We denote this by AG(int). In addition, the coming
together of several particles to form an aggregate results in-the
loss of the independent translational motion of the individual
particles and its incorporation in the translational motion of the
aggregate (Figure 9.1). This reduction in the number of degrees
of freedom implies a decrease in the entropy of the. system,
AS(agg), and hence an increase in the free cnergy:
AG(agg) = —T[AS(agg)].

In many examples of rapid coagulation it is assumed that the
interaction free energy dominates the process so that one can
ignore the contribution from the entropy term. The flocculation

127
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can then be treated solely in terms of the interparticle free-energy
diagrams such as those discussed in Chapter 2. In these cases
flocculation results from the lowering or elimination of the free-
energy barrier (Figure 2.8), which allows the system to pass over
into a state of lower interaction free energy corresponding to the
primary minimum, whose depth is usually so great that entropy
effects can be neglected.

Figure 9.1 Loss of degrees of translational freedom on addition of an extra
particle to a floc.

On the other hand, if the flocculation is caused by the presence
of a secondary minimum, then entropy cffects can be of major
importance and lead to a variety of observed phenomena.

In this chapter we shall discuss first the coagulation of electro-
statically stabilised aqueous dispersions in which entropy effects
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can be ignored and then systems involving secondary minima.
Two other phenomena are then discussed briefly, namely bridging
Socculation and depletion flocculation. This leads to a discussion of
the kinetics of flocculation. Of increasing practical importance are
the conditions under which mixtures of colloidal particles of
different kinds flocculate — so-called #heteroflocculation. The final
section deals briefly with the important topic of the structure of
flocs and sediments.

FLOCCULATION AND COAGULATION OF
ELECTROSTATICALLY STABILISED DISPERSIONS

The study of the coagulation of aqueous dispersions of sparingly
soluble or insoluble solids (lyophobic colloids) has been one of the
main streams of colloid research for over a century. This arises
both from its practical importance and from the fact that it was
the first colloidal phenomenon for which empirical rules governing
its onset were established. Consequently it was also the first for
which attempts were made to develop a theoretical interpretation.

The coagulation of lyophobic colloids by the addition of electro-
lyte was observed by Faraday (1856) and was certainly known to
others a good deal ecarlier. The converse situation in which
precipitates of metal salts in analytical procedures tended to pass
through a filter paper if the electrolyte concentration was too low
(peptisation) was also familiar. The studies of Schultze (1882) and
Hardy (1900) led to the general conclusion that flocculation was
controlled mainly by the nature of the ion of the added electrolyte
carrying a charge of opposite sign to the surface charge on the
colloid particle and that under given conditions the effectiveness
was strongly dependent on the valency of this counter-ion. The
nature and valency of the ion of the same sigh as the particle
(co-ion) were found to be of secondary importance.

An approximate measure of the influence of an electrolyte on
the flocculation of a lyophobic sol is the critical coagulation concentra-
tion (c.c.c.), which is the minimum concentration of that electro-
lyte leading to rapid coagulation under specified conditions of
concentration of sol, rate of addition of electrolyte, etc.

Although not always a very reproducible quantity, it is never-
theless sufficient to establish the Schulize-Hardy rule, according to
which the c.c.c is determined largely by the valency of the
counter-ions. Under controlled conditions these concentrations are
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very roughly in the ratios 1:0.013:0.0016 for counter-ions of
valency 1, 2, and 3, respectively. Other factors play a less
important role. For example, the effectiveness of monovalent
cations n coagulating a negatively charged sol varies in the order
Cs">Rb">K*>Nat>1Li", while for divalent ions
Ba®" > Sr?* > Ca”" > Mg?*. The term {yotropic series® is often
applied to such sequences.

These observations clearly point to an clectrostatic interpreta-
tion of the propertics of aqueous lyophobic dispersions. Thus
carly attempts to understand coagulation by clectrolytes related it
to the adsorption of counter-ions and the ncutralisation of the
surface charge, a view supported by the empirical observation
that coagulation often occurs when the zeta-potential has been
reduced to some critical value around 30 mV. However, a quan-
titative theory has to be based on the more general concept of the
clectrical double layer and of the influence of clectrolyte concen-
tration on its propertics.

THE DERYAGIN-LANDAU-VERWEY-OVERBEEK
(DLVO) THEORY

The basic concepts of the DLVO theory were introduced in
Chapter 3. We now examine the theory in more detail and
compare its predictions with experimental observations.

In this case, as indicated above, the colloid stability is control-
led by the form of the interaction free-cnergy curve as a function
of particle separation. The DLVO theory in its original form
considers just two contributions to this ecnergy, namely the
attractive van der Waals potential and the repulsive potential that
arises when the diffuse double layers round the two particles
overlap. To put this in a quantitative form we need to examine
more closcly the origin of the curves shown in Figures 3.6 and
3.7.

We saw in equation (3.21) that the density (p) of excess charge
at a point in the double layer where the clectrical potential is ¥ is
given by

[e(+) = c(=)]z = p = 2 [exp(—zey/kT) — exp(+ze/kT)].
(9.1)

* A similar ordering of the properties of these ions results from a consideration of
phenomena such as the surface tensions of aqueous clectrolytes, ionic adsorption at
surfaces, ester hydrolysis, and the precipitation of albumin.
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Here ¢° is the bulk concentration of a z—z valent electrolyte.
y

However, a fundamental equation of electrostatics (Poisson’s equa-
tion) relates this density to the way in which ¥ varies with the
distance from the surface:

3%y /ax? = —p/e, (9.2)

where € is the permittivity of the medium. Combining equations
(9.1) and (9.2) gives the Poisson-Boltzmann equation, which when
solved shows that at high surface potentials, but far from the
surface where zey/4kT << 1, the potential within the double layer
falls off approximately exponentially with distance from the
surface:

Y = (4kT/ze)exp(—kx), (9.3)

where, as before, 1/k is a measure of the ‘thickness of the double
layer’ (Figure 9.2).
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Figure 9.2 Variation of the electrical potential as a_function of the distance z from
a charged surface; W, is the potential at the distance of closest
approach of an ion to the surface.

As two charged surfaces come together, the double layers
overlap (Figure 9.3) and as a rough approximation the clectrical
potentials arising from the two surfaces (dashed curves) are
additive. The electrical potential between the surfaces thus in-
creases as shown by the full line. This increase implics an
increase in the electrical contribution to the free cnergy of the
system. It turns out that the consequent repulsive cnergy arising
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from the double-layer overlap is also exponentially dependent on
the scparation (/), as already sketched in Figure 3.7(b). The

approximate cquation for two parallel plates is, per unit arca,

A G(electrostatic) = (64¢°kT/k)exp(—KkH). (9.4)

Figure 9.3 Variation of the electrical potential between two charged surfaces a
distance H apart. The total potential (full line) is the sum of the
potentials arising from the two plates.

The main concentration dependence arises from the exponential
term, through the dependence of k on concentration. When the
van der Waals attractive potential 1s added, the total potential
curve for this interaction between two parallel surfaces takes the
form

AG(int) = (64c°kT/K)exp(—KkH) — Ay/(12a0H?).  (9.5)

Typical curves illustrating the effect of clectrolyte concentration
on AG(int) were shown in Figure 3.12(a). These indicate clearly
the way in which an increase in clectrolyte concentration leads to
a lowering of the barrier to coagulation. A rough criterion for the
onset of rapid coagulation is the concentration at which both
AG(int) = 0 and dAG(in)/dH = 0 (Figure 9.4). According 1o

this, the criucal coagu]ati(m concentration is given by

(c.cc.) o 1/(A}z%) (9.6)
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leading to the ratios 1 :0.016: 0.0014 for ions of valency 1, 2, and
3, in broad agreement with the experimental values quoted above.
Not surprisingly it also follows from equation (9.6) that the larger
the Hamaker constant Ap the more readily is the dispersion
coagulated.

AG(int)

Figure 9.4 The iransition from stability (i) to instability (iii) as the electrolyte
concentration is increased. The critical condition for the onset of rapid
coagulation (ii) is that at which AG(int) at the maximum of the
curve is zero.

The above theoretical rationalisation of the Schultze-Hardy
rule was claimed as an early success of the DLVO theory.
However, among the approximations and assumptions made in
reaching equations (9.4) and (9.6) is that the surface potential is
high. On the other hand, it is known that flocculation occurs at
relatively low surface potentials. In this case the simple theory
suggests that the c.c.c. is proportional to z 7% rather than to z7°.
It scems possible that removal of some other approximations in
the theory (e.g. the neglect of specific adsorption of ions) may to
some extent restore agreement with the Schultze-Hardy rule.
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A further prediction of the DLVO theory is that under certain
conditions the total potential-energy curves may exhibit a secon-
dary minimum. It is then expected that reversible flocculation
may occur, and discussion of this follows in the next section.

The above is only a very brief account of the DLVO theory,
since its full devclopment involves rather claborate mathematics
and some necessary approximations which are probably of limited
validity. Nevertheless, the general principles upon which it is
based are valuable guides to an understanding of lyophobic
colloids.

It is interesting to note that, if the formation of a double layer
is regarded as the adsorption of counter-ions by the charged
particle, then the principles concerning the effect of adsorption on
interparticle forces sct out in Chapter 5 can be applied. Thus, as
two double layers overlap at constant potential, counter-ions are
rejected from the space between the particles, the adsorption of
counter-ions decreases, and, according to the general principles
discussed in Chapter 5, the particles repel one another.

REVERSIBLE FLOCCULATION

In this section we examine the behaviour of systems for which the
interparticle free-cnergy curve cxhibits a shallow minimum. This
may arise either in clectrostatically stabilised systems under
certain conditions or in sterically stabilised systems. When two
particles interacting in this way come within range of their
mutual attraction, they will tend to form a doublet corresponding
to the separation at the sccondary minimum. This tendency is
opposed by the motions imparted to the particles by collisions
with molecules of the dispersion medium (Brownian motion). The
average energy associated with this motion is of the order of £7,
so that, provided the depth of the secondary minimum is not too
much greater than this, Brownian motion will keep a proportion
of the particles in suspension. A state of kinetic equilibrium is set
up in which the rate at which particles collide and aggregate is
cqual to that at which bombardment of the aggregate causes it to
break up. Clearly a binary aggregate may, through further
collision with a particle, form a triplet, which 1if its lifetime 1s long
enough may grow to a quartet, and so on. Whether or not this
growth proceeds to the formation of a macroscopic floc depends
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on whether subsequent additions of particles to a given cluster
lead to a decrease or an increase in the free energy of the whole
system. An insight into this problem may be obtained by the
application of some simple thermodynamic ideas.

The problem is closely analogous to that we discussed earlier in
connection with nucleation in molecular systems (Chapter 4). In
both instances we are concerned with the factors which determine
whether an aggregate of molecules or particles grows in size or
tends to disintegrate. In this chapter we shall put the theory into
a more precise form by considering the aggregation process as a
sequence of addition reactions involving colloidal particles:

A+VA=A2
A2+A=A3
Aj+ A=A (9.7)

A,-1 +A=A,

Each step will be governed by an equilibrium constant, K(i,
i + 1), which, assuming that the particles behave as ideal solutes,
1s given by

K@, i+ 1) = x; 4 /xx1, (9.8)
where x; etc. are the mole fractions of the aggregates of various
sizes. In accordance with the standard thermodynamic equation,
the equilibrium constant is related to the standard free energy for
the addition of a particle to an i aggregate, converting it to an
(i + 1) aggregate:

AGC(G, i+ 1) = —kTInK(i, i + 1)
= _lenX1'+ \ + lenx; + /‘CTlnX]. (99)

The ratio of mole fractions of (i + 1) aggregates to i aggregates is
therefore given by

The standard free-energy change, AG® (i, i + 1), is determined
by the potential energy of interaction of a particle with the i
aggregate and is negative, while the decrease in entropy of the



136 Chapter 9

added particle is represented by the second term on the right-
hand side. Since Inx, is negative, thi§ term is positive. The two
terms on the right thus reflect the two contributions to the
equilibrium position discussed earlier.

Equation (9.10) may be written in the form

X /xi = x1exp[—AGE (i, i + 1)/kT). (9.11)

If AG®(i, i + 1) is not sufficiently large and negative, or if x; is
too small, so that the right-hand side of equation (9.11) is less
than unity, then (¥;4,/x;) <1 for all values of i. The concentra-
tion of larger aggregates will decrease with size and the equilib-
rium situation will be that in which the smallest aggregates and
single particles predominate. The dispersion will be stable,
although small aggregates may be present in kinetic equilibrium
with one another and with single particles. On the other hand, if
AG®(i, i + 1) is large and negative, and if x, is sufficiently large,
then (x;4,/x;) > 1 for all values of i, and large aggregates will
form in increasing amounts and the dispersion will flocculate.

For a given set of values of AG®(i, i + 1) there will be a
limiting particle concentration given by x; = exp[AGE (i,
i+ 1)/kT] beyond which (x;4,/x;) > 1 and flocculation sets in
with the formation of large flocs.

We may draw a close analogy herc between the behaviour of
colloidal dispersions and molecular systems. Thus the first case
discussed above is analogous to the presence of clusters of
molecules in a vapour approaching its condensation point, or in a
solution close to saturation. The limiting concentration at which
flocculation occurs corresponds to the saturation vapour pressure,
or to the solubility of a solid in solution. More complex colloidal
systems often exhibit phase behaviour which is paralleled by
various phasc separation phenomena in molecular systems. De-
tailed discussion of these matters is outside the scope of this book.
However, pursuit of these analogies and their interpretation is a
currently active arca of research.

In the above discussion we have implied that AG® (i, i + 1) is
independent of i. In general this will not be so, but to have taken
account of this variation would have complicated the argument.
We shall, however, return to a more detailed discussion of
equations (9.7)—(9.10) when dealing with another aggregation
phenomenon, namely micellisation, in Chapter 11.
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STERICALLY STABILISED SYSTEMS

In the preceding section we saw that, provided the depth of the
free-energy minimum beween floc and particle [AG® (i, i + 1)] is
sufficiently large, gross flocculation of a weakly flocculated system
occurs when the concentration of particles exceeds a critical
Slocculation concentration (c.f.c.). Conversely, because of the close
relationship between floc—particle and particle-particle interac-
tions, flocculation of a dispersion of a given concentration can be
brought about by increasing the depth of the minimum in the
particle—particle interaction energy. This may be the result of a
decrease in the deénsity of the adsorbed layer (Figure 3.11) or of
the effective thickness as the repulsive potential becomes softer
[Figure 3.12(b)]. Reduction in the range of the repulsive forces
may be achieved by changing the nature of the medium, for
example by adding a non-solvent for the polymer. Polymer
segment—-medium interactions are decreased and at some critical
concentration of additive the segment-segment interactions
dominate, leading to a more compact polymer layer and a
reduction in 8. In bulk polymer solutions this transition from an
extended chain in a ‘good’ solvent to a more compact configura-
tion in a ‘poor’ solvent occurs at the so-called 6-point. One may
therefore expect the concentration of added non-solvent needed to
cause flocculation to correlate with that required to reach the
0-point in a bulk polymer solution. The way in which the
interaction potential arising from the polymer layers varies as one
passes through this 6-condition is illustrated in Figure 9.5. In a
poor solvent this interaction is expected to make a contribution to
the attractive potential. This point is considered in more detail in
Appendix VI

Alternatively, the 8-condition may be reached by increasing the
temperature. Here the interactions between the medium and the
segments of the polymer decrease because of the decreasing
density of the medium, and segment—segment interactions domin-
ate when an upper flocculation temperature (u.f.t.) is reached. This is
analogous to the lower consolute behaviour of those polymer
solutions which undergo a phase separation as the temperature is
raised.

A decrease in temperature may also lead to flocculation at a
lower flocculation temperature (1.f.t.), partly because the Brownian
motion can no longer maintain the dispersed state and partly
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because in some instances the polymer chains ‘freeze’ on  the
surface and no longer act as a steric barrier.

AG

(i) )G (i)

N

Figure 9.5 Contribution to the interparticle potential from a polymeric surface
layer in the presence of (1) a good solvent, (11) a solvent at the O-point
(O-solvent), and (iii) a poor solvent.

In other instances the repulsive potential may become so soft
[Figure 3.11(iv)] that the primary maximum is lowered and
coagulation takes place into the primary minimum. This occurs if
the polymer chains are too short, or not present at sufficient
density on the surface to provide an adequate steric barrier. In
this casc it is often found that there are no conditions under
which the dispersion is stable.

Interaction between the polymer layers is not the only factor
influencing flocculation. Thus changing the medium also affects
the effective Hamaker constant, Ay. It is then the increased
attractive potential arising from an increase in Ay that may
determine the flocculation. In this case there may be little
correlation with the 8-point.

BRIDGING FLOCCULATION

If a solution of a high-molecular-weight polymer is added to a
dilute dispersion, bridging flocculation may occur. In this it is
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supposed that the two ends of a polymer chain adsorb on separate
particles and draw them together (Figure 9.6). This phenomenon
is exploited in water purification where the addition of a few parts
per million of a high-molecular-weight polyacrylamide leads to
flocculation of remaining particulate matter in the water.

Figure 9.6 The origin of bridging flocculation. This depends on the presence of a
high-molecular-weight polymer in a good solvent. The ends, or widely
separated segments, of the polymer are adsorbed on different particles,
drawing them together.

DEPLETION FLOCCULATION

Another effect arises if a non-adsorbed or weakly adsorbed
polymer is added to the dispersion. When two particles come
close together, polymer is excluded from the space between them:
in effect the polymer is negatively adsorbed. If the volume of
solution from which polymer is excluded is V*, the necgative
adsorption is I' = —¢o V¥, where ¢y is the bulk concentration of
polymer. As the particles come together, V* decreases (Figure 9.7)
and the adsorption becomes less negative. Referring to the general
principles outlined in Chapter 5 (pages 66 and 70), we sec that

dU/dH = —=c,(dV /dH) = —c,A, (9.12)
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which is negative. Here A is the arca of the excluded zone.
Consequently there i1s an attraction between the particles. The
attractive force may be calculated by writing equation (5.12) in
its integral form (putting I' = 2I'}"):

F(H) = f!::_x(dl“/dH)du? (9.13)

If we make the gross approximation of assuming that the solution
is ideal, i.e. duy = RTdlnc,, then

F(H) = —RTAde = —,RTA. (9.14)

Figure 9.7 Origin of depletion flocculation. Polymer molecules are excluded from a
volume V* and an area A between the particles at a separation of H.
In this region there is a negative adsorption given by —c,V*. As H
decreases, the adsorption becomes less negative (i.e. increases) and an
attractive force results.

An alternative way of looking at this phenomenon is to say that
the gap between the particles prevents polymer from entering the
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spacc between them and so acts like an osmotic membrane
permeable only to the solvent. Solvent thus tends to diffuse into
the bulk, reducing the amount of solvent between the surfaces.
This is driven by an osmotic pressure II, which acting over an
area A creates a force —ITA. Again, assuming the solution to be
ideal [¢f. equation (6.25)],

F(H) = —TIA = —csRTA, (9.15)

which is the same conclusion as that reached by the ecarlier
argument. Of course, a more rigorous theory must take into
account the strong non-ideality of polymer solutions, but this
again shows the cquivalence of the two approaches.

At this point we see qualitatively that the mechanisms of steric
stabilisation and depletion flocculation are closely related. In the
former instance the concentration of polymer segments in the
space between the particles increases as the particles come
together, leading to a repulsion caused by the osmotic flow of
solvent into this space; in the latter case the concentration
between the particles is lower than that in the bulk, and diffusion
of solvent out of the interparticle space results in an attraction.

KINETICS OF COAGULATION

The discussion of the preceding sections leads immediately to a
consideration of the kinetics of coagulation. Two cases are impor-
tant, depending on whether or not coagulation is inhibited by an
energy barrier.

In the absence of a barrier to coagulation, and if the primary
minimum is deep, every collision between a particle and a floc
will lead to the growth of the floc. The rate of coagulation is then
controlled entirely by the kinetics of the diffusion process leading
to particle-particle collision. The theory of fast coagulation was
developed originally by Smoluchowski (1918) and elaborated by
Miiller (1926). The rate equation has the same form as that for a
bimolecular reaction:

dv/dt = —-87RDV?, (9.16)

where v is the concentration of single particles and dv/dt is the
rate at which they disappear. R, the collision diameter, is twice
the particle radius and D is the diffusion coefficient for single
particles. The time for reduction of the initial concentration by a
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factor of two (the half-life) 1s thus
.
(8TRDV,)’

where v is the initial particle concentration. Making use of the

Lip = (9.17)

cquation for the diffusion cocflicient (6.10), we find that in water
at 25 °C

3n
"}‘k?‘VH

Linfs =

At a concentration of 10' particles em™ (or 10" m™%) the
half-life is about 20 s.
This theory takes account only of collisions between single

=2 X 10" /(vy/em ™). (9.18)

particles and neglects the collisions of single particles with aggre-
gates and of aggregates with one another. It applies, therefore,
strictly only to the carly stages of coagulation. When such effects
arc taken into account, it is found that the process still follows
overall bimolecular kinetics, but v in equation (9.16) is now the
total number of particles irrespective of their size and ¢, now
refers to the time at which the total number of particles has been
halved.

