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Colloids, A Fascinating Subject: Introductory Lecture
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Summary

Collovd science may be considered to start with the study of pseudo-
solutions 1n water of sulphur, silver chloride, Prussian blue (SELMI, 1845), of
colloidal gold (FARADAY, 1857) and with the coining of the term “colloid" by
GRAHAM 1n 1861. Colioids are present as dispersed systems, characterized by
slow aiffusion 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 um.

Some colloird systems such as polymer solutions and soap solutions, con-
taining micelles, form spontaneously  They are thermodynamically stable, and
are called Zyopnilie colloras. Others, which contain particles, insoluble 1n
the solvent (e.g. AgCl, S, Au, o1l 1n water), must be prepared 1n a roundabout
way. These are called lyopnobie colloirds. In their preparation the presence
of peptizing or stabilizing substances 1s essential. Since van der Waals
forces always tend to lead to agglomeration {floccuiation) of the particles,
stability (1 e a long shelf 1ife) 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
11ght 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 ymportance.

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

Collo1d Scrence finds 1ts origin 1n the discovery of solutions of
certain 1nsoluble substances SELMI® described 1n 1845 pseudosoiutions
in water of silver chloride, sulphur and Prussian blue He included them
1n the same class as solutions of albumin and starch A1l these solutions
are clear or slightly turbid SELMI considered them to contain particies
which are larger than the usual molecules  MICHAEL FARADAY?, towards the
end of his 1i1fe, made fairly extensive studies of the colloidal gold sol
and to the present day the very fine gold sols (particies of about 3 nm
radius) prepared by reduction of a gold chloride solution with phosphorus
are called Iaraday sols  GRAHAM® who coined the term “"collord' ( = glue
Tike) 1n 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 particies are fairly large (say
farger than 1 nm) On the other hand the fact that these same colloidal
solutions o0 not sediment (or only very slowly) under normal gravity
proves tha* the particles cannot be very large {(say not larger than 1 um)

Collordal suspensions {= sols) have found numerous fundamental app-
Tications, as 1n PERRIN's studies* 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 state® The rate of rapid coagulation of colloids,
in whick each Brownian encounter between two particles results 1n per-
manent contact, was clarified in 1916 by the beautiful theoretical work
by VOWN SMOLUCHOWSKI®  This rate of coagulation 1s 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
15 slowed down, because 1t 1s difficult to squeeze out the last layers
of Tiquid from between the particles, was recently formulated by several
authors (DERYAGIN and MULLER®, SPIELMAN®, HONIG, ROEBERSEN and WIERSEMA!S
DEUTCH and FELDERHOF') and nicely confirmed by experiments on the coagu-
lation of latex particles (LICHTENBELT et al *?) Phase transitions
(HACHISU'?) between concentrated l1quid-like colioidal dispersions and
crystalline arrangements of the particies have been observed and they
follow from the statistical thermodynamics of such systems’'®

Other applications of colloids are eminently practical Emulsions
(d1spersions of liquid particles 1n a liquid, such as 011 1n water or
water 1n 011) are used very widely Milk, mayonnaise, crude 011 con-
taining water at the well head, and many cosmetic and pharmaceutical
preparations belong in this category Latices of various polymers are



Collowds 4 Fascinating Subject

prepared 1n quantities of millions of tons per year 1n a process called
emulsion polymerization, 1n which one starts with an emulsion of the
monomer 1in water.

Suspensions {dispersions of solid 1n liquid) are found i1n the kitchen
in the form of various soups and sauces. Many paints, inks, and lacquers
are fine suspensions of the pigments 1n 011 or water or even in an emul-
ston. (lay particles are of colloidal size It 1s hardly possible to
exaggerate their importance 1n agriculture, i1n ceramics and even 1n delta
Tformation

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

Soap bubbles, foams and bicicgical membranes show colloidal proper-
ties, since tne thickness of the lamellae ranges from 4 nm to over 1 um.

Colloidal systems nave interesting ootical properties, colour, tur-
bidity, birefringence. Some of tnese properties are peculiar because the
wavelength of visible Tight Ties 1n the colloidal size range. Many col-
lo1dal particles carry an electric charge due to surface dissociation or
to the adsorption of 1ons This electric charge happens to be very
mmportant in stabilizing colloidal dispersions, 1n characterizing the
particles and 1n several applications.

