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Summary

Colloid science may be considered to start with the study of pseudo-

solutions in water of sulphur, si lver chloride, Prussian blue (SELMI, 1845), of

colloidal gold (FARADAY, 1857) and with the coining of the term "colloid" by
GRAHAM in 1861. Colloids are present as dispersed systems, characterized by
slow diffusion ana slow (often negligible) sedimentation under normal gravity,

which set the size of the colloidal particles in the range of about 1 nm to
1 urn.

Some colloid systems such as polymer solutions and soap solutions, con-

taining tmoelles, form spontaneously They are thermodynamically stable, and

are called Ijjopmlia oollo^as. Others, which contain particles, insoluble in
the solvent (e.g. AgCl , S, Au, oil in water), must be prepared in a roundabout

way. These are called lyopnobic colloids. In their preparation the presence

of peptizing or stabilising substances is essential. Since van der Waals

forces always tend to lead to agglomeration (flocculation) of the particles,
stability (i e a long shelf life) of such colloids requires that the particles

repel one another, either by carrying a net electrostatic charge or by being

coated with a sufficiently thick adsorbed layer of large molecules compatible
with the solvent.

Potential energy curves are very useful for the display of the various

types of interaction between colloidal particles.

Colloidal dispersions have interesting optical properties, such as TYNDALL
light scattering, turbidity and birefringence. They often show remarkable
non-Newtonian rheological behaviour.

In the many practical applications in paints, inks, emulsions, pharmaceu-
tical, agricultural and cosmetic preparations, photographic films, foams, etc.
the stability and the rheological properties are of the utmost importance.

Colloidal aspects are numerous in biology, biopolymers, biological mem-
branes and cells in general
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1 Introduction

Colloid Science finds its origin in the discovery of solutions of

certain insoluble substances SELMI1 described in 1845 pseudosoiutwns

in water of silver chloride, sulphur and Prussian blue He included them

in the same class as solutions of albumin and starch All these solutions
are clear or slightly turbid SELMI considered them to contain particles

which are larger than the usual molecules MICHAEL FARADAY2, towards the

end of his life, made fairly extensive studies of the colloidal gold sol
and to the present day the very fine gold sols (particles of about 3 nm

radius) prepared by reduction of a gold chloride solution with phosphorus
are called Faraday sols GRAHAM3 who coined the term "colloid' ( = glue
like) in 1861 emphasized the low rate of diffusion and the lack of cry-

stallinity of all these colloidal systems and from this slow diffusion

drew the correct conclusion that colloid particles are fairly large (say
larger than 1 nm) On the other hand the fact that these same colloidal

solutions » o not sediment (or only very slowly) under normal gravity
proves thai the particles cannot be very large (say not larger than l um)

Colloidal suspensions (= sols) have found numerous fundamental app-

lications, as in PERRIN's studies'1 of Avogadro's constant, where colloi-

dal particles acted as very large, individually visible molecules, or,

very recently, in VRIJ 's use of concentrated colloidal suspensions as

models for the liquid state5 The rate of rapid coagulation of colloids,
in which each Brownian encounter between two particles results in per-
manent contact, was clarified in 1916 by the beautiful theoretical work

by VCM SMOLUCHOWSKI6 This rate of coagulation is essentially identical

to the rate of diffusion - controlled bimolecular reactions between small

molecules' A small but necessary refinement to the theory, which takes

into account that the last approach between two particles or molecules
is slowed down, because it is difficult to squeeze out the last layers
of liquid from between the particles, was recently formulated by several

authors (DERYAGIN and MULLER8, SPIELMAN9, HONIG, ROEBERSEN and WIERSEMA'5

DEUTCH and FELDERHOF11) and nicely confirmed by experiments on the coagu-
lation of latex particles (LICHTENBEiT et al 12) Phase transitions

(HACHISU13) between concentrated liquid-like colloidal dispersions and
crystalline arrangements of the particles have been observed and they

follow from the statistical thermodynamics of such systems1"
Other applications of colloids are eminently practical Emulsions

(dispersions of liquid particles in a liquid, such as oil in water or

water in oil) are used very widely Milk, mayonnaise, crude oil con-
taining water at the well head, and many cosmetic and pharmaceutical

preparations belong in this category Latices of various polymers are
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prepared in quantities of millions of tons per year in a process called

emulsion polymerization, in which one starts with an emulsion of the

monomer in water.

Suspensions (dispersions of solid in liquid) are found in the kitchen

in the form of various soups and sauces. Many paints, inks, and lacquers

are fine suspensions of the pigments in oil or water or even in an emul-

sion. Clay particles are of colloidal s ize It is hardly possible to

exaggerate their importance in agriculture, in ceramics and even in delta

formation

Fogs and smokes are colloidal dispersions in gases. They are called

aerosols .