If the adherence between two particles which collide is inhi-
bited by an cnergy barrier, the process resembles a bimolecular
chemical reaction involving an activation cnergy. In this case we
have to deal with slow coagulation. On the basis of this analogy one
might expect thercfore that

dv/di = —8mRDV* exp(— Vs KT, (9.19)

where V.. is the height of the frec-energy barrier preventing
coagulation. The coagulation 1s slowed down by a factor W,
called the stability ratio, which, dividing cquation (9.16) by (9.19),
1s given by

W= exp( Vi /kT). (9.20)

However, the analogy is not quite exact, for two main recasons.
First, because the range of action of colloidal particles is so much
longer than the chemical (electronic) interactions involved in
forming an activated complex in a chemical reaction, the last
stage of diffusion of two particles toward onc another takes place
against the repulsive force between the two particles, thus reduc-
g the collision rate. A more exact equation for the stability ratio
15
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W=R jr:;:(l/rg)exp(V/kT)dr, (9.21)

where V is the potential when the centres of the particles are
separated by a distance 7.
In the case of charged particles an approximate equation is

W = (1/kR)exp(Vmax /kT) (9.22)
or

InW = —InkR + Vi JkT. (9.23)

It turns out that Vy,, is a roughly lincar function of Inc", where
¢ is the electrolyte concentration, so that graphs of Inl#" against
In¢” arc approximately lincar, extrapolating to InW = 0 at the
critical coagulation concentration. This prediction is” borne out
experimentally.

A second factor reducing the rate of collision arises from the
fact that, as two particles approach closely, liquid has to flow out
from the region between them. Experimental evidence based on
“measurements of rapid coagulation (which is similarly affected by
this hydrodynamic effect) indicates that the collision rate is
reduced to about half its expected value.

Coagulation which occurs under the influence of Brownian
motion is called perikinetic coagulation. However, the rate of particle
collision can be enhanced and the rate of coagulation increased by
the hydrodynamic forces created by rapid stirring, or flow
through a tube at high shear rates. This is called orthokinetic
coagulation. The hydrodynamic effects increase with particle size
and become dominant for particles larger than a few micrometres.
This means that if the initial particles are smaller than this then
the early stages of coagulation are controlled by Brownian mo-
tion, but as the flocs increase in size their rate of growth can be
accelerated by stirring or shaking. It is a common observation
that the relatively diffuse flocs produced when coagulation occurs
under quiescent conditions can be greatly concentrated by shak-

ing.

HETEROCOAGULATION

Charge-stabilised dispersions are, as we have seen, coagulated by
the adsorption of counter-ions in the electrical double layer. Even
more ecffective are charged particles of opposite sign. Thus co-
coagulation or heterocoagulation occurs when negatively charged and
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positively charged dispersions are mixed. One interesting historic-
al example is the preparation of Purple of Cassius. In this a gold
chloride solution is reduced by stannous chloride. The gold
particles so produced are ncgatively charged, while the stannic
ions resulting from the reduction form colloidal stannic hydroxide,
which is positively charged. The oppositely charged particles form
a heterocoagulum which precipitates as a loose purple floc. When
dried and fused with glass, this produces ruby glass.

This phenomenon is quite general and has a number of
important practical applications.

STRUCTURE OF FLOCS AND SEDIMENTS

A factor of very great importance in the handling of colloidal
dispersions is the structure of flocs and sediments. Thus, in the
filtration of a flocculated suspension it is necessary to have as
open a structure as possible so that liquid can flow through the
filter cake.

The morphology of flocs 1s determined to a large extent by the
nature of the interparticle forces involved. Thus, if the particles
are strongly repelling but sediment under gravity or centrifuga-
tion, they tend to form a close-packed structure because the
particles can slide across one another under the influence of
Brownian motion and seek out a configuration of minimum

Figure 9.8 Open structure formed by a floc produced by strongly attracting
particles.
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energy. Figure 1.3 showed an example of the ordered structures
formed when a stable polymer latex dispersion is allowed to dry
slowly.

On the other hand, if the dispersion is flocculated, particles on
contact tend to stick in the configuration in which they collide
and thus tend to form a much more open structure (Figure 9.8).
Of particular practical interest are weakly flocculated dispersions
because, although they may sediment or crecam, they form re-
latively open structures that arc rcadily dispersed by shaking or
stirring.

The formation of a close-packed structure or ‘clay’ on storage of
a dispersion has to be avoided in many technical applications
since such sediments are difficult to re-disperse (sece Chapter 14).



Chapter 10

How are Colloidal
Dispersions Destroyed?
IT Coalescence and Particle
Growth

INTRODUCTION

In the preceding chapter we saw how colloidal dispersions can be
destroyed by aggregation processes in which a reduction of the
free energy of the system occurs while the surface arca of the
individual particles remains constant [sce cquation (2.3)]. In the
present chapter we investigate systems in which the lowering of
free energy 1s achicved by a reduction of interfacial arca, the
interfacial tensions  being  relatively unchanged [see  cquation
(2.4)]. Three main mechanisms may be involved: sintering or
particle coalescence, particle growth or ripening, and droplet
coalescence.

SINTERING OR PARTICLE COALESCENCE

Let us consider first a fine powder of colloidal dimensions
produced by comminution. To every fracture surface of cach
particle there must be somewhere a matching surface on some
other particle (Figure 10.1) such that if these two particles were
brought together in the right orientation they would match and,
without any activation energy, would coalesce to form a larger
particle [Figure 10.1(c)]. In effect we are considering the reverse
of the breaking process discussed in Chapter 2. The situation
depicted in Figure 10.1 would arise from one chance encounter
among millions between two particles. This is exceedingly im-

146
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probable and a few simple calculations show that the chances of
eliminating the colloidal state by reconstructing the original solid
— as though it were a giant three-dimensional jigsaw puzzle — are
so small that, if this were the only mechanism available for
reducing the surface area, then a finely divided solid of that kind
would remain stable indefinitely — probably for a period of time at
least equal to the age of the universe!

Figure 10.1 Coalescence of two solid particles with an exact match of crystal
lattices.

We must, therefore, consider alternative mechanisms of particle
coalescence such as that shown in Figure 10.2. Here we consider
any two particles coming into contact in a random orientation
[Figure 10.2(b)]. The combination of these two particles to form
one larger particle of reduced surface area can occur only if the
surface molecules are able to rearrange themselves to provide
some kind of match (through a grain boundary) between the
crystal lattices of the two particles [Figure 10.2(c)]. The activa-
tion energy for the displacement of an atom from its lattice
position 1s large and can be acquired only if the temperature is
raised towards the melting point of the solid. It is often found
that when the temperature reaches about two thirds of the
melting temperature (in Kelvins) — the so-called Tamman tempera-
ture — atomic mobility increases and particle fusion by sintering can
take place. The activation energy for this is essentially that for the
diffusion of atoms (or molecules) in the solid lattice adjacent to
the surface. The exact mechanism of sintering depends on the
system concerned. The sintering of solid particles often seems to
proceed by the formation of ‘necks’ between touching particles
(Figure 10.3). In the case of solids having an appreciable vapour
pressure, sintering may be assisted by transport through the
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vapour phase, while the application of pressure to the packing
often favours sintering. It is also clear that sintering is possible
only in the absence of a stabilising agent, which would introduce
a repulsion between the surfaces.
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Figure 10.2 Coalescence of two solid particles by formation of a grain boundary.

Figure 10.3 Coalescence of two solid particles by sinlering.

The sintering process is of particular importance in powder
technology, although here the particles are usually somewhat
larger (> 30 um) than the conventional colloid range.

A clearer fundamental understanding of sintering obviously
depends upon a more complete knowledge of the surface tension
of solids.

PARTICLE GROWTH BY ‘RIPENING’

If the solid particles are slightly soluble in the dispersion medium
(or, if the medium is a gas, the solid is slightly volatile), then an
alternative mechanism is available by which the system can
reduce its surface area without the particles having to collide.
Because of the phenomenon of surface tension the solubility of
very small particles (or their vapour pressures) is greater than
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that of a large particle [sce equations (5.23) and (5.24)]. Conse-
quently, if particles of different sizes are present, there will be a
tendency for molecules to dissolve (or evaporate) from the smaller
particles (having a higher solubility or vapour pressure) and to
precipitate (or condense) on the larger ones. Smaller particles
tend to be ecliminated, and the average particle size increases
indefinitely. The rate of this process — called Ostwald ripening —
decreases as the particles grow, since the solubility or vapour
pressure difference between larger particles of slightly different
sizes is less than for very fine particles differing in size by the
same amount. Furthermore, the distance over -which molecules
have to diffuse increases as the number of particles in a given
volume decreases. In addition, one expects the particle size
distribution to become narrower as the particles grow. The
activation energy barrier to particle growth in this case arises
from the energy needed to detach molecules from the solid, i.e. is
related to the energy of solution or of evaporation, while the rate
of growth is also controlled by molecular diffusion through the
medium. The higher the solubility (lower energy of solution) or
the vapour pressure (lower energy of evaporation) the more
rapidly is ripening likely to occur. Indeed in some instances it
may occur so rapidly that the system cannot be maintained in the
colloidal state.

Although colloidal systems may be in a metastable state in
relation to adhesion between the particles, it is important to stress
that, if they have any significant solubility or volatility, they are
in general thermodynamically unstable with respect to particle
growth processes. :

However, there are special circumstances under which such a
colloid may be effectively stable, despite the fact that the free
energy of a particle decreases as its particle size increases. Thus if
the particle concentration is high, and the concentration of solute
low, then growth of the particles may deplete the solution to
below the solubility of the particles, and particle growth will be
inhibited. An analogous process may well play a significant role
in, for example, the formation of stable rain drops in a cloud.

Ostwald ripening is of considerable importance in several
technological situations. For example, in the preparation of photo-
graphic ‘emulsions’ the silver halide particles are subjected to
carefully controlled ripening. On the other hand, in agrochemical
preparations it 1s important that ripening should not occur
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otherwise the particle size of, for example, pesticide components
would increase seriously in storage.

DROPLET COALESCENCE

In the case of emulsions the process of droplet coalescence plays a
role akin to sintering in solids, although the mechanism is
somewhat different. Here the successive stages, shown in Figure
10.4, involve the approach of the droplets, the thinning of the
layer of dispersion medium between them to a very thin film
[Figure 10.4(b)], and finally the bursting of this film to allow the
material in the two drops to combine to form a larger drop of
lower surface area; coalescence of two drops of equal size leads to
a 41% reduction in surface arca [Figure 10.4(c)]. In this case the
main barrier opposing the process is that associated with the final
stages of the thinning and bursting of the film separating the
drops (Figure 10.5). These final stages involve film thicknesses in
the colloidal size range, so that, even when the emulsion droplets
themselves are larger than the upper hmit of the colloid range,
their stability to coalescence depends very largely on the colloidal
propertics of the film between them, including its rheological
behaviour.

(a) (b) (c)

Figure 10.4 Coalescence of two emulsion droplets involving the thinning of the
Silm between them and then formation of a larger drop.

The process of film thinning in the case ol emulsion droplets
differs in an important respect from that in the approach of two
solid particles. In both cases the intervening liquid has to flow out
of the space between the approaching bodies. However, if the
emulsion is in a medium of high viscosity, the liquid/liquid
interfaces may be deformed, leading to the situation depicted in
Figure 10.6. A lens of liquid becomes trapped between  the
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droplets and its climination may be a slow process which inhibits
the eventual coalescence.

AG

two film one
drops drop

Figure 10.5 Variation of the free energy during the coalescence of two emulsion
droplets. During the thinning of the film between them there is a
change in both the interfacial area and the film tension, leading to an
increase in free energy. After coalescence the surface tension returns to
its original value but the surface area has decreased.

Figure 10.6 [f the fluid between the droplets has a high viscosity, a lens of liquid
may be trapped. Expulsion of this to form a thin film may be a slow

process.

The stability of emulsions thus depends on the resistance to
film thinning and rupture, which we shall consider in greater
detail in Chapter 12. Meanwhile it is clear that practical prob-
lems of de-emulsification will involve the identification of cir-
cumstances which will reduce this resistance.

Processes akin to ripening can of course also contribute to
droplet growth in emulsions, although in most cases it is not the
dominant mechanism.
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Analogous considerations apply to the destruction of foams in
which the film of liquid lies between two gas bubbles rather than
between two liquid droplets.



Chapter 11

Association Colloids and Self-
Assembly Systems

INTRODUCTION

The formation of colloidal dispersions by growth from the molecu-
lar state is often controlled by a nucleation step. An embryo has
to achieve a certain minimum size before growth can proceed
spontaneously (Chapter 4) but is then limited by the availability
of material in the bulk phase from which the particle is growing.

There is, however, a large and important class of colloids in
which nucleation is absent. Growth is spontaneous, but the
structures so formed are usually limited by geometric and energy
factors to a finite size often towards the lower end of the colloid
size range. This class comprises association colloids, or in more
general terms self-assembly systems: it includes not only micelles but
many more complex forms, e.g. vesicles with, as extreme exam-
ples, biological structures such as cell membranes.

This chapter outlines the main features of systems of this kind
and indicates in broad terms the factors leading to their formation.
and controlling their size and shape. Discussion of another group
of spontancously formed colloids — gels — will be deferred to
Chapter 13.

MICELLISATION

The physical properties of dilute solutions of certain surfacc-active
substances, when plotted as a function of solution concentration,
show a more or less sharp break, which occurs at roughly the
same point for different properties. Typical examples are the
breaks in the curves of surface tension, electrical conductivity, and
osmotic pressure, as illustrated schematically in Figure 11.1. The

153



154 Chapter 11

existence of this phenomenon is attributed to the formation, at a
certain concentration, of aggregates of surfactant molecules, called
micelles, whose contribution to the physical properties of the
system is different from that of individual molecules. The solution
concentration at which this occurs is called the critical micellisation
concentration (c.m.c.). Evidence from a variety of sources shows
that the micelles initally formed usually contain a relatively small
number of molecules (50—100) and are roughly spherical in
shape; at higher concentrations and under appropriate conditions
these spherical micelles may adopt a disc-like, cylindrical, ellip-
soidal, or laminar form (Figure 11.2).

(b)

(a)

c.m.c.

f(c)

Figure 11.1 Variation of the properties of a solution of a surfactant with
concentration ¢, illustrating the onsel of micellisation: (a) surface
tension against Inc, (b) molar conductivity against ¢'”.

We observe that surface-active substances that form micelles
possess onc common feature, namely they are amphipathic, which
means that the molecule consists of two parts, one of which is
highly soluble in the medium concerned and the other insoluble.
We shall deal mainly with aqueous solutions, although it is
important to realise that micellisation is not confined to water as
solvent but can occur in many non-polar media. In the case of
aqueous systems the surfactant molecule consists of a hydrophilic
group (head group) to which is attached a hydrophobic hydrocar-
bon group (tail).
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(b) (c)
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(e)
Figure 11.2 Some types of micellar structure: (a) spherical, (b) disc-like,
(¢) oylindrical, (d) lamellar, (¢) spherical vesicle. The head groups
are shown as filled cireles.

Two main types of such compounds may be distinguished: ionic
(including anionic, cationic, and ampholytic) and non-ionic. lonic
surfactants posscss a hydrophilic head group such as —OSO; ™,
while an important class of non-ionics are block copolymers of the
type A,B,, where the A-chains arc hydrophilic (i.e. the homo-
polymer A, is water soluble) and the B-chains are hydrophobic or
insoluble in water. With ampholytic surfactants the nature of the
ionised group depends on pH. Some typical examples of surfac-
tants that form micelles arc listed in Table 11.1.

MECHANISM OF MICELLISATION

The behaviour of a solution of amphipathic molecules reflects the
opposing tendencies of one part of the molecule to separate out as
a distinct phase while the other tends to stay in solution. The
factors that have to be considered in discussing the effects of this
balance therefore include (i) the interactions of hydrocarbon
chains with water, (ii) the interaction of hydrocarbon chains with
themselves, (iii) the solvation of the head group, and (iv) the
interaction between the solvated head groups mediated in the case
of ionic groups by their ionic atmospheres. The balance will
clearly also be influenced by the relative sizes of the hydrophilic
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and hydrophobic portions of the molecule, i.e. by its hydrophilic—
lipophilic balance (HLB). For example, it is interesting to observe
that in several of the series listed in Table 11.1 an increasc in the
length of the hydrocarbon chain by two methylene groups reduces
the c.m.c. by a factor of about ten. Account must also be taken of
geometrical and packing factors which have to be satisfied, in
addition to the above energetic factors.

The problem is that of secking a structure which will minimise
the area of contact between hydrocarbon chains and water while
maintaining maximum interaction between the hydrophilic moiety
and water. One such structure is a spherical micelle [Figure
11.2(a)], which must, however, satisfy the appropriate gecometrical
constraints. In the first place, the radius of the sphere must be of
the same order as the length of the hydrocarbon chain. If it were
larger, then at least some of the head groups would have to be
embedded in the hydrocarbon core; if it were much less, then the
hydrocarbon /water contacts would increase. Secondly, if the
hydrocarbon chains arc to be accommodated in the core at
roughly the same density as that of a liquid hydrocarbon, then
the head groups cannot be close-packed on the surface of the
sphere, but at least some of the surface must expose hydrocarbon
groups. A simple calculation suggests that for a spherical micelle
not more than one third of the surface is occupied by head
groups. This expectation is confirmed by ncutron-scattering stu-
dies (Figure 11.3). Finally, the tendency of the arca of contact
between hydrocarbon and water to contract must be balanced by
the repulsion between the head groups, which tends to increase
the area.

Merely listing the factors controlling micellisation shows that
any valid theory is bound to be complicated in detail. However,
some useful generalisations can be developed from first principles.

We have already scen in Chapter 9 that the aggregation of
particles can be discussed in terms of a sequence of addition
reactions, shown in cquation (9.7). Exactly the same arguments
can be applied to the case of micellisation, but we have to discuss
the problem in a little more detail since, unlike flocs, micelles do
not grow to a macroscopic size. In particular we have to take
account of the fact that the successive equilibrium constants
K(i, i + 1) [equation (9.8)] depend on 1.

Instead of identifying the entities in equation (9.7) with colloid
particles, we now take them to be individual surfactant molecules.
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Figure 11.3 Computer-generated space-filling model of a spherical micelle of
dodecanate, which is in good agreement with low-angle neutron-
scattering measurements. Black: head groups; white: hydrocarbon
chains; stippled: terminal methyl groups. A substantial proportion of
the outer surface is occupied by hydrocarbon groups in contact with
the solvent.

(Sketched from K. A. Dill et al., Nature, 1984, 309, 42)

For our present purpose it is convenient to consider the overall
equilibrium constant for the formation of an aggregate containing
i monomers:

IA = A, (11.1)
for which
K; = xi/(xl)i~ (11.2)

The corresponding standard free energy for the formation of one
mole of the i-mer is given by

AG®(i) = —RTInK; = —RTInx, + iRTInx,, (11.3)

while the average standard free-energy change per mole of
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monomer is
AG®(i)/i = —(RT/i)lnx; + RT Inx,. (11.4)

At the c.m.c. one size of micelle predominates, for which i is
50—100, while x; becomes of the same order as x;. The first term
on the right-hand side of equation (11.4) can therefore be
neglected, and an approximate expression for the standard free-
energy change of micellisation per mole of surfactant 1s

AG®(i)/i = RTInx,(c.m.c.). (11.5)

The problem of calculating the distribution of micelle sizes
reduces to that of establishing the dependence of AG® (i) on i.
Since there is good evidence that the equilibrium mixture at and
above the c.m.c. contains only a low concentration of species
other than those of a size close to the mean micelle size, we must
seck a form of AG(i) which leads to this result. Somc carly
theories assumed that the standard free energy is a lincar function
of i. This would mean that AG®(i, i + 1), which is equal to
AGE(i+ 1) — AG® (i), is constant. However, we saw in Chapter
9 that, if this is so, above a certain concentration aggregates will
grow (o macroscopic size, contrary to the limiting sizes associated
with micellisation. Other theories have set AG (i) equal to zero
for all values of 7 except for a particular value of i at the c.m.c.
This implies that micellisation occurs by the simultancous asso-
ciation of i monomer molecules, which is physically unrealistic.

