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PREFACE

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 un-
filtrable and generally unmanageable. What could be¢-worse ?
Actually, that is a very mistaken idea of the study of eblloids.
In the first place, the colloidal state is characteristic of all the
material things that most nearly concern us—our bodies, our
food, and our clothes—and, secondly, the modern developments
of colloid chemistry have removed most of the indefiniteness in
which it was formerly enshrouded. In fact, there are, perhaps,
few branches of physical science where it is possible to get a
better mental image of the processes involved. This visual
impression is to be gained, not by regarding the colloidal system
as the unit, but rather by considering the processes from the
point of view of the colloidal particle itself. Only by getting
down to the colloidal particle itself in imagination can this vivid
picture, which is essential to the proper understanding and
appreciation of colloid chemical principles, be obtained. It is
from this point of view that I have written the present book.

For some years I delivered courses of lectures on Colloid
Chemistry at Bedford College, University of London, and my
students repeatedly asked me to write a non-mathematical text-
book of colloids. I have adhered to this request as far as possible,
and whilst the book has been written more especially for students
of chemistry I have endeavoured to trcat the matter in a suffi-
ciently broad way to interest students of physics, biology, and
geology.

So much for the students’ point of view. For some years
I have been preparing abstracts of a considerable portion of the
current colloid chemical literature and I have incorporated in
the book such accounts of this recent work as seemed suitable,
not only with the object of making the book as up-to-date as
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iv PREFACE

possible, but also with the aim of serving those engaged in re-
search on colloids. Some of these recent lines of investigation
have not been compiled in this way before.

In order to serve this double purpose, the references to the
literature have been left in the body of the text rather than
placed at the end of each chapter. The reader can then see at
a glance what is recent research. The references have been so
chosen that they refer either to classical papers of the older
literature or to developments of special interest during the past
few years.

The balance of the book is not quite the same as in many other
books on colloids. The properties of gels and the peculiarities
of chemical reactions and other processes taking place therein
have received greater attention in relation to the rest of the book.
This has been done intentionally, because natural colloids appear
more often in the form of gels than sols, and biological and other
reactions normally take place in gels. It seems a pity, therefore,
that this most important aspect of the study of colloids receives
on the whole comparatively little attention.

The technical applications of colloid chemistry are so numerous
that they would merit a separate volume. No attempt has been
made to describe technical processes in the present book, but
the last chapter endeavours to show some of the ways in which
colloid chemical principles have been applied successfully to
industrial and other processes.

E. S. H.

Fune, 1931.
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COLLOIDS

CHAPTER 1
GENERAL INTRODUCTION

In a certain sense the physics and chemistry of colloids form
a more fundamental study than the ‘‘ pure’ sciences. It is
true that in order to investigate and understand colloid systems
a sound knowledge of the principles of pure science is essential ;
but the study of colloids is more fundamental in the sense that
it is more true to Nature, and Science is the systematized study
of Nature.

This point of view is particularly well brought out in the

hemistry of colloids. “ Pure” chemistry is an idealized
ghemistry, which the chemist studies by working only with
highly purified substances, having quite definite and universally
reproducible physical properties. The pure chemist may go
even further and refuse to examine substances except those
having a constant chemical composition—the so-called chemical
compounds. Other substances of variable composition he may
regard as mixtures of the constant compounds which form his
study, and although he may study each * chemical ”’ component
of that mixture he will not be interested generally in the mixture
itself.

A bird’s nest may be made of twigs, straw, wool, and horse-
hair. The pure chemist is represented by an investigator who
makes a thorough study of twigs, straw, wool, or horse-hair, or
all of these substances, but who may not be interested in the
most important natural object of his study—that it is a bird’s
nest. A heap of twigs, straw, wool, and horse-hair does not
make a nest, because a definite structure is involved, and it is
this combination of the study of structure as well as chemical
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2 COLLOIDS

composition that forms one of the chief differences between the
outlooks of pure chemistry and colloid chemistry.

Colloid chemistry is a closer approach to the study of things
as they exist. Purity in Nature is the exception, not the rule.
In the laboratory we may purify a natural product until even-
tually we obtain something having a chemical composition,
crystalline form, and physical properties which are constant and
reproducible ; but this idealized substance may be quite useless,
whilst the natural product (e.g. wool or cotton) may have been
used for centuries in virtue of the properties which are dependent
not only on its chemical composition, but also on its structure.
The study of colloids treats of these substances in their impure,
natural state.

The chemist works with such ideal substances as alcohol,
sodium chloride, etc., and throws away muds, slimes, tars, and
emulsions. Although these discarded substances come into the
study of colloids, it would not be right to suppose that colloid
chemistry is typified by so unwelcome an assembly. Colloids
enter into all the material affairs that most nearly concern us.

In the first place, our bodies are composed almost entirely of
matter in the colloidal state; our food, consisting mostly of
other organisms, is also mamly colloidal ; our clothes are made
of typical colloidal substances; and colloids form a large part
of our property. So that a knowledge of the phenomena
associated with colloids is essential in biology and physiology ;
the study of colloids is important in dealing with foodstufts
and also in the administration of medicines, many of which are
given in the form of ointments or emulsions—typical colloid
systems ;- the production of fabrics of silk, wool, cotton, linen,
leather,-and especially artificial silk are problems of colloid
chemlstry ; and colloids enter into many fundamental branches
of industry, such as agriculture (where the colloidal constituents
of the soil are of importance), sewage disposal, and the production
of rubber, paper, dyestuffs, pottery, glassware and a large number
of other substances.

It will be clear that colloids must have been studied in an
empirical way from the earliest times, but the systematic study
of colloids is of comparatively recent date, and indeed the physics
and chemistry of colloids have been developed mostly during
the present century. The science is therefore a rapidly growing
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one, and one which promises to attain even greater importance
and interest in the future.

It is generally agreed that the systematic study of colloids
began with the researches of Thomas Graham in 1861 (Phil.
Trans., 1861, 151, 183). It should be mentioned that sub-
stances now recognized as colloids had previously been prepared
by artificial means and their properties had been investigated,
but not in a systematic way. For example, colloidal gold, in
the form of * Purple of Cassius,”” was known as early as 1685 ;
Berzelius, and later Wackenroder, in the first half of the nine-
teeth century prepared and examined colloidal solutions of
sulphur, and in 1857 Faraday (Phil. Trans., 1857, 147, 145)
prepared colloidal solutions of gold by reducing extremely dilute
solutions of auric chloride with ethereal solutions of phosphorus.
Faraday noted many of the properties of these purple solutions
and with characteristic insight expressed the view that they
contained metallic gold suspended in an extremely fine state of
subdivision.