Collords, especially concentrated colloids, have remarkable mechani-
cal properties. Think of gelatin solutions, which flow freely above 40%,
but become ri1g1d (form a gel) at room temperature. A good paint must
flow easily when applied, but then must rigidify soon in order to prevent
1t from flowing off vertical surfaces. Wet clay must not change 1ts shape
in normal gravity, but yield easily to the sculptor's thumb.

I hope that this introduction has shown that the study of colloids 1s
worthwhile to increase our understanding of nature and to allow us to con-
trol 1t more efficiently and that it has whet your appetite to taste more
of this field of neglected dimensions. C f WO. OSTWALDs book, Die Welt
der vermachlassichten Dimensionen'S.

2. Types of colloids and their preparation

The simpiest type of colloid 1s formed by solutions of macromolecules
(polymers), including biopolymers such as proteins, nucleic acids and
polysaccharides. These systems belong to colloid science since the sizes
of macromolecules fall 1n the colloidal size range. The older genera-
tion of colloid scientists (FREUNDLICH,'S, KRUYT and BUNGENBERG DE JONG!”)
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 1ts own with 1ts own
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textbooks {e.g FLORY!®) and periodicals.

However, colloid science 1s 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
collords (FITCH!®), 1n which particles of collovd size made of polymers
are dispersed 1n non-solvents for the polymer molecuies. Furthermore
polyners are freguently used to modify the properties of other colloids as
we shall see 1n section 3 on steric stabilization

The next class of collioids consists of solutions of soaps and other
amphipotar substances. These moiecules are characterized by a large non-
polar part (hydrocarbon or fluorocarbon) and a water compatible polar
part. The polar part may be anionic, as in ClZHZSOSOBNa’ or cationic, as
m 616H33N(CH3)38r, or Pon-10N1C as 1n C9H19(C6H4)O(CH2CH20)8 H. 1In
water, above a certain concentration {the lower, the larger the non-polar
part), aggregates of 20 or more molecules, which are called weelles, are
formed. Therefore these colloids are called association col ords. The

éfifﬁb Figure 1. Schematic represen-

CQ:CD tation of a sphe ical or cylin-
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lack of solubiiity of the hydrocarbon {fluorocarbon) part 1n water drives
the non-polar groups together, but 1nstead of then forming a separate
phase the particie growth stops when the non-polar nucieus 1s sufficiently
surrounded by polar groups, thus minimizing the water-hydrocarbon contact
area The same substances may form wmverse mcelles {polar parts inside)
in non-polar solvents

Micelles and 1nverse micelles may take up other molecules in their
interior 1n a process called solubilzzation. This may even go so far as
to result 1n the formation of fairly large droplets with a radius of say
10 nn Such systems are called meroemulsions and may be either of the
water-1n-011 or o1l-in-water type In recent years microemulsions have
drawn a great deal of attention, since they are applied 1n tertiary o1l
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recovery on the basis of the extremely low 1nterfacial tensions (to less
than 0 001 mi m'l) exhibited by these systems

A1l the categories mentioned so “ar are thermodynamically stable
colloids and are known as .yopnilic collowas (hyaropnilic 1f water 1s the
dispersion nedium).

Colloidal dispersions of 1nsoluble"substances, called Iyophobic
(nydrophopie) collords, are not in thermodynamic equilibrium, but, 1f well
prepared, they may have 11fe times of many years. (Some of FARADAY's
gold sols st111 exist). Lyophobic colloids are prepared either by
arspersion methods { = grinding, milling, etc. unt1l the particles are
small enough) or - more subtly = by condensation methods. In a conden-
sation method the insoluble material 1s precipitated from a soiution of
small molecules or 1ons under circumstances in which a high rate of
nucleation of the new phase 1s combined with a relatively slow rate of
growth of these nucle1 The process may sometimes be carried out in
such a way that all the nuciel are formed 1n 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 particies
grow at the same rate which leads to monodisperse ( = isoaisperse)
systems. The method goes back to ZSIGMONDY's?® gold sols, but 1t was
applied to many other cases (sulphur sols, aerosols) and interpreted more
fully by LA MER and coworkers?®. Figure 2, based on LA MER's work??
shows that, 1f the material for the particles 1s supplied continuously
(e.g. by slow formation of sulphur from acidified thiosulphate) and 1f
the nucleation concentration 1s sufficiently far above the saturation
concentration, a short burst of nucleation may rapidly 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
Figure 2. Showing