Soap bubbles, foans and biological nembranes show colloidal proper-

ties, since tne thickness of the lamellae ranges from 4 nm to over 1 urn.

Colloidal systems nave interesting ootical properties, colour,tur-

bidity, birefringence. Some of tnese properties are peculiar because the

wavelength of visible light lies in the colloidal size range. Many col-

loiaal particles carry an electric charge due to surface dissociation or

to the adsorption of ions This electric charge happens to be very

important in stabilizing colloidal dispersions, in characterizing the

particles and in several applications.

Colloids, especially concentrated colloids, have remarkable mechani-

cal properties. Think of gelatin solutions, which flow freely above 40°C,

but become rigid (form a gel) at room temperature. A good paint must

flow easily when applied, but then must rigidify soon in order to prevent

it from flowing off vertical surfaces. Wet clay must not change its shape

in normal gravity, but yield easily to the sculptor's thumb.

I hope that this introduction has shown that the study of colloids is

worthwhile to increase our understanding of nature and to allow us to con-

trol it more efficiently and that it has whet your appetite to taste more

of this field of neglected dimensions. C f WO. OSTUALDs book, Die Welt

dep veimaahlassi-ehten Dimensionen15.

2. Types of colloids and their preparation

The simplest type of colloid is formed by solutions of macromolecules

(polymers), including biopolymers such as proteins, nucleic acids and

polysacchandes. These systems belong to colloid science since the sizes

of macromolecules fall in the colloidal size range. The older genera-

tion of colloid scientists (FREUNDLICH,16, KRUYT and BUNGENBERG DE OONG17)

considered them as an important part of their science, but more recently

on account of the great technical importance especially of man-made poly-

mers, polymer science has developed as a science on its own with its own
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textbooks (e.g FLÖRY 1 8 ) and periodicals.

However, colloid science is not complete without the inclusion of

polymers, not only because techniques such as light scattering, sedimen-

tation, and electrophoresis are applied to polymers just as to many other

colloids, but also because of the many other links There are polymer

colloids (FITCH1 9) , in which particles of colloid size made of polymers

are dispersed in non-solvents for the polymer molecules. Furthermore
polymers are frequently used to modify the properties of other colloids as
we shall see in section 3 on steric stabilization

The next class of colloids consists of solutions of soaps and other
(mph^poiar substances. These molecules are characterized by a large non-

polar part (hydrocarbon or fluorocarbon) and a water compatible polar

part. The polar part may be aniomc, as in C.^H^cOSCUNa, or cationic, as
in C lgH33N(CH3)3Br, or non-ionic as in CgH19(CgH4)0(CH2CH20)g H. In

water, above a certain concentration (the lower, the larger the non-polar
part), aggregates of 20 or more molecules, which are called -moelles, are
formed. Therefore these colloids are called association col aids. The

Figure 1. Schematic represen-
tation of a sphe ical or cylin-

drical micelle

lack of solubility of the hydrocarbon (fluorocarbon) part in water drives

the non-polar groups together, but instead of then forming a separate

phase the particle growth stops when the non-polar nucleus is sufficiently
surrounded by polar groups, thus minimizing the water-hydrocarbon contact
area The same substances may form inverse moelles (polar parts inside)

in non-polar solvents
Micelles and inverse rncelles may take up other molecules in their

interior in a process called solubili,za.ti,on.. This may even go so far as
to result in the formation of fairny large droplets with a radius of say

10 nm Such systems are called mopoemu'ls^ons and may be either of the

water-in-oil or oil-in-water type In recent years microemulsions have
drawn a great deal of attention, since they are applied in tertiary oil



recovery on the basis of the extremely low interfacial tensions (to less

than 0 001 mN m ) exhibited by these systens

All the categories mentioned so *ar are thermodynamically stable

colloids and are known as „yopmlic collotas (fryaropfolia if water is the

dispersion nedium).

Col loidal dispersions of insoluble"substances, called lyophobia

(nydrophoota) colloids, are not in thermodynamic equilibrium, but, if well

prepared, they may have life times of many years. (Some of FARADAY's

gold sols still exist) . Lyophobic colloids are prepared either by

<^^sp^rs^ott methods ( = grinding, milling, etc. until the particles are

small enough) or - more subtly - by condensation methods. In a conden-

sation method the insoluble material is precipitated from a solution of

small molecules or ions under circumstances in which a high rate of

nucleation of the new phase is combined with a relatively s low rate of

growth of these nuclei The process may sometimes be carried out in

such a way that all the nuclei are formed in a very short time early in

the process, whereas the growth to larger particles occurs over a longer

time without further nucleation. Under these circumstances all particles

grow at the same rate which leads to monodisperse ( = isoaisperse)

systems. The method goes back to ZSIGMONDY's 2 0 gold sols, but it was

applied to many other cases (sulphur sols, aerosols) and interpreted more

fully by LA MER and coworkers21. Figure 2, based on LA MER's work22

shows that, if the material for the particles is supplied continuously

(e.g. by slow formation of sulphur from acidified thiosulphate) and if

the nucleation concentration is sufficiently far above the saturation

concentration, a short burst of nucleation may raoidly lower the concen-

tration below the supersaturation needed for nucleation, after which all

further material will only cause growth of the existing particles, with-

out any new ones being formed.