‘Graham’s classical researches were on the relative rates of
diffusion of dissolved substances. For this purpose the solution
was separated from the pure solvent by means of a membrane
such as parchment, and the rate of decrease of concentration of
the solution gave a measure of the rate at which the solute diffused
away through the membrane. This process is called dialysis
and its practical aspect is discussed in Chapter VI. The mem-
brane through which the solute diffuses must not be confused
with a semi-permeable membrane, which allows the molecules of
the solvent to pass, but not those of the solute.

The fundamental discoveries of Graham were two in number.
In dialyzing a number of solutions through parchment mem-
branes, he found that some passed readily through the membrane,
whilst others diffused very slowly or not at all. The former
class of solutions contained substances which can generally be
obtained simply in a crystalline form (sugar, sodium chloride,
etc.), and the latter class contained substances which are generally
not crystalline (gelatin, albumin, glue, etc.). Graham therefore
called the former class * crystalloids” and the latter class
“ colloids ” (from xdAAa, glue).

The other fundamental discovery of Graham was that solutions
of normally insoluble substances could often be obtained by



4 COLLOIDS

using special methods and that these solutions belonged to the
colloidal class, since they did not diffuse through a membrane
of parchment. The special methods involved will be discussed
later, and it is necessary only to mention here that colloidal
solutions of such substances as silicic acid, ferric hydroxide, and
the hydroxides of chromium and aluminium were prepared by
Graham. These solutions were apparently clear and homo-
geneous, but differed from ‘‘ true ” solutions of crystalloids in
ways other than their behaviour on dialysis ; for example, on
the addition of electrolytes, many of them set to jellies or were
coagulated to form a flocculent precipitate. To distinguish these
colloidal solutions from “‘ true ”’ solutions, Graham referred to
them as * sols,” and this term has been retained ; the gelatinous
products of coagulation he called ‘“ gels.”



CHAPTER 1II
COLLOIDS AS POLYPHASE SYSTEMS

Since the time of Graham our conception of colloids has
undergone a radical change. Graham thought of colloids as
substances ; nowadays we apply the term not so much to the
substance, but rather to a state in which that substance exists.
Even Graham realized that behaviour on dialysis did not allow
a division of substances into two distinct classes and that there
was a gradual transition from one to the other, as indeed is
characteristic of almost all classifications. Nevertheless, he
employed the terms ** crystalloid * and *‘ colloid ”’ to denote the
substances themselves. In accordance with newer ideas it is
more correct to speak of ‘“ colloidal systems,”” meaning thereby
a particular physical system generally consisting of more than
one substance. Colloidal gold is a physical system composed
of water and of gold in a certain state of subdivision ; there is
no reason to suppose that the actual gold particles differ essen-
tially from any other gold. However, it is still quite usual and
is often convenient as a matter of expression to refer to the
gold itself or other substance as a colloid, and this is especially
the case when dealing with substances of the type of gelatin,
cellulose, gums, etc., where a crystalline state is not generally
encountered.

This complete change of viewpoint has been rendered necessary
through the preparation of colloidal solutions of a large number
of insoluble substances which are usually known as crystalline
bodies. In particular, the last thirty years of research have
shown that in water alone thousands of colloidal solutions of
normally insoluble metallic hydroxides, sulphides, sulphates,
carbonates, phosphates, chlorides, etc., and non-metallic sub-
stances such as sulphur, selenium, and graphite can readily be
prepared. All these substances either occur naturally or can be
obtained by simple means in a crystalline state also. Evidently,

5



6 COLLOIDS

the distinction between colloid and crystal is a matter connected
not with the substance itself, but with the state in which the
substance can exist. It is true that some substances can be
obtained in colloidal solution much more readily than others,
but it is probable that given the right conditions a colloid system
of any known substance could be obtained. Naturally, the
solvent or liquid dispersion medium is another important factor
and shows that the term colloid cannot logically be applied to
the dissolved substance, for many substances dissolve in one
solvent to form a typically crystalloidal solution and in another
to form a colloid system. Soap is an example of this. A solution
of soap in water has all the characteristics associated with colloids,
but soap dissolves in alcohol to form a ““ true”’ or crystalloidal
solution. Therefore, it is not strictly logical to regard soap as
the colloid, but rather the aqueous soap solution as a colloid
system.

Heterogeneity of Colloid Systems. When viewed by
transmitted light, most colloidal solutions appear to be per-
fectly clear and homogeneous, and in this respect resemble a
true solution. When, however, the sol is held in such a
position that it can reflect light, an opalescence, like the bluish-
ness of a soap solution, is often apparent. The appearance
then is that the solution is not truly homogeneous and con-
tains particles large enough to reflect or scatter the incident
light.

This heterogeneity of colloid systems was realized to the full
as a result of the invention of the ultramicroscope (see p. 76)
by Siedentopf and Zsigmondy in 1903. In this instrument, no
direct light passes through the objective, and the light scattered
or reflected by particles present in the solution under examination
is observed against a dark background. The result is that
particles which are too small to be seen in the most powerful
microscope with ordinary lighting arrangements are indicated
by the halos of scattered light surrounding them. The limit
of visibility of particles was thus extended from soouu to rouu*.
When colloidal solutions were examined by means of the ultra-
microscope it became clear that they are not optically homo-
geneous like true solutions, but contain innumerable small

* 1t is a convenient unit for measuring small particles and is equal
to 0'00I mm. 1 ujt is /1000, or 10”7 cm.
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particles of the dispersed substance, the diameter of the particles
being in general less than 1oopu. Such exceedingly small
particles are very large, however, in comparison with the size
of a molecule, and it immediately became apparent that the slow
diffusibility and many other characteristics of colloids were
consequences of the relatively large size of the particles of dis-
solved substance. On the other hand, the particles are too small
to be retained by the hardest filter paper.