To explain micellisation it is necessary for the curve of AG (i)
as a function of i to have a more complicated form, such as that
sketched in Figure 11.4. An cquation leading to a curve of this
kind, and which has a plausible theoretical basis that we shall
discuss below, is the following:

AGO()/RT = —a(i — 1) + b(i — )P + c(i = D). (11.6)
A suitable choice of parameters is ¢ = 18.00, b = 19.57, and
¢ = 1.227. That this cquation provides an acceptable representa-
tion of the micellisation phenomenon may be shown in the
following way. '

We write equation (9.10) in the form:

In(x; 41 /x;) = Inx, — AG®(i, i + 1)/RT. (11.7)

Now AGP(i, i + 1) is just the slope of the curve of AGE (i) as a
function of 7, so that
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Figure 11.4 Free energy of formation of a micelle of size i as a function of i; i,
is the value of i at which the curve has a point of inflexion, and i
and i, are the values of i at which the curve has a slope of Inx,.

In(x; 4+ 1 /x;) = Inx, — (1/RT)[dAG® (i)/di]. (11.8)

Whether or not x; increases or decrecases with increase in 7 is
therefore determined by the relative values of Inx; and the slope
of the curve of AGE(i)/RT against i: if

(1/RT)[dAG® (i) /di] < Inx, then x; 4 | > x;, (11.9a)
while if
(1/RT)[dAG® (i) /di] > Inx, then x; 4| < x;.  (11.9b)

At very low concentrations, when Inx, is large and negative (say
[Inx,| > 9), then at all points on the curve (1/RT)[dAG® (i)/di]
1s greater than (i.e. less negative than) Inx,, and consequently x;
decreases with i as shown by curve (1) in Figure 11.5; only
monomeric surfactant is present in appreciable amounts. As x,
increases and Inx, becomes less negative, a concentration is
reached (Inx, = —8.57 in this numerical example) at which Inx,
is just equal to the slope of the free-energy curve at the point of
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inflection C. At this point x;1; = x;, but for both higher and
lower values of i x; falls off with increase in i, as shown by curve
(i1) in Figure 11.5.

Inx; =-8.20

log(x;/x,)

-10F

-15

lnx, = -8.57

lnx,=-9.00

Figure 11.5 Logarithm of the ratio of the mole fraction of micelles of size i to
that of monomer as a function of i for various monomer concentra-
tions according to equation (11.6) and the parameters given in the
text; Inx; = —8.00 corresponds to x; = 3.4 X 107,

On further increasc in lnx, (say to —8.20), lines of this slope
arc tangential to A(;e(i)/RT at two points ¢, and 7, (Figure
11.4), and at these points d(Inx;)/di = 0. However, it is seen that
the curve of Inx; against { has a minimum at i, and a maximum
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at i, [Figure 11.5, curve (in)]. But the concentrations of all
aggregates arc still negligible compared with the concentration of
monomers. When Inx; rises to —8.00, aggregates with ¢ in the
range 40—380 arc all present at greater than 10% of the monomer
concentration, while at the maximum, when 7 = 60, aggregates of
this size are present at about the same concentration as monomer.
So in the range of Inx; from —8.05 to —8.00 the mole fraction of
micelles with an aggregation number of about 60 rises from about
0.05x; to x,. The micellisation process thus sets in, according to
this picture, when x; rises from 3.19 X 107 t0 3.39 X 107*.* This
is brought out cven more clearly i Figure 11.6, where the
fraction of the added monomer which is present as micelles is
shown as a functon of ¢ for various values of Inx,. The valucs of
the c.m.c. and the most probable micelle size depend on the
choice of «, b, and ¢ in ecquation (11.6); the mcan size is
determined by 4 and ¢, while for given values of 4 and ¢ the
c.m.c. decreases as a decrcasces.

0-21 (iii)
s
01
(ii)
(i)
{ ] 1 1

30 40 50 60 70 80

Figure 11.6 Ratio of the fraction of material in micelles of size i to the mole
Sraction of monomer as a function of i, for various monomer
concentrations. Curve (1): lnx, = —8.15; curve (ii): lnx, = —8.12;
curve (iii): Inx, = —8.10.

* The cm.c. is strictly given by the total concentration of the surfactant
x(total) = ix;. This has to be taken into account in any more detailed theory, but
the above arguments give a reasonable picture of the sharpness of the onset of
micellisation.
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This discussion illustrates the main features of the micellisation
phenomenon. It remains to say a few words about the significance
of the various terms in equation (11.6). The negative contribution
from the first term on the right arises from the free-energy
decrease when hydrocarbon /water interfaces are replaced by
hydrocarbon /hydrocarbon interactions. The second term may be
interpreted as a contribution from the excess free energy of the
surface of the micelle, while the third arises from the increasing
head-group intcractions as i increascs.

A more detailed theory examines the origin of the free-energy
change on climinating hydrocarbon/water interactions. There is a
good deal of evidence that the main contribution to this decrease
arises from the increase in entropy when a monomer molecule is
incorporated into a micelle. This is at first sight in conflict with
the statement made on page 127, However, it is closely bound up
with the suuctural changes which occur when a hyvdrocarbon
chain is transferred from a water to a hyvdrocarbon environment.
Two effects may contribute. Tt is generally supposed that water
around an inert hyvdrocarbon chain is, in some rather ill-defined
way, morc structured than in bulk water; removal of the hydro-
carbon chain into a micelle allows the water molecules o relax
into a state of higher entropy. At the same tume a hvdrocarbon
chain surrounded by structured water is restricted inoits move-
ment; when in the core of a micelle, it has greater freedom and a
higher entropy. These elfects have a much wider relevance than
to micellisation, but it is not possible to pursue this topic in
grcater detail here.

The structures  of successive telomers may  be represented
schematically by diagrams such as those in Figure 11.7. These
suggest that, initallv, addivon of an extra molecule to the
complex only partly ecliminates hydrocarbon/water interactions,
but, as the complex grows, an increasing proportion of the surface
ol an added molecule makes contact with other hvdrocarbon
scements. The maximum  degree of  hvdrocarbon /hydrocarbon
interaction is reached when the spherical structure is completed.
But when the spherical shape is approached two further factors
hecome important. First, 1t becomes more difficult o scrt an
extra hvdrocarbon chain into the core, and, sccondly, the density
ol packing of hecad groups on the surface is such that the
repulsion hetween  them becomes inercasingly signilicant. The
above qualitative considerations can be put into a more quantita-
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Figure 11.7 Successive stages in the growth of a micelle. The larger the micelle
the greater the loss of water/hydrocarbon contacts and the gain in

hydrocarbon [hydrocarbon contacts when a surfactant molecule is added
to the micelle.

tive form and lead to equations such as (11.6).

So far we have considered only the case of a spherical micelle.
As more surfactant is added to the solution above the c.m.c., this
can be accommodated cither by increasing the number of micelles
of a given size or by modifying the micellar structure to allow a
larger number of molecules to be incorporated into cach micelle.
This can be achieved by a change of shape of the micelle to a
disc-like or cylindrical micelle [Figure 11.2(b) and (c)]. This is
possible because the repulsion between head groups can be
decreased by this change in structure, and the onset of the
repulsive contribution to AG© (i) becomes effective only at larger
aggregation numbers. Eventually, a further structural change may
occur leading to lamellar micelles [Figure 11.2(d)], reminiscent of
biological bilayer films, again allowing head-group interactions to
be reduced.

Mention must also be made of yet another structure capable of
satisfying the geometrical and energetic criteria. The system may
form wvesicles [Figure 11.2(e)], in which the spherical bilayer shell
has an aqucous phase both within and without. This is even more
suggestive of a biological cell, and studies of the properties of
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vesicles represent an important contribution of colloid sciencé to

biology.

SOLUBILISATION

The core of a micelle has been shown to have properties akin to a
liquid hydrocarbon. One picce of evidence for this is that a
surfactant solution above the c.m.c. is capable of taking up
substantial quantitics of non-polar organic (lipophilic) substances.
These enter the core of the micelle, which can now swell because
the added material has no hydrophilic moiety which needs to be
on the surface (Figure 11.8). Solubilisation plays an important role
in detergency and in the detailed mechanism of emulsion
polymerisation.

Figure 11.8 Solubilisation involves the incorporation of non-polar organic material
into the core of a micelle.



Chapter 12

Thin Films, Foams, and
Emulsions

INTRODUCTION

So far we have been concerned mainly with dispersions of solids
in which all three dimensions of the particles of the dispersed
phase are in the colloid size range. An important group of
colloidal phenomena involve systems having only one dimension
in this range (see Figure 1.1). This chapter deals with thin liquid
films, present in isolation, as the basic components of liquid foams
or as the film between two emulsion droplets in contact. Other
examples of such colloidal systems are those in which the solid
particles are thin plates, as in many clay systems, and solid
foams. These will, however, be omitted from the present discus-
sion.

SURFACE TENSION AND FILM TENSION

We consider the simple example of a soap film supported on a
rectangular frame and held in equilibrium by a force exerted on a
moveable edge (Figure 12.1). The work done in stretching the
film, and increasing its area by dA4, is

dW = =Fdx = —(F/)ldx = —(F/)dA = —ZdA. (12.1)

The force exerted by unit length of the film is called the film
tension, ;. Since the film consists of two parallel liquid/gas
interfaces, we may attribute the film tension to the summation of
the surface tensions of the two surfaces:

S = 20" (12.2)
167
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However, 0 is not in general cqual to the surface tension of the
bulk soap solution.

{

/ ,
&x
Figure 12.1 Soap film on a rectangular frame with one moveable side held in
equilibrium by a force F: FJl = %,

SOAP FILMS AND SOAP BUBBLES

The study of the shapes of soap films and bubbles is a fascinating
subject. For an account of many simple experiments the reader is
referred to the classical book (1890) by C. V. Bovs, ‘Soap Bubbles
and the Forces which Mould Them’, reprinted in the Science
Study Series by Heinemann, London, 1960, and by Dover, New
York, 1959, or to the more recent book by C. Isenberg, ‘Science
ol Soap I'ilms and Soap Bubbles’, Ticto Ltd., Clevedon, 1978.
Here we shall only consider some of the basic principles. We
have alrcady scen (Chapter 5, page 73) that the pressure differ-
ence across a curved surface separating (wo phases a and f
(Iigure 12.2) 15 given by the Laplace equation. In the case of a

soap film this iy
Ap = pP — pv = 2, (12.3)

where the film tension replaces the surface tension. As before, the
curvature is defined as

=1y L (12.4)
T o

where 7 and ry are the principal radii of curvature of the surface.
As noted previously, 7, is given a positive sign if the centre of
curvature of r; lics in phase 8, and similarly for ro. These radii
may be of opposite signs, as when the surface has a saddle shape
(Figure 12.3). In particular, if r| = —ry, the pressure difference is
zero; this is the case, for example, when a soap film is formed
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between two parallel circular rings (Figure 12.4), provided that
the separation between the rings is less than 1.325 times the
radius of the rings.* This is but one of a large variety of shapes
which soap films can adopt depending on the geometry of the
constraining wires or walls. Equation (12.3) shows, however, that
provided the air pressures inside and outside the bubble are
constant (but not necessarily equal) the surfaces of bubbles must
be surfaces of uniform curvature.

Figure 12.2 Pressure difference Ap = pP — p* across a film between phases o
and 3 exerting a film tension Z;.

Figure 12.3 Surface with principal radii of curvature of opposite signs.

* At greater separations the film becomes mechanically unstable and bursts, to
form two planar films filling the wire circles.
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Figure 12.4 Soap film between lwo rings: the principal radii of curvature are
equal and opposite. The surface has zero curvature (C = 0), and
there is no pressure difference across the surfaces.

FILM STABILITY

In discussing film stability it is instructive to follow the same
procedurce as we did for particulate dispersions and to consider in
turn the factors tending to thin the film and those which prevent
its collapse and so stabilise it at an equilibrium thickness.

In Chapter 3 we saw that the cnergy of van der Waals
interaction between two planar surfaces of material 1, e.g. a liquid
or a solid, separated by an intervening medium 2, e.g. air, of
thickness H [Figure 12.5(a)] is given by equation (3.11):

AG™ = = Ay /(12H?), (12.5)

where Ay is a composite Hamaker constant given by [cquation

(3.14)]
Ap = [Al = A2 (12.6)

Since equation (12.6) is symmetrical in 1 and 2, the same
cquation applies (perhaps surprisingly at first) to the free energy
of a film of | in air [Figure 12.5(b)]. This free energy becomes
increasingly negative as / decreases (Figure 12.6) so that van der
Waals forces, if not opposed by repulsive forces between the
surfaces, will cause the film to thin and eventually burst. Repul-
sive forces are absent in the case of pure liquids, so that they do
not form stable films.*

To understand the stability of films we must, just as in the case
of particulate dispersions, seek sources of a repulsive potential
which resists the thinning process. Such repulsive forces develop
when the liquid is a solution of a surfactant which is adsorbed at
the liquid/vapour interfaces; they can arise from electrostatic,

* Thin films of liquid metals may constitute an exception to this generalisation.



Thin Films, Foams, and Emulsions 171

steric, or adsorption effects, although other specific effects some-

times contribute.

— [ a—
V/
1 2 1
4
liquid air liquid air 1 air
liquid
(a) (b)

Figure 12.5 (a) Layer of material 2 (e.g. air) between two solid or liquid
surfaces of material 1, separated by a distance H; (b) film of liquid
1 between two regions of 2 (air).

AGG“

Figure 12.6 Free energy of a film as a function of its thickness (H) arising from
van der Waals forces.

In aqueous solutions of 1onic surfactants, electrostatic forces
usually provide the dominant contribution. Thus, when an ionic
surfactant is adsorbed at a liquid/air interface, it establishes an
clectric charge at the interface which must be balanced by a
diffuse double layer extending into the bulk liquid [Figure 12.7(a)
and (b)]. If two such surfaces come together ‘back-to-back’, as in
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a thinning liquid film, the two double layers rcpel one another
and a repulsive potential results (Figure 12.8). As before (Chapter
3), the range and magnitude of this repulsion decrcase with
increase in ionic strength. The overall result is that, just as in the
case of interacting particles, the total free energy, which is the
sum of the interaction and clectrostatic potentials, may take on a
variety of forms which determine the stability or otherwise of the
film.

c(+)-c(-)

air aqueous z
solution
(a) (b
Figure 12.7 (a) Llectrical double layer created by adsorption of an anionic
surfactant al the liquid[air interface; (b) excess positive charge in
the diffuse double layer as a function of distance from the surface.
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(a) (b)
Figure 12.8 (a) Approach of two charged surfaces of a film ‘back-to-back’s
(b) free energy of interaction as a function of film thickness (H), for

two charged surfaces. Curves (1) and (ii) refer to lower and higher
electrolyle concentrations respectively.
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On the other hand, certain non-ionic surfactants, especially
polymeric surfactants, can exhibit steric repulsion. This arises
when the polymeric chain is hydrophilic and is attached to a
hydrophobic head group (Figure 12.9). The film-forming prop-
erties of such surfactants will be expected to be roughly related to

their HLB (Chapter 11).

AGSt

> H
air aqueous air
solution

(a) (b)

Figure 12.9 (a) A film stabilised by a non-ionic surfactant; (b) free energy of
interaction as a function of film thickness for a sterically stabilised

Silm.

In most examples of aqueous films between vapour phases, the
total free-energy curves are believed to have one of the forms
shown in Figure 12.10.

If the double-layer repulsion is sufficiently large, the free-energy
curve may have the form of Figure 12.10(a). The film is a stable,
thick film which shows interference colours indicating thicknesses
in the range 300—500 nm. A curve such as that in Figure
12.10(b) leads to a stable film of thickness H;, which decreases as
the electrolyte concentration increases and the range of the
double-layer repulsion becomes shorter. A third type of curve
[Figure 12.10(c)] has two minima — a primary minimum (pm)
and a secondary minimum (sm). As the film drains, it forms a
metastable film of thickness Hg,. If the energy barrier is not too
high, it may convert to a thinner stable film of thickness H . It
turns out that the thickness of these films is such (5—50 nm) that
they do not show interference colours but appear black. The
thicker film is called the first (or common) black film, while the
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thinner is the second (or Newton) black film.* Aqucous soap films
exhibit this phenomenon.

G} (a)
<l
0
[ H—>
©
<
0
(b)
3
Hom /’\ Hsm. H—>
; N (c)

Figure 12.10 (a) Free-energy curve leading to a thick film; (b) free-energy curve

leading to a stable film; (c) free-energy curve leading to common
and Newton black films.

* It was Isaac Newton who, following Hooke’s observation of ‘holes’ in a soap
bubble just before it bursts, described so-called ‘black’ films of various shades.
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The transitions from an unstable thick film to black films are
casily demonstrated by allowing a vertical soap film supported on
a frame to drain (Figure 12.11). Initially the whole film shows
interference colours, then a dark boundary, separated from the

Figure 12.11 Draining soap film showing interference colours from thicker films
and silver and black bands from thin films. The two types of black
Silm are not distinguishable.

(Photograph: D. Jones, School of Chemistry, University of Bristol)
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coloured area by a silvery band, appears at the top and moves
downward. This then divides into two arcas occupied by the
common black and Newton black films. The boundary between
the two is not easily visible but can be detected from the differing
extents to which they reflect light. Measurements of this kind
show that common black films are about 30 nm thick and Newton
black films are around 5 nm thick. This latter distance corres-
ponds to the thickness of a bilayer of soap molecules (Figure

12.12).

5nm -

Figure 12.12 Schematic representation of the structure of a Newton black film.
The core (shaded) contains water and counter-ions.

FILM ELASTICITY

Stable films are characterised by the property that a fluctuation in
thickness leads to an increase in free energy, as indicated by the
above diagrams (¢f. Chapter 2). These refer, however, to changes
that occur slowly so that cquilibrium is maintained. However,
many of the disturbances to which films are subjected (e.g.
vibration, draughts, efc.) arc of short duration. Under these
conditions another mechanism, proposed by Gibbs and Maran-
goni, operates. If an clement of film is stretched quickly, the local
surface concentration of surfactant is decrecased and, in accord-
ance with the Gibbs cquation (5.2), the film tension increases,
thus opposing stretching. Similarly, on compression the surface
concentration increasces, the local film tension decreases, and the
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compressed region is re-stretched by the surface tension gradient.*
Thus the film exhibits elasticity. However, if the fluctuation is too
large, the surface concentration may be so reduced that the
adsorbed molecules no longer present a sufficient barrier to film
thinning and the film will collapse. A hole once formed prop-
agates spontaneously, reducing the surface area of the system, and
the whole film is disrupted.

FOAMS

Foams are produced when gas is blown into a liquid through one
or more small orifices or through a sintered glass disc, or in many
cases when the liquid and gas are simply shaken together. Foams
consist of relatively coarse dispersions of gas bubbles in the liquid,
in which the gas volume is very much greater than that of the
liquid. In most foams the gas bubbles, whose sizes are not
normally in the colloid size range, are initially spherical but
rapidly adopt a close-packed structure in which the individual
bubbles are separated by a thin liquid film of colloidal thickness.
The pressure difference across the interfaces is usually very small,
so that the individual cells of the foam consist of polyhedra
bounded by plane faces (Figure 12.13). The forces that maintain
equilibrium along the lines where two faces meet, and at corners,
require more detailed consideration which we do not have space
here to examine.

Individual isolated films may be stable over long periods,
especially when in contact with saturated vapour so that evapora-
tion is prevented. Foams are generally much less stable. This is
because, under the influence of gravity, liquid drains from them
along the channels (Plateau borders) formed at the junctions
between film lamellae (Figure 12.14). The gravitational forces are
enhanced by surface tension forces: it is seen that in the neigh-
bourhood of the junction there are sharply curved surfaces. The
resultant reduced pressure in these regions sucks material from
the film and may overcome the forces that stabilise the film,

* Processes that occur as a result of gradients of surface tension are called
Marangoni effects. A commonly quoted example is the formation of ‘tears of wine’
on the side of a glass containing wine of sufficient strength. Preferential evapora-
tion of alcohol from the film wetting the glass causes the surface tension of the film
to increase and suck liquid up the side of the glass. The liquid then forms tears
that run back into the glass.
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Figure 12.13 Photograph of a foam showing the polyhedral cells bounded by
plane faces.
(Photograph: D. Jones, School of Chemistry, University of Bristol)
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leading to its collapse. Among other factors influencing the
lifetime of a foam is the viscosity of the solution, which deter-
mines the rate at which drainage occurs.

P

Figure 12.14 Plateau border at the junction of film lamellae. The channel down
the centre provides a route for drainage of the foam. The pressure
drop Ap sucks liquid from the foam lamellae.