nucleation
Conc / F i g u r e 2 . Showing

schematically how a

nucleation period and a

growth period may be

separated, thus leading

to a monodisperse sol

Time
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wnether prepared by dispersion or by condensation lyophobic colloids

only have a long life if suitable peptizing or stabilizing substances

are present Such substances are needed to prevent the particles from

making actual contact and sticking together during their frequent Brown-

lan encounters The vivid Browman motion of colloidal particles forms

a fascinating sight, when observed in a dark field microscope (an ultva-

microsaope) and has been described as a tableau of "thousands of dancing

9nats' Figure 3 shows the central part of the field of view in SIEDEN-

TOPF and ZSISMONDY s ultramicroscope23, in which the beam of a strong

light source is concentrated by a microscope objective perpendicular to

the line of sight of the microscope through which the phenomenon is ob-

served

Figure 3 Cen-

tral part of the

field of view in

SIEDENTOPF and

ZSIGMONDY's ultra-

nncroscope

We now give a few examples of the preparation of lyophobic colloids

Oil-in-water (0/W) and water-in-oil (W/0) emulsions are prepared

by shaking, stirring, or somcation of a mixture of oil and water. The

resulting emulsion is only stable if some soap, or some other stabilizer,

is present to prevent the newly formed oil-water interfaces from coalesc-

ing The type of stabilizer determines whether an 0/W or W/0 emulsion is

formed

Silver halide sols are formed by mixing solutions of silver nitrate

and alkali hal i de They require an excess of Ag+ or Hal" ions for their

stability

The arsenic sulphide sol is prepared by pouring a saturated solution

of As203 into a solution of H?S in wate>- which is kept saturated by bub-

bling HpS through it The excess H~S (sulphide ions) is the stabilizer

Ferns hydroxide and feme oxide sols are formed by the hydrolysis

of ferric chloride solutions either by heating or by increasing the pH

Depending upon the conditions Fe + or OH" ions are stabilizing ions

Gold sols are formed by reducing dilute gold (Au ) chloride so-

lutions with a great variety of reducing agents, such as formaldehyde,

hydrazine, hydrogen peroxide, sodium citrate The stabilizer is excess

chloride or a gold chloride or gold citrate complex ion
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Polymer latices are usually prepared by free radical polymerization

of vinyl and/or butadiene monomers in an emulsion or solution containing

soap or soap-like substances, which act as stabilizers for the polymer

particles (radius e.g. 100 nm) formed.

From these examples it may appear that the stabilizing substances

provide ions that are adsorbed onto the particles, thus charging them,

so that they repel one another There are, however, other very general

stabilizing suDstances, such as gums and gelatin which are non-specific

proteati,ve agents for dispersions in water and which may protect even

without being electrically charged.

This brings us to suspensions in oil and in other non-aqueous media.,

which are usually prepared by grinding in the presence of suitable, oil-

soluble and adsorbable protective agents Examples are paints and inks,

doped engine oils in which the dopant, a protective agent,keeps carbon

particles resulting from incomplete combustion in suspension, thus pre-

venting them from causing abrasion

Since many colloids contain contaminating substances that have re-

mained from the preparation stage, it is desirable and sometimes essential

to remove these substances. This can be accomplished by d^.alys^s, i.e.by

bringing the colloid in contact with pure, frequently renewed, solvent via
a membrane with pores, small enough to retain the colloid particles, but

large enough to let small molecules or ions pass through. The dialysis

can often be accelerated by applying an electric field across the mem-

brane. Figure 4 shows GRAHAM'S original dialyzer2*, an inverted bottom-

less beaker closed at one side by a parchment (later cellophane or col-

lodion) membrane. Figure 5 shows a modern five chamber electrodialyzer25.

SO/

solvent

Figure 4. Dialyzer as used by GRAHAM.

In a very simple, but effective method of dialysis the sol is enclosed in
a length of regenerated cellulose or nitrocellulose tubing ("art-ficial
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sausage skin"), which is allowed to float around in the frequently re-
newed solvent

Figure 5. Elect-odialyzer with five chambers.
A,F = supply of distilled water, B = drain of rinsing chamber,

C,D = membranes, E = electrode chamber, G = drain of electrode
compartments, H = electrode, I = groove for escape of gas, M = middle
chamber, containing sol, R = stlrrer.