It gradually came to be recognized that colloidal solutions are
heterogeneous systems consisting of two phases, one of which
is in the form of extremely small particles, and such systems are
therefore differentiated from true or molecular solutions, where
the presence of two phases cannot be recognized. It should be
borne in mind, however, that this distinction between homo-
geneous and heterogeneous systems is scarcely a real one. A
solution of sodium chloride in water would be hcterogeneous
to an observer of molecular dimensions, who would regard water
molecules, sodium chloride molecules, sodium ions, and chlorine
ions as separate phases. Even water would be heterogeneous
to an electron, and the Milky Way would appear homogeneous
to an almost infinitely larger being. However, using the methods
and instruments at our disposal, it is permissible to consider
colloids as heterogeneous systems and ordinary molecular solu-
tions as homogeneous systems, remembering that there is a con-
tinuous progression from one to the other and that we cannot
say where heterogeneity begins. Thus, colloid chemistry
becomes a province of dispersoid chemistry, or the chemistry
of one phase dispersed in another.

The generalization of these ideas was made by Wolfgang
Ostwald in 1907 (Kollvid-Z., 1907, 1, 291, 331). He considered
colloids as essentially two-phase systems, one phase being finely
divided and dispersed in the other. The finely divided phase
is in the form of discrete particles and is called the ** disperse
phase,” and the other phase is a medium in which the particles
are dispersed and is known as the * dispersion medium.” Synony-
mous terms which are sometimes employed are *“ discontinuous
and continuous phases ”’ and “ internal and external phases.” In
addition, the terms ‘“ micelle ”” and “ intermicellar liquid ” are
sometimes used, though many authors attach a rather different
significance to the word *‘ micelle.”
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Ostwald showed further that colloids occupy an ill-defined
intermediate position between coarse suspensions and true
solutions, the difference being merely in the size of the particles
of the disperse phase. He distinguished between (1) * coarsely
disperse systems,” which slowly settle under the influence of
gravity and the particles of which are visible with the unaided
eye or with an ordinary microscope; (2) “ colloidally disperse
systems,” which do not settle under gravity and which are
resolved only in the ultramicroscope ; (3)  molecularly disperse
systems,”” or true solutions, where the disperse phase consists
of molecules or ions.

There is a perfectly gradual transition from one end of this
scale to the other ; from a pure salt solution to a suspension of
sand in water. But just as a typical salt solution having a par-
ticle size of the order of o-1yiu has a characteristic series of pro-
perties, such as osmotic pressure and 1ts effect on the freezing-
point and boiling-point of the solvent, so when the particles of
the disperse phase have diameters roughly between the limits
roouu and 1up the system exhibits another series of properties
which we have come to regard as characteristic of the colloidal
state. It is convenient, therefore, to treat systems whose particle
size falls roughly between these limits as a special study under
the name ‘‘ colloids,” always bearing in mind that they pass
gradually on the one hand into true solutions and on the other
hand into coarse suspensions. Ordinary filter paper retains
particles larger than about 5u; the best microscope can detect
particles of somewhat less than a tenth of this diameter, and the
smallest particles observed under the ultramicroscope have been
about 6uu ; the particles of a molecularly dispersed solution are
about o-1pu.

A nomenclature for the particles of dispersoids, depending on
the degree of dispersion, has been proposed by Siedentopf and
Zsigmondy. Particles visible in the ordinary microscope are
called ‘“ microns,” those which can be recognized in the ultra-
microscope are termed ‘‘ sub-microns,” and those which are too
small to be visible in the ultramicroscope are called *“ amicrons.”
Amicrons include the particles of very highly disperse colloids
and also molecules and ions of ordinary solutes.

Degree of Dispersion. From these considerations it follows
that the dispersity or degree of dispersion of the disperse phase
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is the essential feature of colloid systems. The finer the par-
ticles, the greater is the dispersity.

A very important study of the relation between the dispersity
of a precipitate and the concentration of the reacting solutions
was made by P. P. von Weimarn (Grundziige der Dispersoidchemie,
1911), and has given experimental support to the theoretical
considerations of Ostwald. One important generalization to be
drawn from this work is that any substance sufficiently * in-
soluble " in the dispersion medium can be obtained in the colloidal
state when suitable conditions prevail. Another is a simple
relation between the concentration of the reacting salts and the
fineness of division of the precipitate. In its simplest form, this
can be expressed as

0 — g.'/,

where 8 is the dispersion coeflicient representing the fineness
of the particles, S is the solubility of the slightly soluble sub-
stance, C' is the potential state of supersaturation, or the amount
of substance that would be present in solution if 1t did not pre-
cipitate out, and 7 is the viscosity of the liquid.

The absolute values of ¢ and $ have no great significance,
but the ratio C/S is a controlling factor and represents the force
tending to drive the substance out of solution. C/S can be
regarded as the momentary degree of supersaturation of the
liquid with respect to the precipitate, and the cquation shows
that the greater the degree of supersaturation the higher will
be the dispersion coeflicient, or the smaller the particles. Con-
sequently, with sufficiently high supersaturation particles of
colloidal dimensions should be produced. A high viscosity of
the liquid also favours a high degree of dispersion.

Von Weimarn’s results on the production of precipitates of
barium sulphate by mixing solutions of barium thiocyanate and
manganese sulphate over a wide range of concentrations furnish
a good illustration of this rule. Solutions of equal volume and
cquivalent concentrations were mixed, the concentrations being
varied between the limits N/20,000 and 7N. The results
may for convenience be treated in four groups.

Group I. RangeN /20,000 — N /7,000. (/S = oto3orslight
supersaturation. The rate of crystallization was extremely
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slow, several years being required for the more dilute solu-
tions, and Jarge crystals were produced. This throws an
interesting light on the large mineralogical specimens of
barium sulphate.

Grour II. Range N/7,000 — N/6oo. (/S = 3 to 48.
Complete precipitation took some months at the lower
concentrations and a few hours at the higher concentrations.
The product was a fine powder, which appeared crystalline
under the microscope, the powder being finer the higher the
concentration of the solutions.

Grour III. Range N/6oo -- 3N. (/S — 48 to 88,000.

Precipitation occurred in a few seconds at C/.S — 48, but

instantaneously at the higher concentrations. At
C/S = 20,000

the crystalline nature of the precipitate was scarcely any
longer recognizable under the microscope. At higher con-
centrations the precipitate appeared amorphous to micro-
scopical examination and in the highest region of the con-
centration range became gelatinous.

Group IV. Range 3N —7N. C,/S - 88,000 to 200,000.
These solutions formed viscous jellies of barium sulphate.
The jellies were not permanent, the initial excessively small
particles clustering in time into secondary aggregates.