FOAMING AND ANTIFOAMING AGENTS

One important group of foaming agents are the fatty-acid soaps
and synthetic surfactants. They are generally most effective at or
around the c.m.c., when, at the liquid/vapour interface, they form
compact monolayers. Frequently their effectiveness is enhanced by
the addition of a second component. Thus a mixture of lauryl
(dodecyl) sulphate and lauryl (dodecyl) alcohol forms a much
more stable foam than the sulphate alone. Non-ionic surfactants
with an appropriate HLB are also good foaming agents; these
include various water-soluble polymers. Although the basic
theoretical ideas discussed above give useful clues as to the
effectiveness of foaming agents, in practice their formulation is
still largely an empirical procedure.

An important group of foaming agents which differ in their
mode of action from surfactants are certain proteins. In this case
soluble proteins are irreversibly ‘denatured’ on adsorption and
agitation. They become insoluble and form multi-molecular, rigid,
surface layers which produce very long-lasting foams. Indeed
many of the foams familiar in the kitchen are of this type:
examples are beaten egg-white, whipped cream, and mousse.
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Yet another mode of foam stabilisation is by finely divided,
hydrophobic solid particles such as coal-dust or particles of metal
soaps. Their effectiveness arises from their aggregation at .the film
surfaces: a closely packed layer of solid particles prevents coalesc-
ence. However, the phenomenon is very dependent on the surface
properties of the solid, since it is necessary for the contact angles
to be such that the particles are held in the film. The details of
the mechanism have not been fully established, but Figure
12.15(a) suggests a possible configuration leading to stabilisation.

It is often necessary to destroy unwanted foams. In some cases
this.may be done mechanically, for example by blowing a stream
of hot gas across the surface of the foam. More often other
methods employing antifoaming agents are used. These may operate
in several ways, not all of which are fully understood. If an agent,
not itself able to stabilise a foam, is adsorbed at the surface more
strongly than the foaming agent, then desorption, or sweeping
away, of the surfactant leads to collapse of the foam. Thus a drop
of ether, n-butanol, or capric acid added to a cylinder of foam
causes its instant collapse. Many antifoaming agents are insoluble
in water and are applied as a dispersion of fine dropets; silicone
oils are particularly effective. Under certain circumstances strong-
ly hydrophobic solid particles have antifoaming properties. Thus
it is observed that a foam bath is rapidly destroyed as soon as
washing 1s commenced: this happens if the water is hard because
the calcium soap particles act as antifoaming agents. Finely
divided silica also has antifoaming propertics. Whether or not
hydrophobic solid particles act as foam stabilisers or destroyers
depends both on a subtle balance of surface properties and on
particle size. Antifoaming action by solid particles is thought to
result from the bridging by the solid between the two film
surfaces, a process enhanced when the contact angle at the

air/film/solid interface approaches 180° [Figure 12.15(b)].

FROTH FLOTATION

The process of froth flotation for the separation of minerals exploits
the fact that either minerals differ naturally in their degree of
wettability by surfactant solutions or their surface properties can
be modified by adsorption. When air is blown through a suspen-
sion of finely ground ore in an appropriate surfactant solution,
those particles which have the relevant surface properties become
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attached to the bubbles and rise to the surface. The froth
containing these particles can then be swept away and collected
as the foam breaks. For a particle to be collected it must, on
collision with a bubble, become attached to it. The condition for
this is that the contact angle should be greater than about 50°,
when the surface/particle configuration shown in Figure 12.16 is

o
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Figure 12.15 (a) Possible configuration of a small solid particle acting as a
Joam stabiliser, @ < 90°; (b) strongly hydrophobic particle acting
as a foam breaker: (i) particle making contact with one side of the
Silm, (ii) particle with a contact angle of 180° bridging the film,
(iil) expansion of the hole created by the particle.

Figure 12.16 Attachment of a solid particle to a bubble.
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established. The choice of a suitable mixture of surfactants for a
particular mineral process is still largely empirical, but it nearly
always involves the use of both a surfactant which is adsorbed at
the mineral surface to render it hydrophobic (a collector) and one
which produces a foam (foamer).

EMULSIONS AND MICROEMULSIONS

In emulsions the dispersed phase and the dispersion medium are
both fluids. The commonest examples are those in which the two
phases arc oil and an aqucous medium. They may be of two
distinct types: a dispersion of fine oil droplets in an aqucous
medium, an oil-in-water (O/W) emulsion, or of aqucous droplets
in oil, a water-in-oil (\\"/O) emulsion. In some special cases a
bicontinuous cmulsion may be formed in which one phase forms a
continuous nctwork in the other. Recently, dilute gas-in-liguid
cmulsions (dispersions of fine gas bubbles in liquid) have been
shown to exist in solutions of gas at high pressure in liquids (for
example in carbonated drinks). From this point of view also an
acrosol of liquid droplets may be regarded as a dilute liquid-in-
gas emulsion.

Whether or not an O/W or W/O emulsion is formed depends
on a number of factors. If the ratio of the amounts of the two
phases (the ratio of phase volumes) is very low, the phase present in
the lower amount is often the disperse phase; if the phase volumes
are roughly equal, other factors determine which type of emulsion
is formed. It is usually possible to identify the type of emulsion by
examining the effect of diluting it with one of the phases. Thus on
adding water to an O/W emulsion the emulsion is diluted. On
the other hand, on adding oil the added oil forms a separate
layer. That milk may be diluted with water shows that it is an
O/W emulsion, while mayonnaise, a W/O ecmulsion, can be
blended with additional oil.

As already discussed in earlier chapters, the formation of an
emulsion, which involves an increase in interfacial area between
the two phases, is accompanied by an increase in free energy. The
case of formation of an emulsion may be measured by the amount
of work needed for its formation: the lower the interfacial tension
the less work is needed and the more readily the emulsion is
formed. The addition of emulsifying agents which adsorb at the
interface and lower the interfacial tension is therefore usually
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necessary if a stable emulsion is to be formed. Very few emulsions
exist in which both phases are rigorously pure liquids. One will
expect emulsifying agents for O/W or W/O emulsions to be
amphipathic and to have an appropriate HLB, so that adsorption
at the interface involves the orientation of the adsorbed molecules
with the hydrophilic moiety lying in the aqeuous phase and the
lipophilic portion in the oil phase.

Emulsions, like foams, can also be stabilised by finely divided
solids, provided the properties of the solid/liquid/liquid interface
are appropriately adjusted. These properties may also determine
whether an O/W or a W/O emulsion is formed. For example,
shaking water and benzene together with finely divided calcium
carbonate yields a benzene-in-water emulsion. On the other hand,
if the calcium carbonate is made hydrophobic by treatment with
oleic acid solution, a water-in-benzene emulsion results.

Although lowering of the interfacial tension is a prerequisite for
emulsion formation, it is not by any mecans the only factor
controlling stability. The process of de-emulsification involves a
scries of steps. Thus the droplets have first to come into near
contact. Factors such as droplet charge and the presence of a
steric stabilising layer may lcad to a repulsion between droplets,
tending to maintain their stability. In addition, as in the case of
solid particles in a liquid, the approach of two droplets involves
the expulsion of continuous phase from between them, and this
will be influenced by the rheological properties of the continuous
phase. The added complication here is that the surfaces of the
droplets are not rigid, and as mentioned previously (Figures 10.4
and 10.6) they deform on collision. Finally, in contrast to the case
of a dispersion of solid particles, the breaking of an emulsion
involves the loss of the individuality of the droplets which form a
larger droplet of lower surface/volume ratio. In this process the
adsorbed layers have to be displaced and the final step is
controlled by the stability of the thin film between them. The
considerations discussed on page 173 then become important, and
it is necessary to understand the properties of thin films before
emulsion stability can be fully explained. In particular, highly
viscous or visco-clastic films tend to confer stability on an
emulsion.

De-emulsification is important, for example in the oil industry.
Agents for this purpose have to be capable of displacing the
stabilising surfactant, leaving a non-stabilising interface. The
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precise nature of those in use is not revealed, but many of them
are polymeric materials.

The ease of emulsion formation increases and the droplet size
achievable decreases as the interfacial tension falls. Systems in
which the interfacial tension falls to near zero [<107® mNm™!
(dyne cm™")] may emulsify spontaneously under the influence of
thermal energy and produce droplets so small (<10 nm diameter)
that they scatter little light and give rise to clear dispersions. The
microemulsions so formed occupy a place between coarse emulsions
and micelles. They are usually effectively monodisperse and
unlike coarse emulsions are thermodynamically stable. Micro-
emulsion droplets have sometimes been classified as swollen
micelles. In fact, there probably exists an ecssentially continuous
sequence of states from association colloids to coarse emulsions.

Microemulsions were first discovered empirically by Schulman,
who found that the addition of a fourth component (often an
alcohol) to an emulsion containing oil, water, and a surfactant led
to the formation of a clear, apparently homogenecous phase. This
additional component is usually called the co-surfactant. Micro-
emulsions have been the subject of intense study in recent years,
especially in view of their possible use in enhanced oil recovery. A
typical recipe for forming a microemulsion is given in Appendix I.
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Gels

INTRODUCTION

Gels are.essentially dispersions in which the attractive interactions
between the elements of the disperse phase are so strong that the
whole system develops a rigid network structure and, under small
stresses, behaves elastically. In some instances the gel may flow
plastically above a limiting yield stress [Chapter 8, Figure 8.3(e)];
the gel then often exhibits thixotropic behaviour, the rigid gel
state being re-formed when the stress is removed.

The disperse phase may consist of solid particles (e.g. clay
platelets), macromolecules (e.g. gelatine), or surfactant molecules
(e.g. soaps). Thus concentrated suspensions of clays or latex
particles form gels; some examples are certain densely filled
lubricating greases (inorganic gel greases) and gelled paints.
Familiar domestic examples of macromolecular gels are those
formed by hydrophilic polymers (mostly of biological origin)
which swell spontaneously in contact with water but, because of
the strong bonds between individual molecules, retain a degree of
rigidity. In certain concentration ranges soap solutions also form
gels. Rubber swollen by aromatic hydrocarbons is another exam-
ple.

FORCES LEADING TO GEL FORMATION

Several types of interaction may lead to gel formation. These may
be electrostatic, van der Waals interactions, or chemical bonding.
In the case of charge-stabilised dispersions above a certain
concentration, addition of electrolyte often leads to gelation rather
than the formation of distinct flocs. Thus gelation may be
regarded as the formation of an extended, continuous floc filling

185
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the whole system (¢f. Figure 9.8). In general, more or less
spherical particles tend to associate as ‘strings of beads’, while
rod-like particles may build up a ‘scaffolding’ or ‘brush-heap’
structure, as in the case of vanadium pentoxide gels. Clay
platelets, such as those of montmorillonite, form a structure, often
described as a ‘house-of-cards’, controlled largely by electrostatic
forces. This is particularly marked in the case of kaolinite, the
platelets of which carry a negative charge on the flat surface of
the crystallite but, at low pH, a positive charge around the edges
[Figure 13.1; ¢f. Figure 3.3(e) and (f)]. As a result, edge-to-face
attractions stabilise the structure (Figure 13.2). This very open
network means that a gel can be formed in quite dilute aqueous
dispersions (around 2%). If this structure is broken down, by for
example the application of pressure, the platelets adopt a parallel
arrangement of greater density whose properties are controlled by
the eclectrostatic repulsion between parallel charged surfaces.
Similarly, if the pH is raised, the positive charge on the edges
decreases, the edge-to-face interactions weaken, and the house-of-
cards collapses to form, again, a parallel configuration. These
changes have a major influence on the rheological properties of

the gel.

Figure 13.1 Kaolinite crystal with negatively charged faces and positively charged
edges.

Lamellar gels are also formed by soaps under appropriate
conditions of concentration and temperature. These may be
regarded as essentially micellar systems [Figure 11.2(d)] in which
at high concentrations the lamellar micelles extend over consider-
able distances and interlock to form a continuous gel network.
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Figure 13.2 Edge-to-face interaction leading to a ‘house-of-cards’ structure.

In macromolecular aqueous gels the network structure is con-
trolled to a major extent by hydrogen bonding, although where
the molecules concerned are polyelectrolytes ionic forces also
contribute. The polymers that form gels are usually copolymers —
often block copolymers — containing polysaccharide and/or pro-
tein chains. In dilute solution, and especially at higher tempera-
tures, the polymer exists as a loosely coiled chain [Figure
13.3(a)]. At higher concentrations and lower temperatures por-
tions of the polymer chains, associated with one or other of the
polymer blocks, aggregate to form double or triple helices [Figure
13.3(b)], leading to the formation of a network structure. If the
polymer segments which aggregate are polyelectrolytes (usually
because of the presence of weak carboxylate groups), additional
binding may be brought about by the addition of cations,
especially divalent cations. For example, in the gelation of algin-
ates (copolymers of mannuronic and guluronic acids) it is neces-
sary to have calcium ions present [Figure 13.3(c)].

Since gel formation involves a balance between the attractive
forces tending to form a rigid network and the thermal motion of
the polymer chains, gelation processes are markedly dependent
both on factors such as pH and electrolyte concentration, which
affect the former, and on temperature, which affects the latter.
Thus it is commonly observed that a gelatine solution, which is
liquid-like at higher temperatures, forms a jelly when cooled.
Similarly, if electrolyte is added to a polyelectrolyte solution,
leading to increased interchain interactions, gelling may be in-
duced. Gelling in non-aqueous systems may also be produced by
adding a non-solvent to an initially stable sol.
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(c)

Figure 13.3 Gelation of polymer solutions: (a) polymer chains in free random
motion, (b) polymer chains forming helices which interact to form a
gel structure, (c) gel formation in polyelectrolytes, often enhanced by
the addition of, e.g., Ca®* ions.

Processes in which by various procedures a sol is converted into
a gel are sol-gel processes and have found important industrial
applications (see Chapter 14).

Another important class of gels are the rigid gels formed by
chemical crosslinking of polymeric systems. To produce these a
polymer is reacted with an appropriate crosslinking agent which
forms covalent bonds between segments of the polymer. If all
segments are equally reactive, the formation of crosslinks will be a
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random process. Examples or rigid gels of this type are vulcanised
rubber and ion exchanger beads. Gels of this kind usually remain
elastic up to high stresses.

Many gels can be dried, leaving a porous solid that has a
network structure. These are called xerogels. Silica gel is a typical
example.

SWELLING PROPERTIES OF GELS

Gels often form spontaneously. In the case of aqueous organic
gels the macromolecules may be looked upon as containing
hydrophilic groups (e.g. glucose units) which, in the absence of
the network structure, would tend to dissolve in water. The
restrictions imposed by the polymer network mean that, although
water can diffuse into the gel, the ‘soluble’ units cannot diffuse
out. In effect the network behaves as its own semi-permeable
membrane, so that the swelling process may be regarded as an
osmotic phenomenon. Imbibition will therefore occur spon-
taneously and lead to the stretching of the network, which in turn
imposes a pressure on the imbibed water. If the cohesion of the
network is strong enough, swelling will cease when the internal
pressure 1s equal to the osmotic pressure of the ‘internal solution’.
If the network is weak and a sufficient supply of water is
available, it will disintegrate under the internal pressure and the
polymer will go into solution. Even in this state, however,
aggregates of polymer may still exist and influence the rheological
behaviour of the solution.

A similar situation arises in the case of the swelling of rubber.
Here the isoprene units of the rubber molecule, when not part of
a rubber molecule, are soluble in aromatic hydrocarbons, but
when incorporated in a polymer network they are constrained to
remain as part of a gel.

The swelling of clays in water represents an example in which
the internal osmotic pressure is associated with double-layer
repulsion between the clay platelets.

The swelling of a gel can be prevented by subjecting it to a
pressure applied by a piston permeable to the solvent. This is
called the equilibrium swelling pressure, equilibrium being set up
between external solvent at atmospheric pressure and solvent
confined in the compressed gel. The swelling pressure depends on
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the solvent content of the gel, and hence on the degree of
swelling, and decrcases with the extent of uptake of solvent. In
the casc of a weak gel, swelling passes over to solution, and the
swelling pressure (now a truc osmotic pressure) falls to zero at
infinite dilution. On the other hand, for a strongly crosslinked gel
the swelling pressure decrcases to zero at a limiting equilibrium
degree of swelling.

Swelling pressure can reach very high values. Thus it is
possible to break rocks by driving a dry wooden wedge into a
fissure and then wetting the wood. The swelling of clays can also
lead to serious problems in civil engineering, since under certain
conditions swelling pressures sufficient to lift a moderate-sized
building can be developed.

[t often happens that the network structure initially formed in a
gelling process is not the most stable. The relatively slow diffusion
of portions of the polymer chains may lead to the formation of
morc stable and more compact structures which exert an in-
creased swelling pressure on the imbibed liquid, which then
exudes from the gel. This slow expulsion of imbibed liquid 1s
called syneresis.
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The Industrial Importance of
Colloids

INTRODUCTION

In Chapter 1 some indication was given of the widespread
occurrence of colloidal systems and of their importance in every-
day life. No less importance attaches to the involvement of
colloids in industrial processes and products. A comprehensive
survey of colloid technology would occupy several volumes, so
that all that can be done here is to draw attention to some of the
industries in which the application of colloid science has made a
major impact in recent decades.

In the previous chapters we have dealt with some of the
problems of colloid science by attempting to answer the following
scientific questions.

(i) How can colloidal dispersions be formed?
(i1) What factors determine whether a dispersion, once formed,
is stable or not?
(111) Thus, how can dispersions be kept in the dispersed state, or
destroyed?
(iv) What special properties are conferred on a system when its
structure puts it into the colloid category?

These questions are all relevant to the solution of the main
problems of colloid technology, which can be classified broadly in
the following way.

(i) The preparation of stable colloidal dispersions with
appropriate properties.

(i1) The use of colloidal dispersions as a step in manufacturing
processes.
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(111) The utilisation and exploitation of colloidal phenomena.

(iv) The handling of colloids.

(v) The destruction of unwanted colloids.

Table 14.1 summarises the main industries concerned with each
of these aspects, although it is important to realise that nearly
always a given industrial problem becomes involved with more
than one of them. In the following sections a selection of the
topics listed in Table 14.1 will be illustrated.

Table 14.1 Some problems of colloid technology.

Industrial aspect

Preparation of stable colloids

Use of colloidal dispersions in a
manufacturing process

Utilisation of colloidal phenomena

Handling of colloids

Destruction of unwanted colloids

Main industrial applications

Paints, inks, pharmaccutical and
cosmetic products, food products,
drilling muds, dyestuls,
agricultural chemicals, fire-
fighting foams

Ceramic casting, cements and
plaster, paper coating, magnetic
tapes, photographic products, gas
adsorbents and catalyst supports,
chromatographic adsorbents,
membrane production

Detergency, capillary phenomena
(wetting of powders, enhanced oil
recovery, water/soil relations),
flotation of minerals, adsorption of
impurities, solvent recovery,
clectrolytic painting

Rheology (pumping of dispersions
and slurries, stirring of reactors),
caking and flow ol powders

Water purification, fining of wines
and beer, sewage disposal,
breaking of oil emulsions and
foams, dewatering of sludges,
dispersal of acrosols and fogs,
disposal of radioactive waste

INDUSTRIAL DISPERSIONS

Here we take as main examples the paint, agrochemical, photo-
graphic, printing-ink, pharmaccutical, detergent, dyestuffs, and
ceramic industries. One of the main operational requirements in
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several of these is that the dispersion should remain stable over
long periods of storage under a variety of ambient conditions. A
range of options is available to achieve this end.

In the paint industry the stability of dispersions of titanium
dioxide, in the size range 0.2—0.3 um, may be controlled either
by electrostatic or by steric mechanisms, depending on whether
the medium is aqueous or oil-based. In water-based paints the
surface charge on the particles arises either from ionisation of
surface groups (see Chapter 3), when it depends on the pH, or
from the adsorption of an anionic polyelectrolyte. Steric stabilisa-
tion in oil-based paints is achieved by using copolymers, for
example of the ‘comb’ type. In these a backbone polymeric chain
has stabilising chains grafted to it at regular intervals (Figure
14.1). The backbone is chosen to adsorb strongly on to the
pigment surface, while the side chains are ‘soluble’ in the
non-polar medium. Complete stability is, however, not desirable,
and a wecakly flocculated system is preferred for two reasons.
First, this avoids the formation of a hard sediment (‘clay’) when
the paint is stored for a long time. Sccondly, the weak network
structure which is established is resistant to gravitational forces
but breaks down under the shear stresses imposed when the paint
is brushed on to a surface. This is the basic principle underlying
the design of thixotropic, ‘non-drip’ paints. Paints must also form
a surface film which in the cured product encapsulates the
pigment particles. The degree of flocculation of the pigment
particles in the film must also be carefully controlled to achicve
the desired optical properties. Thus for a gloss finish the particles
must be deflocculated, while the less ordered structure resulting
from flocculation (see Chapter 9) leads to a matt appcarance. The
resin which forms the film is often present as a latex dispersion.