3. Stability of lyophobic colloids
Colloid particles always attract one another by van der- Waals forces

(dispersion force's), even across a condensed medium, although the medium
weakens the force Due to the near additivity of the forces between pairs
of molecules, the attractive force has a fairly long range. Between two

spherical particles of radius a at a distance R between the centers and a
distance H = P - 2a between the surfaces, the energy of attraction is

still of the order of kl (k = the Boltzmann constant, T = the absolute
temperature) when a - O.la.

HAMAKER derived the following expression for the energy of attraction
between two equal spherical particles26.

att
2 2_ , A -4a+ In *— (1)

where the Hamaker constant, <>, depends strongly on the nature of the
-21 -19particles and the medium, but is usually in the range of 10 -10 J,

or A ~- 0 25 'K.T to *r at rooR temperature.
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For small distances eq (1) can be approximated by

A7 Aa
'att -= * -TSr

or iiore precisely27

A/att * - -TT

where Z - a •>• 3ff/4.

, ,
2 n

(2J

(3)

Given the intensity and the range of the van der Waals attraction,
a sol can only be stable if the particles also repel one another with a

force of sufficient strength and sufficiently long range.
Two types of repulsion are known and relatively well understood, an

electrostatic and a steric repulsion. The electrostatic repulsion is
based on the charge of the particles, obtained by surface dissociation or
by preferential adsorption of ions of one type. It is, however, not a

simple Coulomb repulsion, since, to conserve electroneutrality, the
particle charge is surrounded by a more or less diffuse ion atmosphere,
which forms an electric double layer with the surface charge. The double
layer is represented in figure 6. It may be divided into a molecular

e

Figure 6. Schematic
representation of the

distribution of the

ions and the decay of
the electric potent-
ial 6 in a double
1ayer.

condenser or STERN layer28 and a diffuse or GOUY-CHAPMAN layer29. At

large distances, x, from the surface the potential decays as exp(-icz),
at short distances somewhat more steeply. < is the inverse DEBYE-HUCKEL
leng'.h30. It is given by
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? 2
t z <v, i
l - r l ( 4 )

in which o and z are the concentration and charge number resp of the
ions of type i, cr the dielectric constant of the solution, EO the per-
mittivity of the vacuum, P the gas constant and F the Faraday constant

The energy of repulsion between two particles carrying double layers

decays approximately as exp(-tóï) and can be written31 '

(5)

where y = tanh {ar ifi^/ter) , z is the charge number of the counter ions

and <PO the potential at the plane of the Stern-ions (dissolved counter

ions in closest approach to the surface, see fig 6).

Because the attraction decays as an inverse power of the distance

(as H~ for spherical particles at short distances, and as E at large

distances) but the repulsion decays exponentially with , the attraction

prevails both at short and at large distances, but at intermediate

distances (E — K ) the repulsion may win and an energy barrier is formed

which keeps the particles apart and thus stabilizes the sol Increasing

the concentration and/or the charge number of the electrolyte in the

solution compresses the double layer (K & z vT ), shortens the range

of the repulsion, tends to decrease $ ., and thus evfntually eliminates the

energy barrier. This is most strikingly illustrated by a table (Table 1)

of electrolyte concentrations (entwal coagulation consent-rations) at

which a sol loses its stability and coagulates (= flocculates). The dis-

proportionately larqe influence of the charge number of the counterions

(= ions cnarged oppositely to the particle charge) and the small influence

of the specific nature of the ions is typical for Hydrophobie sols and

is known as the rule of Scnulze15 and Hardy3* .

When a d.c. electric field is applied to a sol with charged particles,

the particles move with a velocity proportional to the applied field

strength and in a first approximation oroportional to the potential of the

* This equation is an approximation in several respects. It assumes
that ipji is independent of ff, whereas |< j>^ | in general will increase with
decreasing a. Moreover even at <(>d = constant the repulsion would increase
more steeply than exp(-Kff) for snail values of B However eq.(5) is a
good approximation at large K.H and it predicts the effects correctlv in a
semi-quantitative sense at smaller Kit.
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Table 1
Critical coagulation concentrations (c.c.c ) in millimol/1.

AspS, - sol, negatively charged32

LiCl
NaCl
KN03

c.c.c.
58
51
50

MgCl2

CaCl2
ZnCl2

c.c.c
0 72
0 65
0.69

A1C13

JA12(S04)3
Ce(N03)3

c c c.
0 093
0 096
0 080

Au - sol, negatively charged3

NaCl
KN03
|K2S04

c.c.c.
24
25
23

CaCl2
BaCl2

c c.c.
0 41
0.35

iAi2(so4)3
Ce(N03)3 *

c.c c.
0 OOS
0 003

Fe203 - sol, positively charged
34

NaCl
KC1
KB r

c.c.c
9.25 K2S04
9.0 MgS04
12.5 K,Cr,07

c c c.
0 205
0 22
0.195

mobile part of the double layer, the so-called zeta(ç) potential. The
ç - potential is usually close to the Stern - potential, <j>d. This motion
is called eteatrophores^s. It is one Of the eleotroktnetic phenomena.
They all have their origin in the double layer and manifest themselves
when either an electric field or a flow field is applied parallel to the
interface. Electrophoresis is often a valuable source of information on
the sign and the value of the charge and the potential of the double
layer