These results demonstrate the validity of von Weimarn’s
formula and illustrate the effect of varying the term C in the
equation. Similar results should also be obtained by varying
the term S, or the solubility of the substance. With barium
sulphate this can be done by the addition of alcohol, which
reduces the solubility of barium sulphate considerably below its
already small value. Von Weimarn found that the addition of
alcohol to the solutions does increase the dispersity of the pre-
cipitate and that more stable sols of barium sulphate can be
prepared in this way.

Itis possible, then, to formulate conditions which will determine
whether the system produced will be molecularly disperse,
colloidally disperse, or coarsely disperse.

Types of Disperse Systems. Having arrived at the gen-
eralized concept of dispersoids as polyphase systems, Ostwald
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went on to consider the possible types of such systems that could
exist, and adopted a classification based on the states of aggre-
gation (solid, liquid, or gas) of the phases. So far, in our brief
references to colloid systems, we have considered only diphasic
systems having a solid as a disperse phase in a liquid (water, in
fact) as dispersion medium, but the generalized concept of
dispersoids includes all possible polyphase systems, where the
disperse phase is present in the form of small enough particles.
The complete list of the possible colloidally disperse systems is
as follows, the dispersion medium being placed first and the
disperse phase second.

(1) Gas-liquid . . . . . . Mist.

(2) Gas-solid . . . . . . Smoke.

(3) Liquid-gas . . . . . Foam.

(4) Liquid-hquid . . . . . Emulsion.

(5) Liquid-sohd . . . . . Suspension.
(6) Solid-gas . . . . . . Solid foam.
(7) Sohid-liquid . . . . . Solid emulsion.
(8) Solid-solid . . . . . . Solid sol.

Colloid systems of two gases cannot exist because two phases
cannot be produced, gases being completely miscible. A gas-
liquid system can be described as a mist and is exemplified by
clouds and sprays. A gas-solid system can in general be termed
a smoke and is often produced by the rapid condensation of a
vapour. For example many metals or metallic oxides condense
from the vapour to form smokes. Coarsely disperse systems of
this type are also formed by the direct dispersion of a finely-
divided solid in air. A good example is the solid fog produced
when flour or other finely divided material is shaken up in the
air. A liquid-gas system is a foam, and the classical example
is the froth on beer. Liquid-liquid systems are called emulsions
and these are very important. They are typified by the white
emulsions formed by shaking oils with water, generally with the
addition of a small quantity of other substance to keep the emulsion
stable. The liquid-solid system of colloidal dimensions is called
a suspensoid sol and to this class belong colloidal gold and the
greater number of colloids with which we have to deal. A solid-
gas system may be called a solid foam—a type encountered in
pumice. A solid-liquid system or solid emulsion is not common,
but is encountered in some minerals which contain finely dispersed
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liquids. On the other hand, jellies may belong to this type.
Colloid systems of two solid phases are found in some alloys,
many coloured precious stones, stained glasses, and blue rock salt.

Although the study of colloids embraces the widest number
of physically heterogeneous systems, experimental and theoretical
work has so far been confined mainly to two of these types—the
liquid-liquid and liquid-solid systems, or the emulsoid and
suspensoid sols as they are called. The type to which the jellies
formed from these sols belong is not yet quite clear, as the ultimate
structure of the jellies is not completely understood.

When the particles of the disperse phase are exceedingly
small it is often difficult to decide whether they are to be regarded
as having liquid or solid properties. 'The total surface of the
disperse phase is then so great that surface tension becomes an
overwhelming factor and may give to excessively small droplets
of liquid something of the rigidity of a solid, or to minute par-
ticles of solid the surface properties of a liquid. Because of facts
such as these, Zsigmondy prefers to be content in the first place
with a consideration of three types of colloid systems, according
to whether the dispersion medium (the state of aggregation of
which is at once apparent) is a gas, a liquid, or a solid.

However, for the purpose of this book it will be sufficient to
confine detailed attention to systems where the dispersion medium
is liquid and the disperse phase is either liquid or solid, although
in some cases the state of the disperse phase is not known with
accuracy. These two types have been studied in much greater
detail than any of the others by a large number of investigators
and the generalizations of colloid chemistry refer to them. It
would not be correct to apply these generalizations to all the
remaining types of disperse systems, though in certain cases
this may be done.

The greater part of our study of the two types will be restricted
to systems where the dispersion medium is water, because of
the pre-eminent importance of these systems. Colloidal solutions
in water are termed ‘‘ hydrosols.” Some investigators have
made studies of colloidal solutions where the dispersion medium
is alcohol (““ alcosols ”’), or benzene (** benzosols ) or some other
liquid. Sols in organic liquids as the dispersion medium are
generally called * organosols.”

From the practical point of view water is the most important
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dispersion medium, but it can also play the part of a disperse
phase. It does so in clouds and mists, where air is the dispersion
medium. In the highest fleecy clouds the particles are believed
to be in the form of ice, giving a gas-solid system with water as
the disperse phase. It is also very easy to prepare emulsions of
water dispersed in oil, and by freezing solutions of water in alcohol
the ice may be made to form in the state of colloid particles.
N. von Weimarn has recently obtained colloidal ice by chilling
concentrated sugar solutions at — 80° C. The velvety feel of
ice-cream is said to be due to the ice separating out in the form
of particles of colloidal dimensions through the addition of a
colloid such as gelatin to the mixture. If the particles are con-
siderably larger the tongue can detect the roughness.



CHAPTER III
THE FORMATION OF COLLOID PARTICLES

Many substances dissolve spontaneously in water, either in
the cold or on warming, to give colloidal solutions directly.
Gelatin, agar, starch, gums, soaps, etc., are examples of this class.
Other substances, whilst not dispersing directly in pure water,
may do so in salt solutions, particularly in solutions of very
soluble salts such as calcium thiocyanate. Silk and cellulose be-
long to this class; cotton dissolves to form a sol in aqueous
cuprammonium hydroxide. These substances are sometimes
regarded as “ natural ”” colloids, and those systems, such as col-
loidal gold, which have to be prepared by special means are
often referred to as ““ artificial * colloids, though such a division
is not strictly logical. The so-called natural colloids are in
general substances of high molecular weight, and in some in-
stances may form molecular solutions having colloidal properties
simply because the molecule itself is of colloidal dimensions.
The distinction between molecularly disperse and colloidally
disperse systems becomes somewhat vague in such cases.