Figure 14.1 Schematic representation of a stabiliser of the ‘comb polymer’ type.
The backbone is strongly adsorbed by the particle, while the side
chains are ‘soluble’ in the medium.
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While this must remain stable on storage, the latex particles must
coalesce to form a smooth surface when applied to a surface and
allowed to dry.

A recent development is the use of ‘clectrodeposition’ of paints,
which has found wide application in the automobile industry
because of the ability to obtain uniform deposition on and in
complex geometrical structures. In this, charged particles are
caused to move toward the metal surface under the influence of
an electric field and to flocculate on meeting the surface.

It 1s clear from this brief summary that paint technology
involves the intimate interaction of a range of colloid phenomena
— stabilisation, rheology, emulsions, and clectrophoresis — and is a
prime example of the way in which control of these properties can
be exploited industrially.

Similar problems arisc in the case of agrochemicals. Here the
active ingredients arc often marketed in a concentrated form
ready for dilution before use. Storage represents a major problem
since it is particularly important to avoid claying, because any
sediment which forms must be readily redispersed on dilution and
stirring. Again the use of weak flocculation is often the preferred
solution. Thickening or structuring the liquid with a soluble
polymer may also be employed to reduce the rate of sedimenta-
tion.

The biological activity of a pesticide often depends on small
particle size, so that if it is appreciably soluble then particle
growth by Ostwald ripening (Chapter 10) may become a prob-
lem. This may be overcome by choosing a less soluble form of the
ingredient or a medium in which it is less soluble, by avoiding the
presence of a wide range of particle sizes, or by the addition of a
crystal growth inhibitor.

Many insecticides and fungicides are supplied in the form of
solutions in an oily medium which when diluted with water
undergo spontancous cmulsification under only very mild agita-
tion. Here too the formulation of these products depends on a
subtle choice of medium and added surfactants to obtain the
desired result.

Other methods of formulating agrochemical products are to
form an O/W emulsion in which the disperse phase is a solution
of the active ingredient in the oil, to exploit the ability of micelles
and microemulsions to solubilise pesticide molecules (Chapter
I1), or to employ multiple emulsions in which an aqucous
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solution of the pesticide 1s present as an cmulsion nside oil
droplets, themselves dispersed in an aqueous phase (Chapter 12).

The colloidal properties of soil represent another aspect of the
agricultural importance of colloid science. To achieve a well
acrated soil with good drainage propertics it is necessary for the
soil particles to be relatively loosely packed. In particular, heavy
clay soils have to be trecated to obtain this structure. Again this
requires the soil to be weakly flocculated. Many naturally occur-
ring materials such as humic acid may be employed for this
purpose, and empirical agricultural practice over the centuries has
established procedures by which the fertility of soil can be
enhanced without the use of ‘artificial’ materials. However, in
recent years a number of synthetic polymeric surfactants have
been introduced as soil conditionérs and their usage is likely to
increase, especially where the existing natural fertility needs to be
improved.

Surface chemical aspects are of great importance in the applica-
tion of pesticides by spraying. The formation of acrosol sprays of
appropriate droplet size, their impact and adhesion to foliage, and
the subsequent spreading of the droplets over what are usually
waxy hydrophobic surfaces are all problems that requirc an
understanding of basic science for their solution.

In the manufacture of photographic emulsions the ‘speed’ and
‘grain’ of a film depend critically on the particle size of the silver
halide crystals. Thus, while it 1s necessary to avoid Ostwald
ripening in, for example, agricultural chemicals, the photographic
industry has long exploited this phenomenon to obtain the desired
properties in its products. More recently, specially developed
technology leading to the production of ultrafine (<40 um),
highly monodisperse silver halide crystals 1s an essential step in
the manufacture of holographic film. Finally, colour photography
is dependent on the adsorption of dyestuff molecules on the silver
halide particles to make them sensitive to light of a particular
wavelength and thus calls on many aspects of surface chemistry.

The rheological and wetting properties of dispersions are of
prime importance in the coating not only of photographic film but
also of paper products and magnetic recording tape.

The technology of printing inks has long depended on the
empirical application of colloid technology. The use of ‘protective’
substances such as natural gums dates back several millenia.
They operate mainly through steric stabilisation mechanisms,
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although since they are often polyelectrolytes charge stabilisation
may also play a significant role. But the technical demands of
modern high-speed printing impose severe .requirements on col-
loidal properties other than that of long-term stability. The
transfer of ink to roller, from roller to typeface, and from typeface
to paper at high speed 1s only achieved satisfactorily if the ink has
special rheological properties, and it must also be absorbed
rapidly into the porous surface structure of the paper and be held
there firmly to avoid subsequent smudging. The recent develop-
ment of ink-jet printing imposes particularly stringent conditions
on the colloidal properties of the ink.

Another industry in which stable dispersions and emulsions are
essential is the pharmaceutical industry. Methods of dispersing
active ingredients in pastes and ointments and the avoidance of
exudation of the medium on long storage (syneresis, Chapter 13)
have to be developed. The rapid disintegration of tablets in water
and the slow release of drugs taken internally represent extreme
types of behaviour, and techniques have to be evolved to meet
both limiting requirecments. Many drugs taken by inhalation arc
now dispensed from aerosol cans, and here too it is essential that
the active material does not sediment or cream; if it does, it must
be readily redispersed by shaking. The same applics to the wide
range of traditional medicines dispensed as particulate dispersions
and carrying the instruction ‘Shake Bottle Before Use’.

Special problems arise in the detergent industry. A primary aim
is to achieve efficient wetting of the cloth and then, by manipulat-
ing the surface chemistry of the textile/soil particle/surfactant
solution interfaces, to remove the soil particle from the cloth. It is
important that the soil particle should remain in suspension and
must not be redeposited elsewhere: a stable colloidd must be
produced for subscquent removal by rinsing. A further problem
results from the presence of calcium and other salts in domestic
water. The calcium has to be sequestered or, if precipitated, it
must be in a colloidally stable form. This involves, among other
things, peptising the calcium soap and controlling the crystallisa-
tion of calcium carbonate by appropriate additives. When one
bears in mind that domestic detergent formulations are also
expected to bleach, impart some fluorescence, and leave the fibres
in a soft condition, it is clear that much skill and experience in
addition to basic science are needed to ensurc that the various
additives do not interact to destroy their effectiveness.
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The dyestufts industry has a major involvement in surface and
colloid science. Problems arise, for example, in the complete
wetting of fabrics, in the grinding and dispersion of vat dyes, and
in dye adsorption on textile fibres. Much of the technology was
developed empirically over the centuries, but, more recently,
increased understanding of the basic science has led to many
improvements both in the processes and in the quality of the final
products.

In the ceramic industry the rheology of clay suspensions plays a
major role. Their colloidal properties are of especial significance
in the process of slip-casting, in which a clay slurry is put in
contact with a porous plaster mould, which sucks up the water to
leave a solid form ready for firing. Here the suction provided by
the porous mould in relation to the rate of flow of water through
the clay matrix is important. The structure of the clay slurry, as
determined by its degree of dispersion, has also to be controlled
by suitable additives.

Closely related to this is the general problem in the whole
chemical industry of the separation of solids from liquids. The
processes of thickening, flocculation, dewatering, and filtration are
all intimately controlled by the forces and structures arising in
colloidal systems. The improvements brought about by the use of
electroseparation processes depend on the exploitation of the
electrokinetic effects discussed in Chapter 6.

COLLOIDS IN THE ENERGY INDUSTRIES

Colloids also play a central role in many aspects of the energy
industries, especially the oil, coal, and nuclear industries.

The oil industry is concerned with colloid and surface chemis-
try in at least five major areas. In oil extraction the complex
interaction of surface tension forces, wettability, and rheology
determines in large measure the efficiency with which oil can be
recovered. The fact that it is only rarely possible to extract more
than 50% of the oil present in the field means that high rewards
would result from a successful and economic technique for
increasing the yield. Among the possible colloid-related methods
are the following: the use of surfactants to reduce the oil/water
interfacial tension and so to reduce the pressure gradients needed
to displace the oil [Figure 14.2(a)]; the injection of a surfactant
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(a)

Ap = 20l(1/ry) = (M)

B

Figure 14.2 Enhancement of 0il recovery. (a) To displace an oil blob trapped in
a pore, a pressure difference Ap = 20[(1[r,) — (1/r,)] is needed.
This is reduced if the interfacial tension O is lowered. (b) If a
parallel water channel bypasses the blob, the pressure drop can be
increased by raising the viscosity of the aqueous phase by the addition

of a polymer.

‘cocktail’ capable of causing the oil and water to form a micro-
emulsion which can be swept away; the use of an injected
polymer slug to modify the rheology of the process and to inhibit
‘fingering’ of the water flood through more porous arcas of the
oilfield [Figure 14.2(b)].

A second arca of importance is that concerned with drilling,
where ‘drilling muds’ are injected into the bore hole both to
lubricate the drill and to form a coherent lining to the hole.
Among the materials currently in use are slurries of derivatives of
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sodium montmorillonite in oil or water. Surface modification of
the clay by ion exchange with a quaternary ammonium salt to
produce an oleophilic clay is commonly employed to obtain a
suitable mud.

The oil extracted from a well usually contains water dispersed
as a fine emulsion. The de-emulsification of the oil is an impor-
tant part of the overall processing, and improved and more
economical methods of achieving this depend on the application
of colloid techniques.

The oil industry is also concerned in many of its processes with
the formation of foams which may be either advantageous or
undesirable. The control of foaming is therefore another major
problem which requires for its solution the application of colloid
and surface science.

Finally, the dispersion of oil slicks resulting from spillage has
required an understanding of the way in which surfactants can
disintegrate the emulsion (chocolate mousse) which forms spon-
taneously by the interaction between crude oil and sea water.

The coal industry also has processes where colloid technology is
applied. Thus the elimination of fine coal-dust from wash water is
aided by the addition of flocculants such as high-molecular-weight
polymers which act by the bridging flocculation mechanism.
Although the use of concentrated coal suspensions in oil or water
as ‘liquid’ fuels has been considered and experimented with for at
least sixty years, it is only recently that practicable methods have
been developed for the preparation and storage of such materials.
Here the problem is that of forming a stable, concentrated
suspension which has rheological properties that enable it to be
pumped and injected into a furnace: the interchangeability of
oil-fired and coal-fired operation clearly has many advantages.

In the nuclear industry one of the main applications of colloid
technology is in the handling and reprocessing of radioactive
waste, where the problems are mainly concerned with the floc-
culation and separation of particulate radioactive materials. A
second application is that of the sol-gel process to the preparation
of nuclear fuel in the form of spherical particles of uniform size.

COLLOIDS IN THE FOOD INDUSTRY

Many aspects of colloid science are involved in research on the
influence of the methods of processing foods and of additives of
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various kinds on their rheological and mechanical properties with
a view to improving both their handling in manufacture and in
the kitchen and their gastronomical quality. As indicated in
Chapter 13, gels are present in wide variety in both the prepara-
tive stages and final products of the food industry; consequently it
is in this area that most interest lies. Traditionally gels were
derived from natural biological materials, but synthetic or chemi-
cally modified natural products are being used increasingly in
manufactured food. Another problem, not confined to the food
industry, is that of the wetting of fine powders. Thus it is a
matter of some importance that soup, cocoa, and dried-milk
powders should be readily dispersible in water. This is achieved
by the addition of small amounts of appropriate emulsifying and
dispersing agents, usually of biological origin. The control of the
particle size of ice crystals in ice-cream and similar frozen
products subjected to rapid freezing presents yet another aspect of
colloid science of significance in the food industry.

FOAMS

In the case of foams, problems both of the creation of stable
foams, important in the fighting of oil fires, and of the destruction
of unwanted foams on rivers or at sewage works are of economic
and environmental consequence.

Foams for fire-fighting purposes have to mect a number of
critical requirements. They must be ecasily produced in huge
volumes and be stable for as long as possible at elevated
temperatures, and when they break down it is a great advantage
if the aqueous film so produced spreads spontancously over the oil
surface, thus excluding oxygen. Surfactants, many of them
fluorochemicals, are now available which in suitable formulations
with foaming agents meet many of the desired properties and
reduce the enormous risks associated with petrol and oil fires.

On the other hand, great environmental damage and problems
in managing sewage treatment plants have been caused by foams
produced by the effluent from processes involving surfactants.
Antifoaming agents are therefore of major importance in avoiding
such problems, which are also mitigated by the use of biodegrad-
able surfactants. Unwanted foams are also produced in the course
of many manufacturing operations, and a wide variety of ways of
dealing with them have been developed.
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The use of foams in mineral flotation processes has been
mentioned in Chapter 12. The economic value of this technique
can be appreciated from the fact that many millions of tons of ore
are treated annually worldwide by flotation processes and that it
is now possible to extract economically low-grade ores which a
few decades ago were considered useless.

ELIMINATION OF UNWANTED COLLOIDS

We have mentioned above the need to destroy emulsions and
foams. Of equal importance in some industries is the need to
eliminate particulate dispersions. Thus the final stages of water
purification are dependent on the efficient flocculation of particu-
late matter. This is achieved either by making use of the ability of
highly charged ions to cause flocculation or by using a dilute
high-molecular-weight polymer to cause bridging floccuation.
Since most of the colloidal particles are negatively charged,
aluminium ions, Al**, are the most widely used flocculants;
high-molecular-weight polyacrylamides are alternative materials.
Yet another aspect of this problem is that of the control of the
production of aerosols and fine dusts and of their deposition or
filtration. Pollution control, upon which developing emphasis is
being placed, is thus an area in which colloid technology has an
increasing role to play.
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The Future of Colloid Science

INTRODUCTION

The past few decades have seen major advances in colloid science
on both the theoretical and experimental fronts, and there is every
reason to believe that further rapid progress will continue.

Farly theories of colloidal dispersions, such as the DLVO
theory (Chapter 9) and Einstein’s theory of viscosity (Chapter 8),
were, of necessity, limited in their applicability to very dilute
dispersions. They gave general guidance, however, in the scarch
for an understanding of more concentrated dispersions  and
formed the basis from which more recent progress has evolved.

The need to understand the behaviour of concentrated disper-
sions, while an intellectual goal 1n itself, has become increasingly
relevant as the industrial exploitation of colloidal systems has
developed. This challenge has been taken up and has provided
the stimulus for a great deal of recent work, and no doubt it will
continue to do so.

This chapter summarises briefly some of these recent develop-
ments and indicates the broad areas in which further advances
are likely to be made.

VAN DER WAALS FORCES

In Chapter 3 we discussed the calculation of the interaction
between two particles by summing the intermolecular potential
energies between all the molecules in one particle with all those in
the other. This is often called the Hamaker or microscopic theory and
assumes pair-wisce additivity of the intermolecular potential ener-
gics. This implies that the potential associated with the interac-
tions of a given molecule is independent of the presence of

202
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neighbouring molecules. In reality the motions of the electrons in
a given atom or molecule, on which the intermolecular interaction
depends, are influenced by its neighbours. One should consider
each particle as an assembly of molecules whose electronic
vibrations are coupled to one another. This coupling is manifested
in the dielectric constant and the refractive index of the solid. An
alternative theory, the Lifshitz or macroscopic theory, sets out to
relate the forces between the particles to the dielectric properties
of the solids and the intervening medium. The solids and the
medium are thus regarded as continuous media and their atomic
structure is ignored. It turns out that to apply the theory one has
to know the dielectric response of the solids and the intervening
medium over a very wide range of frequencies. This information
is not always readily available, although methods of deriving it
from a limited amount of data have been developed. One result of
this theory is that the so-called Hamaker constant in fact varies
with the separation between the particles, and when used in
equation (3.11) 1t should be regarded as a function of H. It
should be called the Hamaker function, A(H). The theory enables
the numerical values of A(H) to be calculated with some certain-
ty, whereas the Hamaker constant derived from equation (3.12)
depends on estimates of &, v, and ¢, whose values are not always
reliably known.

In broad terms the macroscopic theory does not introduce any
major modifications to the basic ideas which have been developed
in earlier chapters, although its greater power enables more exact
calculations to be made on more complex systems (e.g. aqueous
systems) than is possible with the microscopic theory. Its main
shortcoming is that at very small separations — where the
molecular structure of each solid is ‘seen’ by the other — the
theory becomes less reliable and certain somewhat arbitrary
approximations have to be made. For the moment we are left
with a choice between these two theoretical approaches: which
one is chosen depends very largely on the particular problem
under consideration and the degree of precision required.

STATISTICAL MECHANICS

Statistical mechanics is relevant to problems in colloid science at
two levels. At the molecular level one is concerned in particular
with statistical-mechanical theories of electrolyte solutions, the
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electrical double layer, interfacial regions, and polymer solutions.
In these areas developments in basic physical chemistry are of
direct interest in colloid science.

The original theory of double-layer interaction dealt with the
problem of the repulsion between two isolated, charged colloidal
particles and could, strictly, be applied only to very dilute
dispersions. More realistic theories must handle concentrated
systems where the interaction between many particles has to be
considered. This more complex situation has been, and will
continue to be, the subject of important theoretical studies.

Of particular significance are recent advances in the study of
the molecular structure of interfaces. Thus it is now possible to
calculate the form of the local concentration profiles at
liquid/vapour and liquid/solid interfaces, leading to detailed
theories of adsorption and interfacial tension. These calculations
have a special relevance in the development of increasingly
realistic theories of steric stabilisation. Thus rapid progress is
being made in the prediction of the segment density distributions
of polymers adsorbed both at a single interface and on two
approaching surfaces; the situations depicted schematically in
Figure 3.10 are being given a quantitative description. In addi-
tion, the theory is being cxtended to the case of adsorbed
polyelectrolytes.

A second and potentially very significant development arises
from the fact that in statistical mechanics the basic theory does
not specify the nature of the ‘particles’ whose behaviour it sets out
to describe. In conventional physical chemistry the ‘particles’ are
identified with atoms or molecules, but the fundamental equations
apply equally to the behaviour of colloidal particles, as Perrin
showed many years ago (see Chapter 6). There is, however, an
important difference between molecular and colloidal systems.
While in molecular systems the intermolecular forces operate
through space and nearest-neighbour interactions dominate, in
colloidal systems the forces are of much longer range and are
strongly influenced by the nature of the intervening medium.
These differences do not, however, obscure the many parallels
between theories of the behaviour of colloids and molecular
systems, as is clear from the similar approaches we made in
discussing flocculation (Chapter 9) and micellisation (Chapter
11).

In addition to analytical theories, the use of computer simula-
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tions, in predicting the structure of concentrated dispersions, and
of interfacial regions has expanded rapidly and is producing many
interesting results for comparison with those obtained ex-
perimentally by neutron and light scattering.

The application of statistical theory to kinetic phenomena such
as Brownian motion and rheology is also a field in which renewed
activity is developing.

In many of these areas progress has only become possible
through the availability of powerful high-speed computers, which
have enabled work to be done that thirty years ago would have
been quite impracticable.

LIGHT SCATTERING

As already indicated in Chapter 7, the introduction of laser
technology has already had a major impact on light-scattering
methods. These have found particular application in the develop-
ment of new methods of particle sizing, and several instruments
are now available commercially which are designed for the
automatic determination of particle size distributions. These
methods are being developed steadily, especially in terms of the
associated computer software needed for the rapid analysis of
experimental data. In particular, while the measurement of the
particle size in monodisperse systems is well established, the
mathematical analysis for polydisperse systems and for non-
spherical particles presents problems which are not yet fully
solved.

Both static and dynamic light-scattering techniques will con-
tinue to find wide applications in the study of the structure of
more concentrated systems.

NEUTRON SCATTERING

Although the general principles involved in neutron scattering are
essentially the same as those in the scattering of light, the detailed
methods of application are, as mentioned in Chapter 7, rather
different. Consequently opportunities for new types of investiga-
tion are opened up. Small-angle scattering is also being applied
extensively to the study of the structure of concentrated disper-
sions, and the results are providing experimental tests of the
application of statistical mechanics to such systems.
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Among other topics that can now be studied are the distribu-
tion of polymer segments at an interface, the dynamics of water
adsorbed in clays and lamellar liquid crystals, and, using the
more recent technique of ‘neutron spin echo’, the diffusion of
colloidal particles and its dependence on particle concentration.

NUCLEAR MAGNETIC RESONANCE

The last two decades have scen a dramatic increase in the
applications of nuclear magnetic resonance techniques in colloid
and surface science. The reasons for this are two-fold: first, the
availability of cconomical high-field supcrconducting magnets
and, secondly, the development of fast and compact digital
computers. These advances have made it possible not only to
expand the range of available nuclei that can be observed but also
to improve the sensitivity of the method.

In applications to surface and colloid problems it is essential to
have both high sensitivity and the ability to mask out signals from
the bulk phases. This can be achieved by isotopic substitution
(D for 'H and "“C for '2C) and by selective saturation of
unwanted signals using combinations of exciting pulses. By plac-
ing both the pulse timing and sequencing under computer control,
the range of possible experiments has been greatly increased.