We now consider the other type of repulsion, steric repulsion. It is
obtained when the particle surface is covered (by adsorption or chemical
reaction) by bulky molecules, usually long chain molecules, thus giving
the particles a "hairy" surface. If these hairs are compatible with
(= soluble in) the medium, they repel one another and they cause a steep
repulsion between the particles, with a range of the order of the size
of the randomly coiled hairs. As sketched in figure 7 the repulsion is
due to two effects, an osmotw effect caused by the high concentration of
chain elements in the region of overlap, and a volume restriotion effect
aue to the loss of possible conformations in the narrow space between the
two surfaces 37>3«.



Figure 7. Illustrating two aspects of stenc repulsion a. Osmotic
effect due to high concentration of chain elements in the region of over-

lap i Volume restriction effect due to loss of possible conformations
of the "nairs"

Steric repulsion is particularly important for stabilization in non-
aqueous, non-polar media. It can be influenced by changing the length
and nature of the hairs, by influencing the adsorption energy, and by

changing the properties of the solvent In worse than thêta conditions
the hairs collapse and steric repulsion is not effective. Substances
causing steric stabilization are either of the anchor and chain type or

homopolymers. The anchor is easily adsorbed, the chain soluble in the

medium (soaps are examples, so are suitable block copolymers). With the
homopolymers a fraction of the chain elements is adsorbed (as trains),
most of the elements are in the solvent as loops and tails. Protective
agents mentioned earlier act by steric repulsion, even in water.

In the last few years renewed interest39 has arisen in the so called

structural forces. These are due to the modification of the solvent
structure near interfaces as a result of packing restrictions. As far
as can be judged now, these forces in themselves probably do not lead to
a repulsion of a sufficiently long range for stability, but they may have
a comparatively large effect at small separations between the particles
wnere they have an oscillating character and they may play an essential
role in reveptisatum ( = redispersion of a coagulated suspension or
emulsion)

4. Potential energy curves
Potential energy curves, in which the change in free energy (av)

is plotted against the distance (H) between the particle surfaces, form a
powerful instrument for surveying the interplay between different forces



Mgure 8 shows a set of sucn curves for the repulsion, the attraction
and the combination of the Uo in the case of electrostatic stabil ization.
If the particles are caught in the very deep minimum ( the primary rnm-
"wn) at small separations ( A/j. ^ -, -* -oo as 4 -» 0) it is very difficult

-kT

1 £ Vrireputsion

van der Waals

Figure 8 Electro-

static repulsion, van

der Waals attraction
and the combination
A7total =AK r + A7a.

or impossible to separate them. The shallow minimum at large H (the

secondary mimnwn), which nay be only a fraction of kT deep, acts as a

temporary trap, from which the particles can be removed easily by mechani-

cal means, change of composition of the medium, or even simply by Browman

notion. If the maximum in the curve is more than 15 or 20 kT, effective

collisions leading to permanent contact in the primary minimum become so

rare that the suspension is stable. The effect of changes in the para-

meters of the system (electrolyte composition, Hamaker constant) on the

potential energy curves can be followed easily and then conclusions can
be drawn on the behaviour of the actual system.

Figure 9 shows the corresponding curves for steric stabilization.
The repulsion is very steep, the primary minimum often unattainable

Figure 10 is an example of the possible form of the free energy curve

for structural forces. The wavelength of the oscillations corresponds to

the distance between the molecules in the solvent in the neighbourhood of
an interface. Depending on how difficult or easy it is to remove the last

layer of molecules between two interfaces the structural force may be re-

pulsive or attractive at very small separations. The subject is in rapid
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repulsion

\
\
\ \— Vv.

coil
diameter

Figure 9 Schematic representation

of the free energy as a function of

H in the case of steric stabilization

/ van der Waals
I

development, both theoretically and experimentally, but has not quite

advanced to the point for application to the stability of real examples,

say that of silica particles in water

-XT

Structural
force

Figure 10 Schematic representation of the free energy curve for
structural forces

5. Properties of colloids and some applications
Most colloid suspensions, emulsions and aerosols are turbid They

scatter light (TYNDALL light"0) in all directions For small particles
the scattered intensity is proportional to the square of the volume of the
particles The scattering per unit volume of the suspension is thus
proportional to its mass concentration times the volume (or mass, or mole-
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cular weight] of the particles. For larger particles, where particle
size and wavelength of light are of comparable dimensions, the total
intensity ana the angular dependence of the scattered light become very
complicated (MIE theory1*1). The turbidity of colloids is applied in a
variety of ways It is used for the determination of the molecular weight
and, if large enough, the size of the particles Fibers such as nylon or
polyester are made opaque by the incorporation of finely divided TiO,.
The back scatter of the head lamp is known to everyone wno has driven a
car at night in a fog. Aerosols are used for military camouflage purposes,
but also for the protection of orchards against frost damage by excessive
radiation to the clear night sky

The availability of lasers has made it possible to determine the
diffusion coefficient of colloidal particles by analyzing the shift in
wavelength of the scattered light caused by the Doppler effect or by
photon correlation spectroscopy1*2.