The so-called artificial colloid systems of substances of rela-
tively low molecular weight are produced by special means and
the general methods available have been studied particularly by
Svedberg (Formation of Colloids, London, 1921). Since colloid
particles occupy an intermediate position between true solutions
and coarse suspensions of massive material, there are two pro-
cesses by which they may be obtained ; either by increasing the
degree of dispersion of massive particles or by decreasing the
degree of dispersion of the molecularly dissolved particles.
Svedberg calls these processes * dispersion” and ‘‘ condensa-
tion ” respectively. So a colloid system can be produced either
by breaking up massive material into particles of the requisite
size or by causing molecules to unite to form large enough
particles.

14
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DisPERSION METHODS

Mechanical Dispersion. Mechanical methods of dispersion
in gases generally give rather coarse-grained systems and, as in
all cases of dispersion, the particle size is by no means uniform.
Regener has adapted a method of disintegrating a liquid by
means of a gas-jet so as to give a disperse liquid phase of fairly
uniform particle size. These sprays are probably produced by
the d®ruption of thin lamellz of the liquid formed between two
gas spaces. In the laboratory, Regener’s spraying apparatus is
often useful in producing coloured flames for spectroscopic work.
The spray is made from a salt solution and is led into a colour-
less Bunsen flame. In industry the spraying process is applied
to the purification of air or other gases from dust particles ; the
fine spray gradually settles, bringing down with it the dust par-
ticles, and the process is invaluable in certain catalytic reactions,
where the catalyst might become poisoned, and in such industrial
operations as the manufacture of films for photographic pur-
poses, where the air must be perfectly free from dust.

Disperse systems of solids in gases may be produced by
forming a gas under high pressure in a solid, which disrupts
explosively when the pressure is reduced suddenly. Volcanic
dust is formed in this way. The more usual way of producing
this type of system is by the sudden chilling of vapours, such
as occurs in many metallic arcs, but the mechanism of that
process is strictly one of condensation.

The disperse systems in gases have not been considered very
fully from the standpoint of colloidal behaviour, but the process
of dispersion in liquids has already received a considerable
amount of study.

The most fundamental method has been developed in quite
recent years and consists of grinding the material to be dis-
persed in what is known as a “ colloid mill.” The principle of
this machine is as follows. The substance to be dispersed is sus-
pended in the form of coarse particles in the dispersion medium
and passes through a channel in which are two metallic discs
placed close together and rotating at high speed in opposite direc-
tions. During passage between the two discs, the particles of
the suspension are torn so as to yield particles of colloidal dimen-
sions. For this purpose it is essential to have a very high speed
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—about 30 m. per sec. Another feature is that it is generally
necessary to add some other substance to the initial suspension in
order to prevent immediate coagulation of the sol formed.

Other less general methods of mechanical dispersion generally
require some special chemical treatment in order to keep the
disperse system stable. KuZel succeeded in preparing sols of
various metals by grinding them very finely and then treating
the product alternately with acid, alkali, and pure watgr. A
point of particular interest about these sols is that he sucgeded
in coagulating them and used the coagulum for making filaments
for electric lamps. This process has no commercial importance
at the present time.

Liquid-liquid systems, such as oil and water, are relatively
easy to disperse by simple mechanical agitation, but as a rule the
resulting emulsion is not stable unless a small quantity of a third
substance known as an emulsifier (sometimes called dispergator)
is also present. The emulsifier may be an electrolyte or a col-
loid ; soap, which is both, enables many oil-water systems to
emulsify easily on vigorous shaking. One important influence
of the emulsifying agent is certainly to lower the interfacial ten-
sion between the two liquids, so favouring the increase of surface
which accompanies dispersion, but another is probably an elec-
trical effect which will be better understood later on.

Peptization. When solutions of ammonium carbonate and
ferric chloride are mixed, ferric hydroxide is precipitated. If the
freshly precipitated ferric hydroxide is treated with a small quan-
tity of ferric chloride solution it disperses immediately to form a
dark reddish-brown colloidal solution. We call this process pep-
tization and the ferric chloride the peptizer or peptizing agent.
If the last traces of peptizing agent are removed by exhaustive
dialysis, the sol becomes unstable and eventually coagulates.

There are numerous other examples of the peptization of
precipitates to give sols. Freshly precipitated stannic oxide
(prepared by mixing solutions of sodium stannate and sodium
hydrogen carbonate) washed and suspended in water forms a
clear sol of stannic acid on addition of a few c.c. of ammonia.
Many freshly precipitated metallic sulphides, washed and sus-
pended in water, can be peptized to clear sols by bubbling
hydrogen sulphide through the suspension.

The amount of peptizing agent required depends on the treat-
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ment and method of preparation of the precipitate, and since
freshly prepared precipitates peptize most readily it seems very
probable that precipitates which are capable of peptization
already consist of particles small enough to form sols, which
have been loosely aggregated in the process of precipitation.
The peptizing agent separates these ultimate particles, prob-
ably by giving them an electric charge. As will be apparent
later, electric charges on colloid particles are of fundamental
importance in determining the stability of the system. How-
ever, if this view of peptization is correct, the process is not
one of dispersion in the sense of dividing up structural units
of matter, but rather a separation of the units ; therefore some
authors prefer to regard the process as reversed coagulation
and not dispersion. Nevertheless, since we start with a massive
precipitate and end with a sol, it is convenient to regard it as
dispersion.

Peptization is often brought about by adding a small quantity
of electrolyte, which may act in the way suggested above, but
sometimes precipitates are peptized by thorough washing with
distilled water. When precipitates are produced by double
decomposition there is generally produced simultaneously a
soluble reaction product. When exceedingly dilute solutions
are used, the insoluble product may form a sol, but generally
such sols are precipitated or coagulated by the soluble elec-
trolyte, which as a rule adheres to the precipitate. Such an
electrolyte is said to be adsorbed. Thorough washing with dis-
tilled water may remove a considerable portion of the adsorbed
electrolyte and so enable the particles to disperse once more to
form a sol. In general, a trace of electrolyte is necessary to keep
a sol stable, but larger quantities of electrolytes coagulate the
sol. Peptization by removal of a coagulating electrolyte is the
cause of the troublesome phenomenon often encountered in
analysis, that the precipitate goes through the filter paper on
thorough washing.