Pulsed NMR techniques provide information on the relaxation
times of various molecular motions in the system. Thus, in a very
carly application, the water adsorbed in silica gel could be
divided into a fraction that had been perturbed by adsorption, the
rest having properties essentially the same as those of bulk water.
Similar information may be obtained on the ‘bound’ and ‘free’
water in other gels. The motion and orientation of molecules
adsorbed on graphite and clays has also been studied. It is now
becoming possible to examinc multi-component systems. For
example, by measuring the diffusion coefficients of each of the
components in microemulsions, it is possible to distinguish be-
tween molecules at the interface, solubilised or in the bulk phase.
Similar experiments can monitor the percolation of reactants and
products in zeolites and supported metal catalysts. In ordered
systems such as liquid crystals a wide range of multiple quantum
experiments is now available for determining both structure and
diffusion.
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The technique of NMR imaging, now finding important ap-
plications in diagnostic medicine, can also be used in other ways,
enabling for example the distribution of oil in rocks or of
macroscopic phase transitions in alloys to be detected and stu-
died.

NMR methods can also be used for structural analysis, detect-
ing the local geometries around specific cations in zcolites and so
complementing the information obtained by X-ray diffraction.

RHEOLOGY

A very direct way of investigating the properties of concentrated
dispersions is to use rheological measurements to elucidate the
way in which their structure is modified when they are subjected
to mechanical stress. Studies of this kind are of special relevance
since in many industrial applications it is the rheological be-
haviour that is of crucial importance. Work in this field has been
greatly facilitated in recent years as a result of the development of
an increasingly sophisticated range of rheological techniques in-
volving fully automated equipment in which systems can be
subjected to a wide range of stress/time regimes. The interpreta-
tion of the extensive information obtained in this way is a
formidable task which will constitute a continuing theoretical
challenge. Research in rheology will certainly represent one of the
major growing points in colloid science in the next few decades.

DIRECT FORCE MEASUREMENTS

Theories of interparticle forces play a fundamental part in many
theoretical aspects of colloidal behaviour. It is therefore of great
importance to have experimental evidence for the validity of these
theories. One approach to this is to study the forces between
macroscopic objects, to which the same theorctical equations
should apply. Since these forces are exceedingly small until the
bodies come into very close proximity, work in this area has faced
considerable experimental difficulties. Experiments on the force
between two plates and between a plate and a lens have been of
limited validity because of the difficulty in achieving adequate
surface smoothness and in completely eliminating dust. The
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closest distances of approach that can be studied in such con-
figurations are several tens of nanometres. Major successes have
resulted from the discovery that freshly cleaved mica surfaces are
smooth on the atomic scale and from the -fact that the force
between crossed cylindrical specimens (Figure 15.1) follows the
same law as that between a sphere and a plate. Sophisticated
techniques for bringing such surfaces together to within precisely
known distances and mecasuring the resulting force have been
developed in recent years and are still being improved. It is now
possible to make accurate measurements down to scparations of a
few tenths of a nanometre (a few angstréoms). Initial work on
forces in air has been extended to mica surfaces immersed in pure
liquids, in electrolyte solutions, and in polymer solutions. Evi-
dence on the validity of the various theories of interparticle
interactions is now accumulating. Work of this kind is destined to
make a major contribution to the ultimate understanding of
colloidal phenomena.

Figure 15.1 Arrangement of crossed cylinders as used for the direct determination
of the force between macroscopic bodies.

BIOLOGICAL SYSTEMS

The importance of the role played by colloids in biological
systems is becoming increasingly understood. Colloidal properties
and structures are significant in a wide range of phenomena,
including, as a few representative examples, platelet and cell
adhesion, membrane transport, phagocytosis, blood rheology, im-
munology, bone regeneration, and photosynthesis. In these and
other areas rapid progress is being made towards an understand-
ing of the fundamental processes concerned, and this is likely to
continue.
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CONCLUSIONS

In this chapter we have mentioned only a few of the more
important future developments which can be foreseen in colloid
science. Many of these will depend on the availability of modern
instrumentation and of powerful computer facilities. In addition
to the techniques dealt with in this chapter, mention should also
be made of the contributions from greatly improved electron
microscopic techniques, ultracentrifuges, and X-ray equipment.
Other techniques that will become of increasing significance
include dielectric measurements, electrical birefringence, and
time-resolved fluorescence.

The armoury of the colloid scientist is expanding year by year
and leading to an ever-increasing understanding of the phe-
nomena with which he deals, but the fundamental principles upon
which this depends are unlikely to change.
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Preparation of Some Simple
Colloidal Systems

It is particularly important in all work on colloids to observe the
most stringent precautions to ensure the absolute cleanliness of all
apparatus.

Gold Sol

Add 1 cm?® of a 1% solution of gold chloride (HAuCl;-3H,0) to
100 cm?® of distilled water, bring to the boil, and add 2.5 cm?® of
1% sodium citrate solution. Keep the solution just boiling. After a
few minutes observe the appearance of a blue coloration, followed
shortly by the formation of a ruby-red gold sol.

Sulphur Sol

o
-

Mix rapidly in the cold equal amounts of 0.004 moldm ™ sodium
thiosulphate solution and 0.004 moldm ™ hydrochloric acid. The
mixture becomes cloudy after a few minutes and then develops to
an opaque white dispersion of colloidal sulphur.

Silver Bromide Sol

Mix equal amounts of 0.020 moldm™ sodium bromide solution
and 0.018 moldm ~* silver nitrate solution. A colloidal dispersion
of silver bromide 1s formed immediately. A silver iodide sol may
be prepared in a similar manner.
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Ferric Hydroxide Sol

Add 2cm?® of a 30% solution of ferric chloride slowly, with
stirring, to 500 cm® of boiling distilled water. A clear reddish-
brown dispersion of ferric hydroxide is formed.

Emulsions and Microemulsions

A simple emulsion can be prepared by shaking a solution of
houschold liquid detergent (washing-up liquid) diluted 1:10 with
an equal volume of white spirit (turpentine substitute) or a few
drops of cooking oil. The resulting emulsion is stable for several
hours.

Microemulsions can be produced in several ways. One simple
recipe is to use 7 cm® of houschold liquid detergent (neat or
diluted 1:2), 14 cm? of white spirit, and 4 cm® of n-pentanol
(amyl alcohol) or n-butanol. The components are mixed gently
and allowed to separate into two phases. After scveral hours the
upper oil phase becomes clear but (see Appendix II) exhibits a
strong Tyndall cone. This indicates the presence of microemulsion
droplets of colloidal size.

Polymer Latex

The preparation of polymer latices is a more lengthy process and
requires more specialised apparatus and laboratory facilities. A
student experiment for the preparation of polystyrene latex by
emulsion polymerisation (see Chapter 4) is described by M. W. J.
Esker and J. H. A. Pieper in ‘Physical Chemistry: Enriching
Topics from Colloid and Surface Chemistry’, ed. H. van Olphen
and K. J. Mysels, Theorex, California, 1975.
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Some Simple Experiments with

Colloids

(1) Observe that both the gold sol and the ferric hydroxide sol
appear quite clear when viewed in ordinary light. Now pass a
beam of light through cach of them and observe a Tyndall cone.
Suitable light sources are a beam from a slide projector® or, in a
darkened room, a beam from a hand torch. Similar observations
can be made with diluted samples of the sulphur and silver
bromide sols and with microemulsions.

(2) Observe a similar Tyndall cone by shining a beam through a
developing sulphur sol. If a low-power He/Ne laser is available,
obscrve the scintillations during the formation of the sol (Chapter

7).

(3) Add a little 1 moldm ™ sodium chloride to cach of the sols
and obscrve whether flocculation occurs. In the case of gold sol
flocculation is marked by a change in colour from ruby-red to
blue. If the salt solution is added from a burette, the critical
flocculation concentration (Chapter 9) can be determined. Repeat

using 0.1 moldm ~* sodium sulphate solution.

(4) Add 1 em? of a 0.1% solution of gelatine to about 10 cm® sol
and repeat the above flocculation experiments. Observe  the
‘protective action’ of gelatine.

(5) Mix I cm?® of gold sol with 9 cm? of ferric hydroxide sol,
shake, and obscrve for half an hour. The formation of a floc
illustrates heteroflocculation (Chapter 9).

* A narrow beam is conveniently obtained by inserting a blank opaque slide
containing a central pin-hole.
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Definitions and Measurement of
Adsorption

THE RELATIVE ADSORPTION

In Chapter 5 the surface excess of component i was defined in
equation (2.1) as

n? = n, — VY = FYP, (AIIL1)

i

As pointed out there, one has to devise some means of defining
V% and V# unambiguously. We may begin by choosing to define
the boundary between «a and f by a dividing surface placed
arbitrarily at a level z° [Figure 5.3(b)]. The adsorption on unit
area of surface is given by the sum of the shaded areas in this
figure, and this is clearly dependent on the choice of z°. However,
it turns out that, when the adsorptions of several components of
the solution are all defined with respect to the same dividing
surface, there is a simple relationship between them.

This is easily seen by writing down the equation for the surface
excess of, say, component 1:

n = n, — ¥V — FVP, (AIIL.2)
In addition we have also
V="V*+ VP (AIIL.3)

where V is the total volume. There are now three equations
involving V¥ and VP, so that by simple algebra they can be
eliminated. If we denote (¢f — ¢%) by Ac;, we can write the
resulting equations in the form

ny —ny + V. nd —ng+ SV 0§ — n3 + 5V

Ac, Acy Acs
(AIIL.4)
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Taking any of the right-hand members, equating to the first, and
rearranging gives

n? — n%(Ac;/Ac)) = [n; — V| — [ny — S V](Ac;/Acy).
(AIIL.5)

Now all the quantities on the right-hand side of equation (AIIL.5)
are experimentally measurable, so that the expression on the left
must be independent of the choice of the dividing surface: it is
called the relative surface excess of i with respect to component I and is
denoted by n?":

nd" = n? — n{(Ac;/Ac)). (AIIL6)

One is often interested in the surface excess divided by the
surface area (A):

ro = nf'(”/As =T, = T'(Ac;/Acy), (AIIL.7)

i

called the relative adsorption of component i (or the relative areal surface
excess of 1) with respect to component 1. In equation (AIIL7) T';
and I'; are defined with respect to an arbitrary dividing surface,
but it is clear from equations (AIIl.6) and (AIIL.7) that, had we
chosen the surface for which #n¢ or I'y = 0, then 2% and I'; would
have been the values corresponding to this choice. It is for this
reason that a common definition of the relative adsorption relates
to the choice of the dividing surface for which I'; = 0.

MEASUREMENT OF ADSORPTION
Liquid/Vapour Interface

The direct measurement of adsorption in this case is not always
casy. Thus for a system containing a liquid/vapour interface the
two terms in equation (AIIL.5) are nearly equal and a very highly
precise analytical technique is needed to obtain reasonably accu-
rate results. One way in which this problem can be reduced is
seen by rewriting equation (AIIL.5), for a binary solution, and
neglecting the concentration in the vapour phase:

ng = Viell{no/(V'e))} = {m /(V'ey) . (ATIL8)

If 7' is very small, then, since for a given interfacial arca n§'" is

independent of the amount of liquid taken, the term in square
brackets must be proportionally larger and hence measurcable
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with higher accuracy. This equation was the basis of McBain’s
attempts to measure ') experimentally, the small values of V'
being achieved by slicing a thin layer from the surface of a
solution of known concentration, ¢! and ¢}, using a fast-moving
microtome. Analysis of the liquid sample so collected enabled 7,
and 7, to be obtained. Other similar methods have been tried,
but direct analytical measurements rarely give results accurate to
better than a few percent. In this instance, therefore, one has to
rely on the indirect determination of I'y through measurements of
the surface tension of solutions making use of the Gibbs adsorp-
tion equation.
Similar considerations apply to the liquid/liquid interface.

Liquid/Solid Interface

Here the problem is very much simpler, mainly because the
surface arcas of particulate or porous solids are much higher than
the available arcas of liquid /vapour interfaces. If no component of
the solution penetrates into the solid («), then ¢f =0 and
cquation (AIIL.5) can be written, for a binary solution, in the
form

nS" =y — ni(chfel) = ny — n i (xh/x)) = (nox!

- nlxé)/xlla

(AIIL.9)

where x| and x) are the mole fractions in the liquid. In an

experimental determination of adsorption from solution a sample
of solution of initial concentration x| and x9, containing a total
amount n', is contacted with a mass m of solid, and when
cquilibrium is achieved the final concentration x) is measured.

The total amounts of 1 and 2 present are, respectively, n°x{ and

n'x). Substituting in equation (AIIl.9), remembering that

x; + xy = 1, gives
nS0 = n0(x) — xb)/xl = nYAxl/x!, (AII1.10)

where Axj is the change in the mole fraction of 2 in the solution
resulting from adsorption at the solid surface. The surface excess
for unit mass of solid is called the specific relative surface excess,

n3" fm = n"Axh/mx!, (AIIL.11)

while, if the specific surface area of the solid (ay) is known, onc
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can define the areal relative adsorption as
Y= (n"Ax!/may) /x| (AII1.12)

The meaning of the numecrator of this expression is scen by
considering the difference between the amount of component 2
actually present (n'x}) and the amount that would have been
present if the equilibrium concentration had been uniform in the
liquid up to the solid surface (n'x}). This is the surface excess
corresponding to the choice of the solid surface as the dividing
surface:

ng" = n"Ax), (AII1.13)

and is called the reduced surface excess. The specific reduced surface
cxcess and the arcal reduced surface excess are defined, respec-
tively, by division by m and ma.

It follows that

Iy = I“}‘)n)/x/]. (AIII.14)

In dilute solution (x}— 1) the relative and reduced surface
excesses become equal.

Experimental data for adsorption from solution are usually
expressed as specific reduced surface excess isotherms, sometimes
called composite isotherms, in which n°Ax!/m is plotted as a function
of x.
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The Gibbs Adsorption Equation

It is well known that to define unambiguously the state of a bulk
system it is necessary to specify the values of a certain number of
experimental variables. For a one-phase system («) we may, for
example, specify the values of T%, V¥, and n{ (i = 1, ... ¢). This
is the most appropriate choice when employing the Helmholtz
free energy (F) of the system. It follows that the total differential
of F may be written

dF = —S§%dT® — podV* + >, u*dn®. (AIV.1)
!

A similar equation applies to phase f. If the phases exist in
equilibrium, with a plane interface between them,

T¢ = TP po = pb and u* = uf (all i).  (AIV.2)

The presence of an interface between the phases influences the
free energy of the whole system, which is therefore given by

F = F%+ Ff 4+ Fo, (AIV.3)

where F? is the surface free energy. In conventional bulk thermo-
dynamics, where the interfacial areas are small, F? is ignored.
For colloidal systems, however, /° plays an important role.

We have again to divide the system into the phases o and f,
i.e. define the volumes V* and VP. Adopting the device of a
dividing surface, it turns out that the total differential of the
surface free energy is

dF° = —§°dT + odA, + > udn?, (AIV.4)

where the u,’s have the same values as in the two adjoining
phases. The term odA, replaces the pdV term (with the opposite
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sign since O is a tension not a pressure) in the equations for the
bulk phases.

In bulk thermodynamics one derives the Gibbs—Duhem equation
by integrating equation (AIV.1), keeping the intensive properties
constant (d7 = 0, p and u; constant) to obtain

F* = pVe + > uln?. (AIV.5)

This is differentiated generally, and the expression for dF thus
obtained is equated to that in equation (AIV.1) to yield the
Gibbs—Duhem equation:

vedp — S*dT + D nodud = 0. (AIV.6)

An exactly analogous procedure is used to derive the Gibbs
adsorplion equation. On integration of cquation (AIV.4) with 7, o,
and u; constant we find

F9 = oA, + Zy,n?. (AIV.7)

Differentiation and subtraction from equation (AIV.4) gives
~Ado — $9dT + D n%du; = 0. (AIV.8)
This 1s the Gibbs adsorption cquation. It is usually applied at

constant temperature; when expressed in terms of the adsorption
it becomes the Gibbs adsorption isotherm:

~do = 2T du;. (AIV.9)
|
Up to this point we have not specified the position of the dividing
surface. If we now choose this so that I'y = 0, then
—do = DI du;, (AIV.10)

where the summation no longer involves du;. An alternative
derivation follows from the argument that from the phase rule it
is not possible at constant 7" and p to vary all the u,s simul-
taneously. This is expressed in the Gibbs—Duhem equation. One
can therefore use the Gibbs—Duhem equations for the two bulk
phases to eliminate dg, from equation (AIV.9) and obtain
equation (AIV.10).
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Influence of Adsorption on
Interparticle Forces

The discussion given in Chapter 5, equations (5.9)—(5.12), may
be taken one stage further in the following way.

Equation (5.12) may be integrated to give

M
F(H) — Fi(H) = 2 . x(arg“/aH)dug. (AV.1)

Here F(H) is the force between the plates in a solution of mole
fraction x), while FJ(H) is that when the plates arc in pure
component 1. Now in component 1 the force arises solely from
van der Waals forces, so that the right-hand side represents the
contribution of adsorption to the interparticle force.

Equation (AV.1) can be written in terms of the mole fraction of
2 in the solution:

F(H) — Fi(H) = 2 j ;{)(GFT_,"/@H)dlnx/_,y.'z, (AV.2)

where ¥}, is the activity coeflicient of component 2 at the mole
fraction x).

The qualitative generalisations stated in Chapter 5 follow
immediately. To derive a quantitative result it is necessary to
know, or have a theory to predict, the way in which the
adsorption isotherm depends on the plate separation.
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Steric Stabilisation

Many modern theories of polymer solutions have in common a
parameter (usually denoted by yx) which measures the difference
between the interaction cnergy (w ;) between a molecule of
solvent and a polymer segment and the arithmetic mean
[(w + w)/2] of the solvent—solvent (w;) and segment—
segment (wyy) interaction encrgies (Figure AVIL1):

x=lww — (wn + wy)/2]z/kT, (AVI.1)

where z is the number of nearest neighbours of a segment or
solvent molecule in solution and where the volumes of solvent
molecule and polymer segment are taken to be the same. Since,
according to simple approximate theories of London forces, |w ]
is the geometric mean of w;; and wqg,

wy = —(wnwyp)'?, (AVL2)

X is expected to be positive.

The configuration of polymer molecules in solution is deter-
mined by the value of . When x is large, segment—solvent
interactions are relatively weak and the configuration is domin-
ated by segment-segment interactions leading to a compact coil
configuration (o <1 in Figure 3.10); when x is small, the
polymer is in the form of an extended chain (o > 1). The critical
value of x is § and corresponds to a random coil configuration.
This is identified with the so-called 8-configuration (o = 1).

Similar considerations are important in theories of polymer
adsorption, although here the relative magnitudes of surface—
solvent and surface-segment interaction energies have to be taken
into account.

When applied to the problem of steric stabilisation, many
theories predict that the resulting interaction energy between the
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Figure AVL1 Relationship between solvent-solvent, segment-segment, and
solvent—segement interaction energies, and the definition of the
interaction parameter, X, for polymer solutions.

particles should be proportional to (3 — x). For y <3 there is a
steric repulsion, while for x> j steric effects contribute an
additional attractive term. On this basis, if one is justified in
comparing the behaviour of an adsorbed polymer with that in
solution, one would expect to find a relation between the critical
flocculation conditions, brought about by changing the medium or
the temperature, and the 6-point of the bulk polymer solution.
This is often observed, although other factors can upset this
simple prediction, especially when the surface-segment attraction
energy is large. In the case of block copolymers the correlation
may be expected with the 8-condition of the ‘soluble’ chain of the
copolymer.
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Further Reading

Relatively few general books on colloid science are currently in
print, so that the reader wishing to extend his knowledge may
find it necessary to make use of library facilities.

The following is not an exhaustive bibliography but includes
both relatvely elementary books and a selection of more ad-
vanced texts and papers.

General

Among the classical works on colloids, several of which give a

good historical perspective, are:

k. Hatschek, “The Foundations of Colloid Chemistry’, Ernest
Benn, London, 1925, This hook contains reprints and transla-
tions of papers by: Ascherson, 1840; van Bemmelen, 1888;
Faraday, 1857; Graham, 1864: Carcy-Lca, 1889; Muttmann,
1887; Selmi, 1845.

H. Freundlich, “Colloid and Capillary Chemistry’, 1st Engl. Edn.,
Methuen, London, 1926.

L. S. Hedges. *Colloids”, Edward Arnold, London, 1931.

AL von Buzagh, ‘Colloid Systems’, Technical Press, London, 1937.

A. E. Alexander and P. Johnson, ‘Colloid Scicnce’, Cambridge
University Press, 1949, 2 Vols.

‘Colloid Science’, ed. H. R. Kruvt, Elsevier, Amsterdam, London,
New York, 1949, 2 Vols.