______ nucleation conc _ schematically how a
nucleation period and a
growth period may be

saturation conc separated, thus leading
to a monodisperse sol

Time
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Whether prepared by dispersion or by condensation lyophobic colloids
only have a long i1fe 1f suitable peptising or stabilizing substances
are present  Such substances are needed to prevent the particles from
making actual contact and sticking together during their frequent Brown-
1an encounters  The vivad Browmian motion of colloidal particles forms
a fascinating sight, when observed 1n a dark field microscope (an ultra-
mieroscope) and has been described as a tableau of "thousands of dancing
ghats' Figure 3 shows the central part of the field of view 1n SIEDEN-
TOPF and ZSIGMONDY s ultramicroscope®®, 1n which the beam of a strong
light source 1s concentrated by a microscope sbjective perpendicular to
the line of sight of the microscope through which the phenomenon 1s ob-
served

Figure 3  Cen-
tral part of the
fi1eid of view 1n
SIEDENTOPF and
ZSIGMONDY's ultra-
microscope

Light

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

011-1n-water (0/W) and water-in-o011 (W/0) emulerons are prepared
by shaking, stirring, or sonication of a mixture of 011 and water. The
resulting emulsion 1s only stable 1f some soap, or some other stabilizer,
1s present to prevent the newly formed oil-water interfaces from coalesc-
ing  The type of stabilizer determines whether an O/W or W/0 emulsion 3s
formed

Silver halide sols are formed by mixing solutions of siiver nitrate
and alkaly halide They require an excess of Ag+ or Hal~ 1ons for their
stability

The arsenie sulphide sol 1s prepared by pouring a saturated solution
of A5203 into a solution of HZS 1n water which 1s kept saturated by bub-
bling HZS through 1t The excess st {sulphide 3ons) 1s the stabilizer

Ferric hydroxzide and ferrie oxide sols are formed by the hydrolysis
of ferric chloride solutions either by heating or by increasing the pH
Depending upon the conditions Fe3+ or OH™ 3jons are stabi1li1zing 1ons

Gold sols are formed by reducing dilute gold (AuIII)
Tutions with a great variety of reducing agents, such as formaldehyde,

chioride so-

hydrazine, hydrogen peroxide, sodium citrate The stabilizer 1s 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 1n an emuision 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 1t may appear that the stabilizing substances
provide 1ons that are adsorbed onto the particles, thus charging them,
so that they repel one another There are, however, other very general
stab1l1zing supstances, such as gums and gelatin which are non-specific
protective agents for dispersions 1n water and which may protect even
without being electrically charged.

This brings us to suspensions in o1l and i1n other non-aqueous media,
which are usually prepared by grinding in the presence of suitable, o11-
soluble and adsorbable protective agents Examples are paints and 1inks,
doped engine o11s 1n which the dopant, a protective agent,keeps carbon
particies resulting from i1ncomplete combustion 1n suspension, thus pre-
venting them from causing abrasion

Since many colloids contain contaminating substances that have re-
mained from the preparation stage, 1t 1s desirable and sometimes essential
to remove these substances. This can be accomplished by dialysis, 1.e.by
bringing the colloid 1n cuntact 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 1ons 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 1nverted bottom-
less beaker closed at one side by a parchment (later cellophane or col-
Todion) membrane. Figure 5 shows a modern five chamber electrodialyzer?s,

sol Figure 4. Dialyzer as used by GRAHAM.

solvent

—

In a very simple, but effective method of dialysis the sol 1s enclosed 1n
a lenygth of regenerated cellulose or nitrocellulose tubing ("art-ficial
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sausage skin"), which 1s allowed to float around 1n the freauently re-
newed solvent

Pl
™
S

o,

e

Figure 5. Elect-odialyzer with five chambers.
A,F = supply of distilled water, B = drain of rinsing chamber,
(,D = membranes, E = electrode chamber, G = drain of electrode
compartments, H = electrode, I = groove for escape of gas, M = middle
chamber, containing sol, R = stirrer,

3. Stabili.y of lyophobic colloids

Colloid particles always attract one another by van der Waals forees
(drspersion forces), 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 # = P - 2o between the surfaces, the energy of attraction 1s
st111 of the order of kT (k = the Boltzmann constant, T = the absolute
temperature) when z = 0.la.