Colloids are often deeply coloured (red gold sol, deet) yellow ASgSj
sol, red V^Oi sol) if the colloid material absorbs visible light. Paints
and inks in whicn the pigment particles are finely dispersed are an ob-
vious application of this effect

As mentioned before colloids show eleatpophorest-s in an electric
field In such a field the double layer is polarized as shown in figure
11, but not permanently stripped off the particle This polarization

Figure 11. Showing
how the double

0 layer around a
particle is polar-
ized in an electric
field.

affects the electrophoretic mobility of the particle. The dipoles formed
cause an increase (in some cases a very large increase) in the dielectric
constant of the system. If the particles are rod-like or oiate-like the
polarization tends to orient the particle parallel to the lines of force
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(see figure 12) thus causing electric birefringence (Kerr-effect*3)

Figure 12 The electric polarization of an amsodimensional particle

leads to orientation parallel to the field and thus to electric bire-
fringence (Kerr effect)

Electrophoresis finds analytical and preparative applications in sorting
out the complicated mixtures of proteins and other substances in bio-

chemistry In electrodeposition paint suspensions are deposited by

electrophoresis onto metal substrates The process is used on a large
scale in painting car platework

Suspensions of ferromagnetic particles become biréfringent by
orientation of the particles in a magnetic field (Cotton-Mouton effect)
Concentrated suspensions of this nature may flow freely in zero field but

become rigid in a strong magnetic field
Correct preparation and handling of suspensions of magnetic particles

is essential for the preparation of sound tapes and videotapes.

Concentrated colloid systems nave remarkable Theological properties.

Stable suspensions and emulsions behave as Newtonian liquids in weak
shearing fields, but under strong shear the particles cannot move fast
enougn past one another and the system rigidifies (shear thickening or
dilatanay) If one walks on a wet sandy oeach one sees a ring of dry sand

around each footstep caused by dilatancy of the wet sana
Stable systems settle eventually to a very dense sediment since the

particles can roll over each other until the closest packing is reached
This may happen in a can of paint which is too well stabilized If the
system is unstable, even when it is only "weakly flocculated", the sedi-

ment volume is large and it may even fill the whole suspension, thus caus-
ing the formation of a gel as illustrated in figure 13 If sucn a weakly
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f locculated suspension is stirred or shaken it may become fluid because

Figure 13. A stable

suspension forms a

dense sediment, a

flocculated suspension
has a large sediment

volume and may even
form a gel

a sufficient number of bonds between particles is broken. After being

left undisturbed for some time it returns to the gel state. This is

called thixotropy'*'* or ?eveps^ble sol-gel tvansfor"r<a.tion, a property
essential for a good paint, for the drilling muds used in oil well dril-

ling, and in many pastes.

Soap bubbles and foam lamellae would break very quickly, if they were

not stabilized by tne adsorption of the amphipolar soap or soap-l ike

molecules at their surfaces. Figure 14 illustrates for an ionized soap
how the overlap of the two double layers is similar to that between

electrically stabilized colloidal particles and how this may prevent the

ultimate thinning and breaking of the lamella.
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Figure 14. Cross section through

a soap film stabilized by the

adsorption of soap ions at its

surfaces and by the overlap of

double layers.

Foams are sometimes a nuisance and must be destroyed or their for-

mation prevented as in distillations or in washing machines. They also

find many useful applications as in froth flotation, a process by which

yearly millions of tons of minerals are separated from gangue and from

one another, in beer, whipped cream and many other applications in foods,

also in fire fighting foams.
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Foams and soap films bring us close to at least one application

of colloids in biology All biologwa^ cells are surrounded by a mem-
brane ana similar membranes occur copiously inside the cell The essent-
ial structure of those membranes is that of a soap filn turned insiae out
Tne araphipolar molecules in this case are lecithins and other phospho-
lipids Figure 15 gives a schematic picture of such a membrane As can
be seen it forms an oily layer between two water layers, thus separating
tne inside and outside of the cell with respect to all water soluble

molecules If such molecules have to pass the membrane, special mechanisms
are locally built into the membrane

Figure 15 Biological membrane built from
phospholipids with two hydrocarbon chains
and a polar part which is zwitterionc
(phosphate and ammonium) in lecithin

Other colloidal aspects in biology are the biopolymers (proteins,
nucleic acids, polysaccharides), cell adhesion, rheology of blood, the
emulsion aspect of milk etc