More recent shorter books include:

A.°G. Ward, ‘Colloids’, Blackie and Son, London, Glasgow, 1945.

K. J. Mysels, ‘Introduction to Colloid Chemistry’, Interscience,
New York, 1959.
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M. J. Vold and R. D. Vold, ‘Colloid Chemistry’, Chapman and
Hall, London, 1965.

G. D. Parfitt, ‘Principles of the Colloid State’, Monographs for
Teachers, No. 14, Royal Institute of Chemistry, London, 1967.
W. J. Popiel, ‘Introduction to Colloid Science’, Exposition Press,

Hicksville, New York, 1978.
D. J. Shaw, ‘Introduction to Colloid and Surface Chemistry’, 3rd
Edn., Butterworths, London, 1980.

A broad survey of a number of interesting aspects of surface

chemistry and its relationship to colloid science is presented

n:

The Nuffield Advanced Science Study Option on Surface Chemis-
try, Students” Book and Teachers’” Guide, Longman, 1984.

Papers presented at a symposium on the teaching of colloid and
surface chemistry held in 1961 are published in:
“The Teaching of Colloid and Surface Chemistry’, in J. Chem.

Educ., 1962, 39, 166.

Material presented at a Royal Society of Chemistry review

symposium on colloid science held in 1981 is published in:

‘Colloidal Dispersions’, ed. J. W. Goodwin, Special Publication
No. 43, The Roval Socicty of Chemistry, London, 1982. (This
title is referred to as ‘Colloidal Dispersions” in the following
references.)

A stimulating book which emphasises the link between physical

chemistry and colloid science is:

‘Physical Chemistry: Enriching Topics from Colloid and Surface
Science’, ed. H. van Olphen and K. J. Mysels, TUPAC
Commission 1.6, Theorex, La Jolla, California, 1975. (This
book is abbreviated to ‘Enriching Topics’ in subsequent refer-
ences.)

The main modern advanced treatises are:

P. C. Hiementz, ‘Principles of Colloid and Surface Chemistry’,
2nd Edn., Dekker New York, 1985.

R. J. Hunter, ‘Foundations of Colloid Science’, Oxford University
Press, 1987, Vol. 1; Vol. 2 in press.

Many excellent review articles are given in:
Surface and Colloid Science Series, ed. E. Matijevic, Wiley—
Interscience, New York, London, Sydney, Toronto, 1969— .
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Advances in the period 1970—1981 are reviewed in:

‘Colloid Science’, ed. D. H. Everett (Specialist "Periodical Re-
ports), The Chemical Society, 1973—1979, Vols. 1—3; The
Royal Society of Chemistry, 1983, Vol. 4.

Chapter 1

General brief introductions to colloid science are to be found in

the following:

E. Matijevic, ‘Colloids: the World of Neglected Dimensions’,
Chem. Technol., 1973, 3, 656.

J. A. Kitchener, ‘Colloids: New Life from Old Roots’, Chem. Br.,
1977, 13, 105.

R. H. Ottewill, ‘Colloid Chemistry — Today and Tomorrow’,
Prog. Colloid Polym. Sci., 1976, 59, 14.

D. H. Everett, ‘Colloid Science — or is it?’; Proc. R. Inst., 1978, 52,
209.

J. Th. G. Overbeek, ‘Colloids, a Fascinating Subject’, in ‘Colloid-
al Dispersions’, Ch. 1.

D. H. Everett, ‘Colloids in the World Around Us’, Chem. Br.,
1981, 17, 377.

Chapter 2

A general article on the stability of colloidal systems is given by
H. van Olphen in ‘Enriching Topics’, Ch. 2.

Chapter 3

Intermolecular forces and those between macroscopic bodies are

treated in more detail and the origin of the stability of colloids is

outlined in:

D. Tabor, ‘Gases, Liquids and Solids’, 2nd Edn., Cambridge
University Press, 1979, pp. 16—29.

A more extensive discussion of attractive forces is given in:

D. Tabor, in ‘Colloidal Dispersions’, Ch. 2.

An advanced treatise is:
J. N. Israelachvili, ‘Intermolecular and Surface Forces’, Academic
Press, London, 1985.
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Equation (3.18) illustrates the application of the Boltzmann Law

to the distribution of molecules in the atmosphere, assuming the

temperature is constant throughout. What happens when this is

not so is discussed in:

L. K. Nash, ‘Energy Distributions that Deny Boltzmann’, J.
Chem. Educ., 1984, 61, 22.

The authoritative book on the electrical double layer is:
M. J. Sparnaay, ‘The Electrical Double Layer’, Pergamon, Ox-
ford, 1972.

The role of double layers in colloid science is outlined in:

D. Stigter, ‘Electrostatic Interactions in Aqueous Environments’,
in ‘Enriching Topics’, Ch. 12.

J. Lyklema, ‘Electrochemistry of Reversible Electrodes and Col-
loidal Particles’, in ‘Enriching Topics’, Ch. 19.

J. Lyklema, ‘Fundamentals of Electrical Double Layers in Col-
loidal Systems’, in ‘Colloidal Dispersions’, Ch. 3.

J. Lyklema, ‘Electrical Double Layers on Oxides’, Chem. Ind.
(London), 1987, 741.

More details on steric stabilisation are to be found in:
D. H. Napper, ‘Polymeric Stabilisation’, in ‘Colloidal Disper-
sions’, Ch. 5.

See also references for Chapter 9.

Chapter 4

J. Th. G. Overbeek, ‘Monodisperse Systems, Fascinating and
Useful’, Adv. Colloid Interface Sci., 1982, 15, 251.

‘Polymer Colloids I’, ed. R. M. Fitch, Plenum Press, New York,
London, 1971.

‘Polymer Colloids II’, ed. R. M. Fitch, Plenum Press, New York,
London, 1980.

R. Buscall, T. Corner, and J. F. Stageman, ‘Polymer Colloids’,
Elsevier, Amsterdam, Oxford, New York, 1985.

Chapter 5

The classical work on surfaces is:
N. K. Adam, ‘The Physics and Chemistry of Surfaces’, 3rd Edn.,
Oxford University Press, 1941.
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More recent books are:

J. T. Davies and E. K. Rideal, ‘Interfacial Phenomena’,
Academic Press, New York, London, 1961.

R. Aveyard and D. A. Haydon, ‘An Introduction to the Principles
of Surface Chemistry’, Cambridge University Press, 1973.

A. W. Adamson, ‘Physical Chemistry of Surfaces’, 4th Edn.,
Wiley—Interscience, New York, London, Sydney, Toronto, 1982.

‘Adsorption from Solution’, ed. R. H. Ottewill, C. H. Rochester,
and A. L. Smith, Academic Press, London, 1983.

‘Adsorption from Solution at the Solid/Liquid Interface’, ed. G.
D. Parfitt and C. H. Rochester, Academic Press, London, 1983,

The thermodynamics of surfaces is dealt with in detail in:
R. Defay, I. Prigogine, A. Bellemans, and D. H. Everett, ‘Surface
Tension and Adsorption’, Longmans, London, 1966.

Chapter 6

A fuller account of the theory of Brownian motion will be found

mn:

D. Tabor, *Gascs, Liquids and Solids’, 2nd Ldn., Cambridge
University Press, 1979, pp. 112—116.

Einstein’s original work is available in:
‘Investigations on the Theory of Brownian Motion’, Dover, New

York, 1956.

Historical accounts of carlier work are given in:

D. Layton, ‘The Original Observations of Brownian Motion’, J.
Chem. Educ., 1965, 42, 367.

M. Kerker, ‘Brownian Motion and Molecular Reality Prior to
1900°, J. Chem. Educ., 1974, 51, 764.

An undergraduate laboratory experiment on Brownian motion is

described in:

G. P. Matthews, ‘Brownian Motion’, J. Chem. Educ., 1982, 59,
246.

Some recent developments in the theory of Brownian motion are
surveyed in:

B. H. Lavenda, ‘Brownian Motion’, Sci. Am., 1985, 252, (2), 56.
E. Dickenson, ‘Brownian Dynamics and Aggregation: from Hard

Spheres to Proteins’, Chem. Ind. (London), 1986, 158.
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Electrophoresis is dealt with in:

D. Stigter, in ‘Enriching Topics’, Ch. 20.

R. J. Hunter, “The Zeta-Potential in Colloid Science’, Academic
Press, London, 1981.

Chapter 7
A popular account of ‘Blue Skies and the Tyndall Effect’ is given

in:

M. Kerker, J. Chem. Educ., 1971, 48, 389.

The authoritative books are:

M. Kerker, ‘“The Scattering of Light’, Academic Press, New York,
London, 1969.

B. J. Berne and R. Pecora, ‘Dynamic Light Scattering’, Wiley-
Interscience, New York, 1975.

The principles of photon correlation spectroscopy are explained

in:

K. J. Randle, ‘Statistical Optics and Its Application to Colloid
Science’, Chem. Ind. (London), 1980, 74.

More recent work on light scattering and neutron scattering is
reviewed in:

P. N. Pusey, in ‘Colloidal Dispersions’, Ch. 6.

R. H. Ottewill, in ‘Colloidal Dispersions’, Ch. 7.

Chapter 8

The preparation of bouncing putty is described in:
D. A. Armitage et al., J]. Chem. Educ., 1973, 50, 434.

Other useful references are:

J. D. Ferry, ‘Rheology in the World of Neglected Dimensions’, J.
Chem. Educ., 1961, 38, 110.

J. W. Goodwin, ‘Some Uses of Rheology in Colloid Science’, in
‘Colloidal Dispersions’, Ch. 8.

D. C.-H. Cheng, ‘Viscosity—Concentration Equations and Flow
Curves for Suspensions’, Chem. Ind. (London), 1980, 403.

Th. F. Tadros, ‘Rheology of Concentrated Suspensions’, Chem.
Ind. (London), 1985, 210.
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Chapter 9

J. Th. G. Overbeek, ‘Recent Developments in the Understanding
of Colloid Stability’, J. Colloid Interface Sci., 1977, 58, 408.
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Chapter 11
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R. Aveyard and B. Vincent, ‘Liquid-Liquid Interfaces: in Isola-
tion and in Interaction’, Prog. Surf. Sci., 1977, 8, 59.

A. W. Adamson, ‘Physical Chemistry of Surfaces’, 4th Edn.,
Wiley—-Interscience, New York, London, Sydney, Toronto, 1982,
Ch. XII. This chapter deals with emulsions and foams and,
inter alia. with soap films. )

P. Becher, ‘Encyclopaedia of Emulsion Technology’, Dekker, New
York, 1983, Vol. 1; 1985, Vol. 2; 1987, Vol. 3.

‘Non-Aqueous Foams’ (symposium papers), Chem. Ind. (London),
1981, 47—60.

J. H. Aubert, A. M. Kraynik, and P. B. Rand, ‘Aqueous Foams’,
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recent texts, but a very full account, though now somewhat
outdated, 1s given in:

P. H. Hermans, in ‘Colloid Science’, ed. H. R. Kruyt, Elscvier,
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Th. F. Tadros, ‘Control and Assessment of the Physical Stability
of Pesticidal Suspension Concentrates’, Chem. Ind. (London),
1980, 211.



Further Reading 231

J. A. Kitchener, ‘Surface Chemistry in Mineral Processing’, Chem.
Ind. (London), 1975, 54.

M. C. Bennett, ‘A New Industrial Process for Decolorising
Sugar’, Chem. Ind. (London), 1974, 886.

D. Attwood and A. T. Florence, ‘Physico-Chemical Principles of
Pharmacy’, Macmillan Press, London, 1981.

‘Drug Delivery Systems’, News Item, Chem. Ind. (London), 1985, 6.

S. J. Douglas and S. S. Davis, “The Use of Nanoparticles in Drug
Targetting’, Chem. Ind. (London), 1985, 748.

R. A. Dawe and E. O. Egbogah, “The Recovery of Oil from
Petroleum Reservoirs’, Conlemp. Phys., 1978, 19, 355.

C. W. Arnold, ‘Enhanced Oil Recovery’, Chem. Technol., 1977, 7,
762.

T. J. Jones, E. L. Neustadter, and K. P. Whittingham, ‘Water-in-
Crude-Oil Emulsion Stability and Emulsion Destabilisation by
Chemical Demulsifiers’, J. Can. Pet. Technol., 1978, 17, (2), 1.

D. E. Graham, A. Stockwell, and D. G. Thompson, ‘Chemical
Demulsification of Produced Crude Oil Emulsions’, in ‘Chemic-
als in the Oil Industry’, ed. P. H. Ogden, Special Publication
No. 45, The Royal Society of Chemistry, London, 1983, p. 73.

J. F. Marsh, ‘Colloidal Lubricant Additives’, Chem. Ind. (London),
1987, 470.

Symbols and Terminology
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mendations concerning colloid and surface chemistry:
‘Manual of Symbols and Terminology for Physicochemical Quan-
titics and Units’:
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Part It Pure Appl. Chem., 1972, 31, 579—638,;
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Chem., 1985, 57, 603—619.

‘Reporting  Experimental  Pressure—Arca  Data with Film  Ba-
lances’, Pure Appl. Chem., 1985, 57, 621—632.

‘Reporting Data on  Adsorption  from  Solution at the
Solid /Solution Interface’, Pure Appl. Chem., 1986, 58, 967—984.
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Subject Index

Absorption of radiation, 96
Activity, 67, 87
Activity coefficient, 67, 219
Adsorbed layer, thickness of, 46, 64
Adsorption, 63
calculation of, 68
definitions of, 66, 213
dependence on separation of
surfaces, 50, 63
from ideal solutions, 68
interparticle forces and, 69, 219
qualitative generalisations, 70, 71
measurement of at 1/v interface, 214
at s/l interface, 215
of impurities, 192
of ions, 130
of polyelectrolytes, 204
of polymers, 204
reduced, 216
relative, 66, 213
statistical mechanical theory of, 204
Aerosol methods of preparing
dispersions, 56
Aerosols, 2, 4, 21, 195
dispensing of drugs by, 196
dispersion of, 192
‘Acrosols’, 156
Aggregation, as sequence of addition
reactions, 158
driving force for, 27
number of micelles, 156
processes, 127, 135
Agricultural chemicals, 12, 149
dispersion of, 55
Agrochemical industry, 192
Albumin, precipitation of, 130
Alginate gels, 187
Ampbhipathic, 154
Antifoaming agents, 179, 180, 201
finely divided silica as, 180

Apparent viscosity, 113
Aqueous films, total free energy of, 173
Aqucous gels, 187
Arcal reduced adsorption, 215

relative adsorption, 216
Asbestos, 6, 7
Asphalt, 4
Association colloids, 3, 4, 153
Attractive free energy, 23, 24
Avogadro’s constant, 38, 94

Basal surfaces, negatively charged, 39
Betaines, 156
Bicontinuous emulsions, 182
Bilayer films, 165
Bingham flow, 114
vield stress, 114, 115
Biocolloids, 3, 7
Biological structures, 153
systems, 208
Biotechnology, 12
Black film, first or common, 173, 176
second or Newton, 174, 176
Block copolymers, 50, 187
Blood, 3, 5
rheology of, 208
Boltzmann’s constant, 25, 94
distribution law, 40, 93
Bone, 3, 5
regeneration of, 208
Born repulsion, 32, 33
Bread, 11
Bricks, 11
Bridging flocculation, 51
Browiian motion, 25, 47, 76, 134
statistical theory of, 205
Brownian rotation, 78, 79
‘Brush heap’ structure, 186
Butter, 4, 11
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Caking of powders, 23, 55, 192

Calcium carbonate, crystallisation of,

196
sequestering of, 196
soaps, peptising of, 196
Capillary condensed vapour, 5, 75
Catalyst supports, 192
Cell membranes, 5, 153
Cement, 6, 192
Ceramic industry, 193
Cetylpyridinium chloride, 156
Characteristic frequency, 31
Charge cloud, 41
Chemical potential, effect of pressure
on, 74
flow from higher to lower, 81
molecular, 58
neutral species, 88
pure solvent. 83
single particle, 82
‘Chocolate mousse’, 199
‘Clay’, 145, 193
Claying, 194
Clay platelets, 185, 186, 189
suspensions, rheology of, 197
Clavs, 5
isomorphous substitution, 37
swelling of, 189
Cleaved mica, 208
Coagulation, 10, 14, 129
co-, 143
critical concentration for, 143
fast, 141
half-life for, 142
hetero-, 143
kinetics of, 141
orthokinetic, 143
perikinetic, 143
slow, 142
Coagulum, 10
Coalescence, of droplets, 146, 151
of solid particles, 147, 148
Co-coagulation, 143
Co-ion, 129
Collagen, 5
Collector, 182
Collision diameter, 46
Colloidal dispersions, destruction of,
127, 146, 192
clectrostatically stabilised, 134
handling of, 192
preparation of, 54, 191, 210
sterically stabilised, 134
structure of;, 96
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Colloidal dispersions (cont)
use of, 191
Colloidal electrolytes, 85
Colloidal ferric hydroxide, 211
gold, 12, 13, 57, 95, 210
properties of soil, 195
silver halides, 57, 210
sulphur, 4, 56, 210
suspensions, 3, 4
Colloids, and surface chemistry, 8
association, 3, 4, 5
definition of, 2
destruction of, 146
climination of, 201
hvdrophilic, 8
hydrophobic, 8
in energy industrics, 197
in food industry, 200
in geological time, 11
inorganie, 4
lyophilic, 8
lyophobic, 8
macromolecular, 5
monodisperse, 61
network, 3, 6
phase behaviour of; 136
preparation of simple, 210
simple, 3
Colloid stability, 25, 26
technology, 191
Colour photography, 195
Comb-type copolymers, 193
Comminution, 21, 54, 146
Compact coil configuration, 220
Composite isotherm, 216
Computer simulation, 215
Concentrated dispersions, 109
structure of, by computer simulation,
205
by light scattering, 205
by neutron scattering, 205
Cloncentration profiles, 65, 67, 204
Continuous phase, 2
Copolymers, comb-type, 193
Corpuscular dispersed system, 6
Cosmetic preparations, 12
Cosurfactant, 184
Cooulomb’s law, 39
Counter-ions, 41, 90, 129
Circam, 93
Creaming, 10, 76, 93
Creep, 121
Critical, coagulation concentration

(c.c.c), 129, 143
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Critical (cont.)
flocculation concentration (c.f.c), 137
flocculation conditions, 220
micellisation concentration (c.m.c),

154

nucleus, 59
supersaturation, 60
temperature, 64

Curvature of surfaces, definition of, 73,
74
effects of, 72
principal radii of, 73, 168

Deborah number, 110
Debye, 96
Debye—Hiickel theory of electrolytes, 41
Debye length, 90
Decyltrimethylammonium bromide,
156
De-emulsification, 56, 151, 183, 199
Deflocculation, 11
Depletion flocculation, 51
Deryagin-Landau—Verwey—Overbeck
(DVLO) theory, 130, 202
Detergency, 192
Detergent, 4
industry, 192
Dewatering, 192, 197
Dialysis, 88
Dielectric constant, 39, 203
measurements, 209
response, 203
Differential solution of ions, 37, 38
viscosity, 114
Diffuse double layer, 42, 171
charge distribution in, 43, 172
Diffusion, 79
coefficient, 81, 142
Fick’s first law of] 81
of macromolecules, 94
rates of, 96
study by neutron scattering, 206
Dilatency, 113, 120
Dipole moment, induced, 97
oscillating, 98
Direct force measurement, 208
Discontinuous phase, 2
Dispersed phase, 2, 19
Dispersing agents, 35
Dispersion, driving force for, 27
Dispersion forces, 31
Dispersion, 2
medium, 2, 19
methods of, 54
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Dispersion (cont.)
of colloidal particles, 40
of gas molecules, 40
of vat dyes, 197
polymerisation, 60
Distribution of colloidal particles, 40
of gas molecules in the atmosphere,
40
of oil in rocks, 207
Dodecylammonium chloride, 156
Dodecylpyridinium iodide, 156
Donnan equilibrium, 85
effect, 87
Doppler effect, 106
Double layer, diffuse, 42
electrostatic, 36, 41
charge distribution in, 43
thickness of, 42
Helmbholtz, 42
Double layers, interaction between, 44,
45
repulsive energy between, 44, 130
dependence on ionic strength, 51
Doublet formation, 119, 134
Drilling muds, 198
Droplet coalescence, 146, 151
Drug delivery, 13
Drugs, slow release of, 196
Dyes, 4, 12
Dyestuff’ adsorption, 195
Dyestuffs industry, 192
Dynamics of adsorbed water, 206