HAMAKER derived the following expression for the energy of attraction
between two equal spherical particles?®,

z 2 .2
4 2a 2a R -4qa
A = - + + 1In — 1 (1)
att 6 R2_4a2 RE pZ

where the Hamaker comstant, -, depends strongly on the nature of the
particles and the medium, but 1s usually in the range of 10_21 —10'19
or 4 ~0 25 kT to 2o +7 at roon temperature.

J,
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For small distances eq (1) can be approximated by

~ . Aa

AVatt = - 5 {2)

or more precisely?’?

~ 1 k4
Mo - L v 27 ) (3)

where 2 = g + 3H/4.

Given the intensity and the range of the van der Waals attraction,
a sol can only be stable 1f 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 1s
based on the charge of the particles, obtained by surface dissociation or
by preferential adsorption of 1ons of one type. It 1s, however, not a
stmple Coulomb repulsion, since, to conserve electroneutrality, the
particle charge 1s surrounded by a more or less diffuse 1on atmosphere,
which forms an zlectric double layer with the surface charge. The double
layer 1s represented in figure 6. It may be divided into a molecular

Do)
9
S
S Figure 6. Schematic
‘?’ g representation of the
a distribution of the
Q 1ons and the decay of
S the electric potent-
9® Vo %%  aistance 12l 6 1n a double
¢ | layer.
_,_c.i_:._ Gouy-Chapman
Stern

cundenser or STERN layer?® and a diffuse or GOUY-CHAPMAN layer??. At
large distances, x, from the surface the potential decays as exp(-kz),
at short distances somewhat more steeply. «x 1s the 1nverse DEBYE-HUCKEL
leng.h®®, It 1s given by
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1
€ =[] (4)

n which e, and &, are the concentration and charge number resp of the

ions of type 1, € the dielectric constant of the solution, €6 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{-x#) and can be written®! %)
N 4ry 2
Avrep >+ 2me ey a =F Y) exp{-k¥) (5)

where y = tanh (z ¢d/4RT), z 15 the charge number of the counter 1ons
and oy the potential at the plane of the Stern-ions (dissolved counter
1ons 1n closest approach to the surtace, see fig 6).

Because the attraction decays as an inverse power of the distance
(as H'1 for spherical particles at short distances, and as H—G at large
distances) but the repulsion decays exponentialiy with , the attraction
prevatls both at short and at large distances, but at intermediate
distances {# = K'l) the repulsion may win and an energy barrier 1s formed
which keeps the particles apart and thus stabilizes the sol Increasing
the concentration and/or the charge number of the electrolyte in the
solut10n compresses the douwble layer (k =z v/ ¢ ), shortens the range
of the repuision, tends to decrease ¢d’ and thus eventually eliminates the
energy barrier. This 1s most strikingly 11lustratzd by 2 table (Table 1)
of electrolyte concentrations {eritical coagulation concentrations) at
which a so! loses 1ts stability and coagulates (= flocculates). The dis-
proportionately large influence of the charge number of the counterions
(= 10ns cnarged oppositely to the particle charge) and the small 1nfiuence
of the specific nature of the ions s typical for hydrophobic sols and
1s known as the rule of Schnulze®® and Hardy®©.

When a d.c. electric field 15 applied to a sol with charged particies,
the particles nove with a velocity proportional to the applied field
strength and 1n a first approximation oroportional to the potential of the

* This equation 1s an approx1mat1on in several respects. It assumes
that 9q 18 1ngependent of Z, whereas |¢ | 1n general w11l 1ncrease with
decreasing H. Moreover even at ¢, = constant the repulsion would 1ncrease
more steeply than exp{-«x#) for sm911 values of # However eq.(5) 15 a
good approximation at ]arge kH and 1t predicts the effects correctlv 1n a
sem-qguantitative sense at smaller xk.
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Table 1
Critical coagulation concentrations (c.c.c ) in milwmol/T.
As,S4 - sol, negatively charged??

c.Cc.C. c.C.Cc ccc,
L1cl 58 j MgCl, 072 AICT, 0 093
NaCl 51 cact, 0 65 3A1,(S0,); 0 096
KO, 50 1, 0.69 Ce(N0y); 0 080