Electro-dispersion. In 1898, Bredig (Z. angew. Chem.,
1898, 951) described an electrical disintegration method for the
preparation of metal hydrosols. The method consists of forming
an electric arc between two wires of the metal immersed in
“ conductivity ” water. The general arrangement of the appar-
atus is shown in Fig. 1. The current from a direct current



18 THE FORMATION OF

lighting main is led through a suitable resistance R and an
ammeter A to the gold wires a and b. For convenience in
handling, these are sheathed in glass tubing. An arc is struck
between the gold wires by touching them momentarily whilst
under water and drawing them apart a short distance. To
maintain the arc under water it is generally necessary to repeat
this process fairly often. The heating effect of the arc is inimical
to the stability of the sol and the preparation vessel should
therefore be cooled in ice. In many cases it is advantdgeous
to add a trace of alkali to the water, but other electrolytes should
be absent.

Using gold electrodes, this treatment gives risc to a purplish
sol. The dispersed metal comes from the cathode, and the
o

4

I't¢ 1.—Electro-dispersion of Metals.

anode generally gains slightly in weight. Platinum gives a
black or brown sol, silver a brown or brownish-green sol, mer-
cury a grey or black sol, whilst more easily oxidizable metals
such as zinc and copper give rise to sols whose particles consist
mainly of oxide. The method is most generally useful for the
preparation of hydrosols of the noble metals; it is not likely
that a metal which is less noble than hydrogen will form a hydro-
sol, but rather that the particles will consist of the oxide.
When direct current electro-dispersion was applied to the
production of sols of metals in organic dispersion media such
as alcohol, difficulty was encountered through the decomposition
of the organic liquid. In some cases the dispersed product
was found to contain as much as 70 per cent. of carbon. This
difficulty has been overcome and the general application of the
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method has been developed more extensively by Svedberg, who
has made numerous improvements on Bredig’s original method
(Colloid Chemistry, New York, 1924).

One improvement is to form the arc between two metal wires
enclosed in a silica tube which has a hole bored just in front
of the arc. 'The silver vapour produced in the arc is blown out
through the hole by a stream of nitrogen and condenses in the
liquid medium to give a sol. In this way a higher degree of
dispersion is obtained and the liquid dispersion medium is not
decomposed by the arc. The diameter of the particles pro-
duced by the free arc is generally about gopq, whilst that of
the particles produced by the enclosed arc is about suu.  This
gives rise to a difference in the colour of the sols. An unfor-
tunate feature is that the cooling is not so effective as in the
free arc, and the silica tube gets so hot that it gives off its own
vapour and colloidal silica appears in the product. For the
same reason, the enclosed arc cannot be used for preparing sols
of those metals which have a very low melting-point, for the
electrodes fuse together too readily.

Svedberg has also made a close examination of the electrical
dispersion of metals by means of an alternating current arc and
has studied the particle size and distribution in its relation to
the frequency of the alternation and the influence of the kind
of spark gap. The high frequency oscillatory arc obtained from
an induction coil and suitable condenser was found to give a
more highly dispersed and a purer product than that obtained
from the direct current or low frequency alternating current arc.
Low self-induction, high capacity, and short length of arc favour
the formation of pure sols.

It has been possible to prepare colloidal solutions of practically
all the metals by using the oscillatory arc. Ether may be used
as dispersion medium for the more reactive metals and in this
liquid sols of the alkali metals have been produced. In this
method, the electrodes are generally platinum wires sealed into
the glass vessel and the metal to be dispersed is placed loosely
between them in the form of small pieces. If the metal used
is much more easily dispersed than platinum, the sparking
between the platinum wire and the nearest piece of the other
metal can be neglected. Otherwise, electrodes of the same
metal have to be used.
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Using carefully dried ether as the dispersion medium and
ensuring the absence of oxygen by passing a continuous stream
of hydrogen, Svedberg has developed a method for obtaining
sols of the alkali metals. The ether is strongly cooled in order
to lower the velocity of whatever chemical reactions might take
place. The pieces of the alkali metal are placed in a loose pile
between two platinum wires. The sodium sol prepared in this
way is purple in transmitted light.

Svedberg regards this general method of electro-dispersion as
a condensation process, and it is true that the actual formation
of the sol particles is one of condensation from the vapour of
the metal which is first produced in the arc. However, dis-
persion to a vapour precedes condensation to colloidal particles,
and since the total effect consists of starting with massive material
and ending with a colloidal product it is reasonable to regard
the whole process as one of dispersion. Actually, some direct
dispersion to particles of colloidal size may occur simultaneously,
for cathodes of soft metals like tin and lead disperse in alkali
solutions to form hydrosols under ordinary conditions of elec-
trolysis if a high current density is employed. A tellurium
cathode disperses to a sol directly in pure water when under the
influence of a fairly high potential.

Dissolution of Salts. A transient stage of colloidal dispersion
in the ordinary process of dissolution of salts in water has been
described by Traube (Kolloid-Z., 1929, 47, 45). When a drop
of saturated potassium dichromate solution is allowed to crystal-
lize on a microscope slide and a drop of water is then placed in
contact with it, ultramicroscopical examination reveals the pre-
sence of numerous submicrons. They appear to be produced
by the disintegration of the crystals of potassium dichromate
prior to their dissolution. The same phenomenon is observed
with most other salts which are not too soluble, particularly
with mercuric chloride, where the submicrons may have a life-
period of one or two minutes. Complex compounds, such as
potassium hexanitrocobaltate, show the effect best. The phe-
nomenon is considered to be consistent with Smekal’s theory of
“ lattice blocks,” according to which crystals are built up of
blocks of molecular units separated by pores or canals. The
lattice blocks and the submicrons have the same order of magni-
tude, about 10% mm.
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CONDENSATION METHODS

These include all processes by which colloidal systems are
produced from systems in which the substance is originally
present in a molecularly or ionically dispersed form.

Reduction. Sols of the noble metals can be made by re-
ducing very dilute solutions of their salts, made either neutral or
slightly alkaline, with a large variety of reducing agents. The
favourite agents are hydrazine, phenylhydrazine, pyrogallol,
hydroquinone, formaldehyde, hydrogen peroxide, etc., but
investigations have included a very wide assortment of substances
such as alcohols, sugars, saliva, urine, macerated leaves and petals,
tobacco juice, and other vegetable extracts. A great deal of
interest, historical, experimental, and theoretical, is attached to
the formation of gold sols by reduction of chloroauric acid.