6 Conclusion

The description of colloid systems as dispersions of particles with
interparticle forces of various origins forms a good framework for the
understanding of many properties of these systems Thermodynamics and
statistical thermodynamics are important both for the understanding of
lyophilic colloidal solutions as a whole and for the detailed treatment
of interparticle forces in lyophobic systems A number of aspects have
been treated incompletely or not at all in this introductory lecture
They will be treated more fully in later lectures in this symposium

Colloids find a great many applications, some based on the small
size and the large number of the particles, some on the huge interfacial

area with its capacity for heterogeneous reactions, others again on their
optical, electrical or mechanical properties Not a few of these applica-
tions are found in fundanental research

Colloids are fascinating to look at, fascinating to understand,
fascinating in their applications



Colloids -I Fascinating Subjecl

Acknowledgements

I want to express my gratitude to Prof P L. de Bruyn for his

stylistic and technical criticisms, to Mr. N.M. van Galen and to Mr. M.
Tollenaar for making the drawings and the slides, to Mr J. Suurmond for

preparing the demonstrations and to Miss Shana Abrams for the great care
with which she has prepared the typescript.

References

1 F. Selmi, Nuovi Ann. Science Natur, di Bologna (2), 1845, 4, 146; 1847,
8_, 404; Ann, di Majocchi, 1844, _15, 88, 235, 1846, 24, 225. See also: E.
Guareschi, Kolloid-Z.. 1911, 8_ 113.

2 M. Faraday, Phil. Trans. Royal Soc., 1857, 147, 145.
3 Th. Graham, Phil. Trans. Royal Soc., 1861, 151, 183.
* J. Pernn, Ann, de Chun, et de Phys. (8), 1909, _18, 5.
J. Pernn, "Les Atomes", 9 me mille, Libr. Félix Alcan, Paris, 1920.

5 A.A. Calje, W.G.M. Agterof and A. Vrij, in "Micellization, Solubilization

and Microemulsions", K.L. Mittal, ed., Plenum Press, New York, 1977, Vol.
2, p. 779.
A. Vnj , E.A. Nieuwenhuis, H.M. Fijnaut and W.G.M. Agterof, Faraday Disc.

of the Chem. Soc., 1978, £5, 101.
6 M. von Smoluchowski, Physik. Z.. 1916, 17;, 557, 585; Z. Physik. Chem..

1917, K, 129.
7 J. Halpern, J. Chem. Educ., 1968, 45, 373.
8 B.V. Deryagin and V.M. Müller, Dokl. Akad. Nauk. S.S.S.R. (Engl. Transi.),

1967, 176, 738.
9 L.A. Spielman, J. Colloid Interface Sei.. 1970, J3, 562.

10 E.P. Honig, G.J. Roebersen and P.H. Wiersema, J. Colloid Interface Sei.,
1971, 36, 97.

11 J.M. Deuten and B.U. Felderhof, J. Chem. Phys., 1973, 59, 1669.
12 J.W.Th. Lichtenbelt, H.J.M.C. Ras, and P.H. Wiersema, J. Colloid Inter-

face Sei., 1974, 46, 522; J.W.Th. Lichtenfaelt, C. Pathmamanoharan, and
P.H. Wiersema, 1974, 49, 281.

13 S. Hachisu, Y. Kobayashi and A. Kose, J. Colloid Interface Sei., 1973,
42, 342; A. Kose and S. Hachisu, ibidem, 1976, 55, 487; S. Hachisu, A.

Kose, Y. Kobayashi, and K. Takano, ibidem, 1976, J55_, 499.
l" J.G. Kirkwood, J. Chem. Phys.. 1939, 7_, 919;

B.J. Aider and F.E. Wainright, Phys. Rev.. 1962, 127, 359;
B.J. Aider, W.G. Hoover, and D.A. Young, J. Chem. Phys., 1968, 49, 3688.



-0 Colloïdal Di spei sion s

15 ko. Ostwald, "Die Welt der vernachlässigten Dimensionen", 8th ed.,

Steinkopff, Dresden, Leipzig, 1922; translated by H.H. Fischer as "An
Introduction to Theoretical and Applied Colloid Chemistry, The World of
Neglected Dimensions", 2nd ed. Wiley, New York, 1922.

16 H. Freundlich, "Kapillarchemie', Band II, Akad Verlagsges., Leipzig,
1932, p.3, 290.

17 H R. Kruyt, ed. "Colloid Science", Vol. 2, "Macromolecular and Association

Colloids", Elsevier, Amsterdam, 1949. H.G. Bungenberg de Jong, several
chapters in this Volume.