Edges, positively charged, 39
Edge-to-face attractions, 186, 187
Egg-white, beaten, 179
Einstein, 81, 115, 202
viscosity equation, 116, 202
Elastic behaviour, 110
Electrical birefringence, 209
charge on surfaces, origin of, 37
conductivity, 92
of surfactant solutions, 153, 154
double layer, 36, 41, 90, 130
at liquid/air interface, 172
reconstruction of, 90
round moving charge, 90
free energy, 39
potential, 39
at surface of a sphere, 89
between charged surfaces, 132
Electric field, 39
fluctuating, 96
strength of, 89
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Electric vector, 97, 98 Equilibrium state, 18
Electrochemical potental, 87 metastable, 18, 25
Electrodeposition of paints, 194 stable, 18
Electrokinetic cffects, 197 unstable. 18, 25
Electrolytes, colloidal, 85 Liquipartition of encrgy, principle of, 77
surface tension of. 130 Ester hydrolysis, 130
Electrolyte solutions, 13 Expanded plastics, 1
Debye-Hiickel theory of, -+
Electrolytic painting, 192 Faraday. 12, 13, 95. 129
Electromagnetic theory, 96 Faraday's constant, 87
Electron microscopy. 106, 209 Fatty-acid soaps, 179
Electro-osmosis, 76. 89. 91 Ferric hydroxide sol. 211
Electrophoresis, 15, 37. 89, 106, 195 Fibres. 5
Llectroseparation processes. 197 Fibrillar systems, 6
Electrostatic forces, 36 Fick's first law of diftusion. 81
Electrostatics. laws of. 39 Film elasticity, 176
Electroviscous effects, 123 stability. 170
primary. sccondary, 123 tension. 167
tertiary, 121 Films, hquid metals. 170
Elementary (protonic) charge. 10 sterically stabilised, 173
Embryvo. 57 thin. 167
free energy ofl 59 Filtraton, 197
Emulsification. 55 ol suspensions, 1-H
spontancous. 33, 194 Fingering of water flood. 198
Emulsifving agents. 53, 60, 182 Fining ol wines and beer, 192
Emulsion droplets. coalescence ofl 28 Firefighting foams. 200
Emulsion polymerisation. 56. 60, 211 First law of thermodynamics, 28
Emulsions, 3, b 1500 167, 1820 194, 211 Flocculation, 10, 127, 129, 197
benzene-in-water, 183 bridging. 31, 138, 139
bicontinuous. 182 critical concentration, 137
destruction ofl 28, 150 depletion, 51, 139, 110
double. 5 of pigment particles, 193
gas-in-liquid. 182 orthokinetic. 120
multiple. 3. 191 perikinetic, 120
oil-in-water (()/\\'). 182 sccondary minimum. 119
phase volumes. 182 temperature, upper, 137
photographic. 3. 119 lower, 137
stability ofl 151 Flow birefringence. 122
water-in-benzene, 183 Ilow of powders. 192
water-in-oil (\\'/()). 182 Fluctuating dipoles, interaction
Energy barrier. 18 between, 31
of cvaporation, 55, 119 Fluidity, 112
relation to surface tension, 55 Foamer, 182
ol solution. 149 Foaming agents, 179
of sublimation, 35 Foams, 4. 167, 177
principle of equipartition of, 77 breaking of by solid particles. 180,
zero. choice ofl 23, 31 181
Enthalpy. 29 destruction of, 152
Entropic repulsion, 18 drainage of, 179
Entropy, 29, 127 firefighting, 200
change on addition of monomer to in mincral tlotation, 201
miccelle, 161 polyhedral cells i, 178
loss on flocculation, 127 stabilisation by solid particles, 180,

ol aggregation or subdivision, 25 181
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Fogs, 2, 4
dispersal of, 192
Food industry, 200
technology, 12
Force of attraction, 28
Free energy, 16, 28
and surface tension, 20, 21
attractive, 23, 24, 31, 127
barrier, 128
electrical, 39
Gibbs, 29, 57
Helmholtz, 29, 57
of activation, 18
of cluster, 58
of colloidal dispersion, 19
of embryo, 59
of film, contribution from van der
Waals forces, 171
of formation of micelle, 161
standard, 135
surface excess, 20
surface of solids, 19, 22
total, 24, 49, 51, 52
total-interaction, electrostatic, 52,
130
steric, 52
variation with separation of surfaces,
21
Friction coefficient, 78
Frost heaving, 3, 5
Froth flotation, 180
Froths, 4

Gamboge, 40
Gans, 96
Gas adsorbents, 192
Gas-in-liquid emulsions, 182
Gaussian probability curve, 79
Gelatine, 14, 185, 187, 212
Gelation of polymer solutions, 188
Gelled paints, 185
Gel greases, inorganic, 185
Gels, 3, 4, 6, 120, 185
aqueous, 187
network structure, 185
swelling properties, 189
thixotropic, behaviour of, 185
Gibbs, 176
adsorption equation, 67, 176, 217
adsorption isotherm, 50, 67, 69, 217,
218
dividing surface, 66
free energy, 29, 57
method, 65
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Gibbs—Duhem equation, 218

Glue, 4, 11

Gold sol, 4, 210

Graham, 12

Grain boundary, 147

Gravitational energy, 17, 18, 81, 94
force, 82
potential, 81

Guluronic acid, 187

Half-life of coagulation, 142
Hamaker constant, 34, 133, 203
composite, 170
different materials, 36
function, 203
theory, 202
Hardy, 129
Head groups, 154
interactions between, 164
Helmbholtz double layer, 41
free energy of, 29, 57
Heterocoagulation, 144
Heteroflocculation, 212
Holographic film, 195
Hooke, 174
Horticultural chemicals, 12
‘House-of-cards’ structure, 186, 187
Humic acid, 195
Hydrocarbon /hydrocarbon interactions,
164, 165
Hydrocarbon /water interactions, 164,
165
Hydrodynamic forces, 117
radius, 106
Hydrogen bonding, 187
Hydrophilic-lipophilic balance (HLB),
158, 179, 183
Hydrophobic colloids, 8
Hydroxyapatite, 5

Ice crystals, control of particle size, 200
Imbibition, 189
Immunology, 208
Industrial dispersions, 192
Ink-jet printing, 196
Inks, 11
stabilisation by natural gums, 46
rheological properties, 196
Inorganic colloids, 4
Ion exchanger beads, 189
Interaction parameters, 220
Interactions, single particle/medium,
116
Interfaces, molecular structure, 204
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Interfacial region, thickness of, 64
Interfacial tension, 20
theories of, 204
Interference colours in draining soap
film, 175
Interference patterns, 104, 107
Intermolecular forces, 13, 30
Interparticle forces, 30, 33, 119
and morphology of flocs, 144
effect of adsorption on, 69, 71, 171
effect of intervening medium on, 35
macroscopic theory of, 203
microscopic theory of, 202
Intervening medium, effect on
mterparticle forces, 35
lonic atmosphere, 41, 90
Isodisperse systems, 10
Isomorphous substitution at clay
surfaces, 37, 38

Jellies. 3, 4. 187

Kaolinite, 6, 7, 39, 186
Kelvin equation, 74

Lamellar gels, 186
Laminated disperse system, 6
Langevin, 77
Laplace equation, 73, 168
Laser light scattering, 13, 106, 205
Lauce diffraction pattern, 105, 107
Lennard—Jones potential, 33
Lethecin, 5
Lifshitz theory, 203
Light, polarisation of, 98
scattering of, 10, 14, 95
by macromolecular solutions, 102
unpolarised, 100
scattering of, 101
Light scattering, 10, 14, 95
conventional, 95, 205
dynamic, 104, 205
laser, 13, 106, 205
Limiting vield stress, 113
Liquid crystals, 3, 206
Liquids, structuring of by polymers,
194
London theory, 31, 35
London—-van der Waals forces, 31, 35,
screening of, 69
Loss factor, rheological, 126
Lower flocculation temperature, 137
Lyophilic colloids, 8

Subject Index

Lyophobic colloids, 8, 129
Lyotropic series, 130

McBain, 215
Macquer, 12
Macromolecular soutions, 7
light scattering from, 102
gels, 185
Macromolecules, molar mass of, 84, 94,
102
Magnetic field, fluctuating, 96, 97
Magnetic tapes, 192
Mannuronic acid, 187
Marangoni, 176
effects, 177
Maxwell-Boltzmann distribution law,
19, 76
Mavonnaise, 4, 182
Mean displacement of a particle, 79
Meerschaum, 4
Membrane potential, 88
Membrane production, 192
Membrane transport, 208
Metastable equilibrium, 18
Methyl cellulose, 157
Micelles, 3, 4, 154
aggregation numbers, 156
cylindrical, 154, 155, 165
disc-like 154, 155, 165
cllipsoidal, 154, 155
growth of, 165
laminar, 154, 155, 165, 186
sizes of, distribution of, 160, 163
space-filling model of, 159
spherical, 154, 155, 158
Micellisation, 136, 153
mechanism of, 153
Microemulsions, 55, 182, 184, 211
in oil recovery, 198
Microheterogencous systems, 10
Microporous carbons, 4
Microporous oxides, 4
Mie, 96
scattering pattern, 105
theory, 104
Milk, 2, 4, 182
Mineral extraction, 12, 192
flotation, 5
Mists, 2, 4
Molecular condenser, 42
Monodisperse colloids, 10, 61
metal hydroxides, 62
metal oxides, 62
polymer latices, 62
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Montmorillonite, 186
Mousse, 179

Muds, 3, 4

Miiller, 141

Multiple colloids, 3
Multiple emulsions, 3
Muscle, 5

Natural gums, as protective agents, 46
Network colloids, 3
Neutral plane, 93
Neutron scattering, 13, 108, 205
application to concentrated
dispersions, 109
Neutron scattering-length density, 108
Neutron spin echo, 206 -
Neutrons, wavelength of, 108
Newton, 174
black film, 174, 176
Newtonian systems, 112, 114
Non-drip paints, 121
Non-Newtonian systems, 112, 113, 114
Nuclear magnetic resonance (NMR),
13, 206
imaging, 207
Nucleation, 57, 135
methods of, 54
Nuclei, 7
Nucleus, critical, 59

Ohm’s law, 92
Oil-bearing rock, 3, 5
Oil industry, 197
foams in, 199
Oil-in-water (O/W) emulsions, 182
Oil recovery, 12, 55, 192, 197
rheology and, 197
surface tension and, 197
Qils, de-emulsification, 192, 199
Oil slicks, 199
Oleophilic clays, 199
Opal, 3, 4
Optical spectroscopy, 13
Ordered structures, 145
Osmosis, 82
Osmotic coeflicient, 85
phenomena, 76
pressure, 83, 86
of surfactant solutions, 153, 154
virial equation for, 85
Ostwald ripening, 149, 194, 195

Paint industry, 192
Paints, 3, 4, 12, 192
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Paints (cont.)
electrodeposition of, 194
gelled, 185
non-drip, 121, 193
oil-based, 193
thixotropic, 193
water-based, 193
Paint technology, 13
Paper, 12
Paper coating, 192
Particle coalescence, growth, 96, 127,
146
shape, 96, 205
size, determination of, 94, 96, 106,
205
distribution, 149
Paste, 4
Pearl, 4
Peptisation, 129
Perikinetic coagulation, 143
Permittivity of free space, 39
Perrin, 94
Phagocitosis, 208
Pharmaceutical creams, 4
industry, 192
preparations, 12
Phase behaviour of colloids, 136
Phase volume, 182
Photographic emulsions, 3, 149, 195
industry, 192
products, 192
Photography, 12
Photon correlation spectroscopy (PCS),
105
Photosynthesis, 208
Pigmented plastics, 4
Pigments, 11
Planck’s constant, 31
Plaster of Paris, 6, 192
Plastic systems, 113, 114, 120
viscosity, 114
Plateau border, 177, 179
Platelet—cell adhesion, 208
Point of zero charge (p.z.c.), 37
Poisson—Boltzmann equation, 131
Poisson’s equation, 131
Polarisability of atoms or molecules, 31
of particles, 100
Pollution control, 201
Polyacrylamides, 139, 201
Polydisperse systems, 10
Polyelectrolyte gels, 187
Polyethylene oxides, 157
Polymer adsorption, 70
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Polymer latex, 56
gels, 185
Polymer latices, 4, 6, 7, 56, 61, 193,
211
monodisperse, 62
preparation of, 211
stable, ordered structure, 145
Polymer solutions, non-ideality of, 141,
220
Polysaccharide chains, 187
Polyvinyl alcohol, 157
Pore size, 75
Porous glass, 4, 6
Porous plug, 92
Potable gold, 12
Potassium perfluoro-octanoate, 157
Powder technology, 148
Primary maximum, 26
Primary minimum, 26, 128
Printing-ink industry, 192
Protection, 14, 46, 212
Protective substances, 195
Protein chains, 187
Proteins, 5, 179
Pseudo-plastic behaviour, 113, 120
Pulsed NMR techniques, 206
Purple of Cassius, 12, 144

Quicksands, 11

Radiation, adsorption of, 96
scattering of, 95
elastic, 96
from large particles, 103
from small particles, 97
inelastic, 96
intensity of, 99
Radioactive waste, 192
reprocessing of, 199
Radius of gyration, 104
Raindrops, stability of, 149
Random close-packing of spheres, 120
Random coil, 220
walk, 77, 78
Rate of shear, 111
of strain, 111
Rayleigh, 96
ratio, 100
theory, 98
limitations of, 103
Rayleigh~Gans—Debye theory, 103
Reduced adsorption, 216
surface excess, 216
Refractive index, 100
of solid, 203
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Refractive index (cont.)
relative, 100
Relative adsorption, 66, 214
Relative permittivity, 39
Relative refractive index, 100
Relative viscosity increment, 115
Relaxation time, 125
Repulsive forces, 24, 33
clectrostatic, 44, 170
steric, 45, 170
Retardation effect, 35
Rheological loss factor, 126
spectroscopy, 124
storage factor, 126
techniques, 13
Rheology, 110, 194, 197, 207
and pumping of slurries, 192
empirical equations, 122
of suspensions, 115
of clay, 197
of non-spherical particles, 121
of spherical particles, 115
statistical theory, 205
Ripening, 146, 148, 149, 194, 195
Rotational diffusion, 79
motion, 116, 121, 122
Rubber, 185
swelling of, 189
vulcanised, 189
Ruby stained glass, 3, 4, 12, 144

Saturation vapour pressure, 136
‘Scaffolding structure’, 186
Scanning electron microscopy, 13
Scattered light, 95
wavelength of, 96
Scattering of neutrons, 108, 109
Scattering of radiation, 95
clastic, 96
from large particles, 103
from small particles, 97
inelastic, 96
intensity of, 99
Schulman, 184
Schultze, 129
Schultze~Hardy rule, 129
Secondary minimum, 26, 51, 128
flocculation, 27
Second law of thermodynamics, 29
Second osmotic virial coefficient, 85
Sediment, 93
structure of, 144
Sedimentation, 10, 14, 76, 93
Segment density distribution, 204
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Self-assembly systems, 153
Selmi, 12
Semi-permeable membrane, 82, 189
Serum, 5
Setting sun, redness of, 102
Sewage treatment, 192, 200
Shear, effects of, 119
field, 112
plane, 90
rate, 111
rheometer, 125
stress, 111
thickening, 113, 114
thinning, 113, 114
Shear-dependent viscosity, 113
Silica gel, 4, 189
Silt, deposition of, 11
Silver bromide sol, 210
Silver halide crystals, particle size of|
195
monodisperse, 195
Silver iodide, 37, 38
Simple colloids, 3
Sintering, 127, 146, 147, 148
Sky, blue of, 102
Slip casting, 192, 197
Slipping plane, 90
Slurries, 3, 4
Small-angle neutron scattering (SANS),
108
Small crystals, solubility of, 75
Smokes, 2, 4
Smoluchowski, 141
Soap, 4
bubbles, 168
films, 168
solutions, gelling of, 185
Sodium dodecylsulphate, 156
hexadecanoate, 156
montmorillonite, 199
Soil, colloidal properties of, 192, 195
conditioners, 195
Sol-gel processes, 188, 199
Solid dispersions, 3, 4
foams, 4, 167
Solids, solubility of, 136
Sols, 3, 4
Solubilisation, 166
of pesticides, 194
Solubility of small crystals, 148
Solvent recovery, 192
‘Spans’, 157
Specific ion adsorption, 39
Specific, reduced surface excess, 216

Specific (cont.)
relative surface excess, 215
surface area, 8
Speckle pattern, 105
Spontaneous emulsification, 194
Stability, 11, 16
on storage, 193
ratio, 142
Stable equilibrium, 18
thick film, 173
Standard free energy of micellisation,
160
Statistical mechanical theory, of
clectrical double layer, 203
of clectrolyte solutions, 203
of interfacial regions, 204
of polymer solutions, 204
Statistical mechanics, 203
Steric repulsion, 45, 220
as an osmotic effect, 48
effect of anchored chains on, 46, 47
effect of reversibly adsorbed
substances on, 50
origin of, 48
Steric stabilisation, 46
effect of temperature on, 49
Stokes-Einstein equation, 106
Stokes’ equation, 78,
Storage factor, rheological, 126
Streaming potential, 76, 89, 91, 92
‘Strings of beads’, 186
Structuring of liquids, 194
Sulphur sol, 4, 210
Supersaturation, 58
Surface-active agents, 68, 153, 154
Surface arca, 8
specific, 8
Surface chemistry, 8, 63
Surface excess amount, 66, 214
Surface excess free energy, 20
Surface free encrgy, 19
of solids, 22
Surface groups, ionisation of, 37, 38
Surface potential, 89
Surfaces, constant curvature, 74
curvature of, 73
of liquid mixtures, 64, 65
of pure liquids, 63, 64
of solids, 63, 64
origin of electrical charge on, 37, 38
pressure difference across curved,
168
saddle-shaped, 73, 168
solid /liquid, 64, 65
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Surface tension, 20, 63
and film tension, 167
and free energy, 69, 127
lowering by adsorption, 50
of solids, 54, 148
and work of separation, 19
calculation of, 68
direct measurement of, 68
relation to energy of sublimation,
55
of surfactant solutions, 153
Surfactants, 68
ampholytic, 156
anionic, 156
biodegradable, 200
cationic, 171
fluorocarbon, 157, 200
HLB of, 158, 173
ionic, 171
non-ionic, 155, 157, 179
polymeric, 157, 173, 195
synthetic, 179, 195
Suspension polymerisation, 56
Swelling of clays. 189
Swelling pressure, 189
Svneresis, 190, 196

Tablets, disintegration of, 196
Tail group, 154
Tamman temperature, 147
Telomers, 164
Thermal energy, 94
Theta configuration, 220
point, 137, 220
Thickening, 197
Thickness of adsorbed laver, 46, 121
of adsorbed polyelectrolytes, 123, 124
of electrical double laver, 42, 90, 131
dependence on ionic concentration,
42
Thin films, 35, 36, 167
Thixotropic systems, 115, 121
time of recovery of, 115
Time-resolved fluorescence, 209
Titanium dioxide, 193
Toothpaste, 4
Total energy change, 28
Total free-energy curve, 24
of aquceous films, 173
Trajectories in flow field, 118, 119, 124
Transition region, 63
at liquid mixture/solid interface, 64,
65
at liquid mixture/vapour interface,
64, 65

Subject Index

Transition region (cont.)
at pure liquid surface, 63, 64
at solid surface, 63, 64
Translational freedom, loss of on
flocculation, 128
Turbidity, 102
“T'weens’, 157
Tyndall effect, 14, 95
cone, 212

Ultracentrifuge, 209
Ultramicroscope, 92

Unstable equilibrium, 18

Upper flocculation temperature, 137

Vanadium pentoxide gel, 186

van der Waals forces, 31, 32, 170, 202

van't Hofl' equation, 84

Vapour pressure, of drops, 74, 75
of liquid in a capillary, 75
of small crystals, 75, 148

Velocity profile, 117

Vesicles, 153, 155, 165

Virial equation for osmotic pressure, 85

Visco-elastic films, 183

Visco-clasticity, 110

Viscometer, capillary, 112, 113
co-axial cylinder, 112, 113
cone-and-plate, 112, 113
Couette, 113
talling-sphere, 112, 113
Ostwald, 113

Viscosity, 111, 112
apparent, 113
differential, 114
mtrinsic, 116, 121
plastic, 114
relative, 115
shear-dependent, 113
specific, 115

Viscous behaviour, 110
films. 183

Visking membrane, 89

Water-in-oil (\'\'/()) cmulsions, 182
Water purification, 139, 192
Water treatment, 12
Wave vector, 104
Weak flocculation, 27
Wet sand, 120
Wettability, 197
Wetting, of cloth, 196
of fabrics, 197
of powders, 192, 200
of wood, 190
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Whipped cream, 179
Work hardening, 115
softening, 115

Xerogels, 4, 189
X-Ray methods, 207, 209

Yoghurt, 11

Zeolites, 4, 206, 207
Zeta-potential, 89, 123
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