Colloidal gold has been known for more than two centuries

in the form of ruby glass and purple of Cassius, though it was
not recognized until comparatively recent times that the gold is
in a colloidal form in these preparations. Ruby glass is madc
by adding a gold compound to a surtable glass and heating, when
an almost colourless glass results; but if this be cooled and
reheated, ruby glass is obtained. Probably the first stage con-
sists of a reduction of the gold compound to a very highly super-
saturated, colourless, molecular solution of gold in the glass, and
the second stage is a recrystallization of the gold on annealing to
form particles of colloidal dimensions.
Y The production of hydrosols of gold by reduction of chloroauric
acid has received extensive study, particularly by Zsigmondy
(Chemistry of Colloids, Chapman & Hall) and by von Weimarn
(Rep. Imp. Ind. Inst. Osaka, 1929, 9, No. 7, g). Early work on
gold hydrosols was done by Faraday (see p. 3), but this did not
attract much attention until about the beginning of the present
century, when Zsigmondy (Annalen, 1898, 301, 29) rediscovered
what Faraday had already found and carried his investigations
much further.

In general, the colloidal reduction product is purple or blue,
but when special precautions are used pink or ruby coloured
gold sols may be obtained. The particles of the red sols are
generally smaller than those in the blue sols and in some cases
the dispersion of the gold may be so high that the presence of
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particles cannot be recognized in the ultramicroscope. The gold
is precipitated out by quite small quantities of electrolytes and
the presence of the minutest trace of electrolyte is sufficient to
cause a change in the state of aggregation of the particles of red
gold sols, so that they turn blue or violet. For this reason, not
only is it essential to use water and other materials of the highest
possible degree of purity, but all reaction vessels must be made
of hard glass and should be subjected to thorough steaming
before use.

Von Weimarn (Kolloid-Z., 1928, 45, 366) has given directions
for the production of orange gold sols. Solutions of auric
chloride and sodium citrate are mixed together in boiling distilled
water and a small quantity of dilute potassium cyanide solution
is subsequently added. The whole is then kept boiling for a
period of many hours. Excess of potassium cyanide gives a
quite colourless solution. The sols remain stable for some
months ; they generally become pure red in time. The change
from orange-red to orange on the addition of potassium cyanide
is considered to be caused by the greater velocity of dissolution
of the red colouring particles of gold. Orange gold sols are also
described, the colour of which is due to the suspension of a red
sol in a yellow dispersion medium (often produced by the action
of alkali on reducing substances such as sugar, etc.), and it is
pointed out that the colour of a sol is not a safe guide to its degree
of dispersion.

Zsigmondy gives the following directions for the preparation
of stable hydrosols of gold. 120 c.c. of specially distilled water
are brought to boiling in a Jena glass beaker and meanwhile
25 c.c. of a 0-6 per cent. solution of HAuCl,, 4H,0 and 3-5 c.c.
of 0-18 N- potassium carbonate are added. When the liquid boils,
3 to 5 c.c. of o-12 per cent. formaldehyde are added, and the
liquid stirred vigorously. Soft stirring rods must be avoided.
In a few seconds an intense red colour appears and does not
change on further standing. The specially pure water is obtained
by redistilling water in a silver apparatus and collecting the water
from the silver condenser in a Jena glass receptacle. Svedberg
does not recommend the use of silver stills for preparing pure
water, for he finds that water which has been in contact with silver
always contains some kind of silver compound, which is reduced
by light to colloidal silver. The particles of these gold sols are
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generally visible in the ultramicroscope and their size is usually
from 10 to 40 ppu. Amicroscopic particles may be obtained by
using more dilute solutions.

Another method of obtaining gold sols having amicroscopic
particles is a development of Faraday’s original method. Using
the solutions of chloroauric acid and potassium carbonate recom-
mended above, the mixture is reduced by adding about o5 c.c.
of a solution of phosphorus in ether. This solution is best pre-
pared by saturating ether with phosphorus and then diluting
with ether to five times the volume. The mixture is allowed to
stand for 24 hours, in which time it has gradually become red.
The process may be hastened by boiling the liquid.

By a combination of these two processes it has been possible
to procure gold sols containing particles of almost any desired
size and further reference will be made to this later (p. 34).

Less highly disperse gold sols were obtained by Gutbier by
reducing chloroauric acid with hydrazine, phenylhydrazine, or
hydroxylamine. A deep blue sol can be obtained by adding to
alitre of o-1 per cent. chloroauric acid, neutralized with sodium
carbonate, a few c.c. of a 0-025 per cent. solution of hydrazine
hydrate.

One of the simplest reductions is that by hydrogen peroxide,
which follows the equation

2HAuCl, + 3H,0, = 2Au - 8HCl + 30,.

This reaction can be followed by measuring the increase in
electro-conductivity due to the free hydrochloric acid.

After colloidal gold, silver hydrosols have received most atten-
tion as examples of the reduction process. They may be obtained
by the action of many reducing agents on very dilute ammoniacal
solutions of silver oxide. Their colour may be blue, green,
yellow, or brown, according to the method. A very simple
reduction method for preparing colloidal silver was worked out by
Kobhlschiitter (Kolloid-Z., 1913, 12, 285) and consists of reducing
a saturated aqueous solution of silver oxide by means of hydrogen.
Excess of solid silver oxide is added and the temperature is kept
between 50 and 60°. By passing hydrogen through a filtered
saturated aqueous solution of silver oxide at 60° a yellow silver
sol can be obtained in about 30 minutes. The sols contain some
unaltered silver oxide, but if they are transferred to a platinum
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vessel and hydrogen is passed again the dissolved silver oxide is
reduced to the form of silver crystals which adhere to the walls
of the vessel and a pure silver sol is left.