18 P.J. Flory, "Principles of Polymer Chemistry", Cornell University Press,
Itnaca, 1953.

19 R.M. Fitch, ed. "Polymer Colloids", Plenum Press, New York, Vol. 1, 1971,
Vol. 2, 1980.

20 R. Zsigrnondy and P.A. Thiessen, "Das kolloide Gold", Akad. Verlagsges.,
Leipzig, 1925.
R. Zsigmondy, Z. physik. Chem., 1906, 56, 65, 77.

21 V.K. La Mer and M.D. Barnes, J. Colloid Sei., 1946 , !_, 71; V.K. La Mer,
J. Phys. Colloid Chem., 1948, 52, 65; D. Sinclair and V.K. La Mer, Chem.
Revs^, 1949, 44, 245; V.K. La Mer and R. Gruen, Trans. Faraday Soc., 1952,
48, 410.

22 V.K. La Mer and R.H. Dinegar, J. Amer. Chem. Soc.. 1950, 72, 4847; Ind.
Eng. Chem., 1952, 44, 1270.

23 H. Siedentopf and R. Zsigmondy, Ann. Physik (4), 1903, _10, 1. See also
R Zsigmondy, "Zur Erkentniss der Kolloide," Jena, 1905.

" Th. Graham, see ref 3 .
25 H. de Bruyn and S.A. Troelstra. Kolloid-Z., 1938, 84, 192.
26 H.C. Hamaker, Physica, 1937, 4_, 1058.
27 J.Th.G. Overbeek, J. Colloid Interface Sei ., 1977, 58, 408.
26 0. Stern, Z Elektrochem., 1924, 30, 508.
25 G. Gouy, J. phys., (4), 1910, 9_, 457, Ann, phys. (9), 1917, 7_, 129; D.L.

Chapman, Phil Mag. (6) 1913, 25, 475.
30 P. Debye and L. Huckel, Physik. Z., 1923, 24, 185.
31 E.J.W. Verwey and J.Th.G. Overbeek, "Theory of the stability of lyophobic

colloids", Eisevier, Amsterdam, 1948, p. 140. Essentialy the same eouation

together with tue subsequent treatment was given by B.V. Deryagin and L.
Landau, Acta Physicochim. U.R.S.S., 1941, _14, 633; J. Expt. Theor. Phys.
(in Russian), 1941, U_, 802, 1945, _15, 662.

32 H Freundlich, Z. physik. Chem., 1903, 44, 129, 1910, _73, 385.
33 H Freundlich and G. von Elissafoff, Z. physik. Chem., 1912, 79, 385; H.

Moravitz, Kolloidchem. Beihefte, 1910, J., 301
3* H. Freundlich, Z. physik. Chem., 1903, 44, 151.



35 h. Scnulze, o. prakt. Chem. (2), iü82, 25_, 431, 1883, 2]_, 320.

'6 W.B. Hardy, Proc. Roy Soc. London, 1900, 66, 110, Z.physik Chem., 1900,

33, 385.
37 D.H. Napper, Trans. Faraday Soc., 1958, 64, 1701; J. Colloid Interface

Sa., 1970, 32, 106, R. Evans and D.H. Napper, Kolloid Z.Z. Polym , 1973,

251, 329, 409
38 F.Th Hesselink, J. Phys. Chem., 1969, 73, 3488, 1971, 75, 65, F.Th.

Hesselink, A Vrij and J.Th G. Overbeek, J. Phys. Chem., 1971, 75_, 2094.
39 D.U. Mitchell, B.W. Ninharn âna B.A. Pailthorpe, Chem. Phys. Letts., 1977,

51., 257, J. Chem. Soc. Faraday Trans. II. 1978, _74, 1098, 1116; D.Y.C.

Chan, D.J. Mitchell, B.iJ. Ninham and S.A. Pailthorpe, Hol. Phys., 1978,
35_, 1669; J.Chem. Soc. Faraday Trans. II, 1979, 75_, 556, 1980, _76_, 776
U.J. van Megen and I.K. Snook, J. Chem. Soc. Faraday Trans. II, 1979,

75_, 1095; I.K. Snook and W.J. van Megen, J. Chem. Phys., 1979, 70, 3099,
1980, 72, 2907; J. Chem. Soc. Faraday Trans. II, 1981, ]]_, 181; J.E. Lane
and T.H. Spurling, Chem. Phys. Letts.. 1979, 67, 107, Aust. J Chem ,
1980, 33_.

"° J. Tyndall, Phil. Mag. (4), 1869, 37, 384, 38, 156.
41 G. Mie. Ann. Physik (4), 1908, ZS_, 377.
"2 N.A. Clark, J.H. Lunacek and G.B. Benedek, Amer. J. Physics, 1970, 38,

575.
1(3 J. Errera, J.Th G. Overbeek and H. Sack, J. Chimie Physique, 1935, 32,

681.

"'t H. Freundlich, "Thixotropy", Hermann, Paris, 1935. T. Péterfi, Arch.
Entwicklungsmech. Organ., 1927, 112, 689.