Carey Lea’s silver sols (Amer. §J. Science, 1889, 37, 476) have
attracted considerable attention. He reduced silver nitrate with
mixtures of ferrous sulphate and sodium citrate. The silver
sols produced arc far from pure as they contaih organic sub-
stances, but they are remarkable in at least two respects. The
majority of sols of metals can be obtained only in low concen-
trations—seldom as much as o-1 per cent., but 10 per cent. silver
sols can be obtained by Carey Lea’s method and they are very
stable. Again, it is characteristic of metal sols that when they
are coagulated or precipitated the sol cannot be reproduced from
the precipitate ; that is to say, the coagulation of these sols is
generally an irreversible process. When, however, the Carey
Lea’s sol is precipitated by ammonium nitrate it redissolves to
a sol in water and precipitation with alcohol gives a product which
contains about g9 per cent. of silver. This product, even after
drying, redisperses in water to form a sol ;,the coagulation of
these sols is therefore reversible. '

Most other easily reducible metals, platinum, palladium,
mercury, etc., can be prepared in colloidal form by these reduc-
tion processes suitably modified for the special case. They are
not as a rule so stable as colloidal gold. Many of the sols are
coagulated by boiling and they are all precipitated by small
amounts of electrolytes.

Oxidation. One or two oxidation reactions which furnish the
product in colloidal form are of interest ; for example, selenium
sols are produced by the oxidation of solutions of hydrogen
selenide and sulphur sols result from the oxidation of hydrogen
sulphide solutions either by oxygen or by sulphur dioxide. The
simplest representation of the last reaction is

2H,S + SO, = 3S + 2H,0,

but this does not represent all that happens, for it is well known
that pentathionic acid and other sulphur acids are produced
simultaneously. Odén (Nova Acta, Upsala, 1913, 3, No. 4) has
made a careful study of this reaction from the colloid chemical
point of view and has found that the amount of colloidal sulphur
produced and its degree of dispersion depend on the concentra-
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tion of the sulphur dioxide solution into which the hydrogen
sulphide gas was passed. It was found that the amount of
colloidal sulphur formed is greater at the higher concentrations
and that the degree of dispersion also increases with the con-
centration. Thus, the formation of colloidal sulphur is favoured
by conditions under which pentathionic acid is produced, and
at low concentrations, where the reaction takes the course repre-
sented by the equation given above, the sulphur is precipitated.
The presence of pentathionic acid therefore seems to be necessary
for the stability of these sols.

Dissociation. Dissociation methods are not very important
for the preparation of colloids, but nevertheless have considerable
practical interest since it is believed that this process is a funda-
mental one in photography. Some study has been made of the
dissociation of solid salts, particularly halides. Lorenz found
that crystals of the chlorides of lead, thallium, and silver prepared
in the ordinary way always contain ultramicroscopic particles
which appear to be free metal. The substance can be freed from
such particles only-by passing through it in the molten state a
mixture of dry chlorine and hydrogen chloride. When these
“ optically empty ”’ crystals were exposed to light in the ultra-
microscope, particles appeared, and there seems to be no doubt
that they are formed by a dissociation process. Systems of the
same kind can be produced by adding a small piece of metallic,
lead to molten lead chloride. When crystals of silver bromide
are exposed to illumination, ultramicroscopic particles of metallic
silver are produced. If the silver halides are exposed to feeble
illumination no such particles appear in the ultramicroscope, but
reduction to the metal occurs when the halide is treated with a
suitable reducing agent or developer. In this case it is probable
that amicroscopic particles are produced by the action of light
and that development starts from these nuclei. The production
of solid sols by a dissociation process is therefore an important
matter in photography.

Another interesting example is the formation of blue rock salt.
Occasionally, blue rock salt is found in nature, but it can be pro-
duced artificially by bombarding pieces of colourless sodium
chloride with cathode rays. The blue substance shows the
presence of ultra-microscopic particles, and these are probably
metallic sodium, since the same kind of blue rock salt can be
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produced by heating crystals of colourless rock salt in a vacuum
and then exposing to sodium vapour.

The application of dissociation to the preparation of a colloid
is instanced by the production of a nickel benzosol. When nickel
tetracarbonyl is heated it decomposes with separation of metallic
nickel according to the equation

Ni(CO), = Ni |- 4CO.

If a solution of the compound in benzene is heated it dissociates
in the same way, the carbon monoxide escapes and a benzosol of
nickel is obtained. This has a black or brown colour.

Other examples are perhaps the formation of hydrosols of
sulphur by adding dilute acid to dilute solutions of sodium
thiosulphate or of polysulphides. In the first instance it is
generally supposed that thiosulphuric acid is formed momentarily
and dissociates into sulphur, sulphur dioxide, and water. In the
second case it 1s often held that the first product is a hydrogen
polysulphide, such as H,S,, which dissociates into hydrogen
sulphide and sulphur.

Exchange of Solvent. When a solution of a substance is
added to a large volume of a liquid with which the solvent is
miscible, but in which the solute is practically insoluble, the solute
is precipitated out in a very highly disperse condition. For
example, gum mastic and gamboge dissolve in alcohol to give a
clear solution, but they are not soluble in water. By adding a
small quantity of the alcoholic solution to a large volume of water
and stirring an opalescent hydrosol is obtained. Sols of sulphur
or phosphorus are readily obtained by adding saturated solutions
of these elements in alcohol to a large quantity of water. By
choosing suitable dispersion media and solutes this method is
capable of very wide application,

A variation is the addition of a soluble complex salt to a large
volume of water in which one of the components is insoluble.
Silver iodide is insoluble in water, but is soluble in a concentrated
solution of potassium iodide. When the solution in potassium
iodide is poured into a large volume of water the silver iodide is
rendered insoluble and is obtained as a sol. A similar effect is
often obtained in the qualitative analysis of a substance containing
silver. If for any reason the substance has had to be dissolved
in concentrated hydrochloric acid some of the silver chloride

.
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dissolves and on dilution before proceeding to Group IT a milki-
ness appears and generally escapes filtration. This is due to
colloidal silver chloride.

Double Decomposition. Inaccordance with von Weimarn’s
reasoning, it should be possible to prepare sols of many substances
by chemical precipitation where the solubility of the substance is
sufficiently small and the potential supersaturation high. Actu-
ally, there are more factors to consider than these in such re-
actions, because in a double decomposition a soluble reaction
electrolyte is generally produced in addition to the insoluble
substance. ‘This soluble electrolyte plays a very important role,
because one general feature of the sols under discussion is that
they are coagulated or precipitated by quite small concentrations
of electrolytes. Consequently, even if the conditions were such
as to produce a highly dispersed precipitate of colloidal dimen-
sions, that system might only exist momentarily, being soon
coagulated into coarsc secondary particles by the electrolyte
present.

The argument leads to