Au - sol, negatively charged?®®

c.c.c. ¢ c.c. c.cc.
NaCl 24 CaC]z 0 41 §A12(SD4)3 0 009
KNO3 25 BaCI2 0.35 Ce(N03)3 0 003
§K2504 23

Fe203 - sol, positively charged®*

c.c.c ccec.
NaCl 9.25 K2504 0 205
KC1 9.0 MgSO4 0 22
KBr 12.5 K2Cr207 0.195

mob1le part of the double layer, the so-called zeta(z) potential. The

¢ - potential 1s usually close to the Stern - potential, oy This motion
1s called electrophoresis. It 1s one of the electrokinetic phenomena.
They all have their origin 1n the double layer and manifest themselves
when e1ther an electric field or a flow field 1s applied parallel to the
interface. FElectrophoresis 1s 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, sterie repulsion. It 1s
obtained when the particle surface 1s covered (by adsorption or chemical
reaction) by bulky molecules, usually long chain molecules, thus g1iving
the particles a "hairy" surface. If these hairs are compatible with
(= soluble 1n) 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 1s
due to two effects, an osmotic effect caused by the high concentration of
chain elements 1n the region of overlap, and a volume restriction effect
aue to the Toss of possible conformations in the narrow space between the
two surfaces 37238,
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Figure 7. Illustrating two aspects of steric repulsion «. Osmotic
effect due to high concentration of chain elements 1n the region of over-
lap b Volume restriction effect due to loss of possibie conformations
of the “nairs”

Steric repulsion 1s particutarly important for stabilization in non-
aqueous, non-pclar media. It can be 1nfluenced by changing the Tength
and nature of the hairs, by i1nfluencing the adsorption energy, and by
changing the properties of the solvent In worse than théta conditions
the hairs coliapse and steric repulsion 1s not effective. Substances
causing steric stabilization are either of the anchor and chain type or
homopolymers. The anchor 1s 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 1s adsorbed {as trawns),
most of the elements are in the solvent as loope and tails. Protective
agents mentioned earlier act by steric repulsion, even 1n water.

In the last few years renewed 1nterest3® has arisen 1n the so called
structural forces. These are due to the modification of the solvent
structure near 1interfaces as a result of packing restrictions. As far
as can be judged now, these forces 1n 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 particies
where they have an oscillating character and they may play an essential
role 1n repeptisation ( = redispersion of & coagulated suspension or
emulsion)

4. Potent1al energy curves

Potential energy curves, in which the change 1n free energy (AV)
1s plotted against the distance (H) between the particle surfaces, form a
powerful instrument for surveying the interplay between different forces
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»
Figure 8 shows a set of sucn curves for the repulsion, the attraction

and the combination of the twe 1n the case of electrostatic stabilization.
If the particles are caught 1n the very deep miminum { the primary mini-
m=um) at small separations { L T I 0) 1t 1s very difficult

LVprepulsion
~exp(—aH)

Figure 8 Electro-

~. Y static repulsion, van
« == der Waals attraction
- and the combination
e
7~ =
e BViotal = BV ¥ AV,
| 7
1
/s
)

/
; 4Va van der Waals
!

!

or impossible to separate them. The shallow minimum at large # (the
secondary menamum), which may 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 compasition of the medium, or even simply by Brownian
motion. If the maximum in the curve 1s more than 15 or 20 kT, effective
collisions leading to permanent contact in the primary minimum become so
rare that the suspension 1s 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 1s very steep, the primary minimum often unattainable

Figure 10 1s 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 1n the solvent in the neighbourhood of
an 1nterface. Depending on how difficult or easy 1t 1s to remove the last
layer of molecules between two 1nterfaces the structural force may be re-
pulsive or attractive at very small separations. The subject 1s n rapid
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Figure 9 Schematic representation
of the free energy as a function of
H 1n the case of steric stabilization

+kT

-kT

/
/ van der Waals
/

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 1n water

4V |
Ao
\
M
! Structural
,’ force
+ kT _!’
—kr H H
) \\\‘_,///
i
) ?
i
|

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 1ight (TYNDALL T1ght*®) 1n all directions For small particles
the scattered intensity 1s proportional to the square of the volume of the
particies The scattering per unit volume of the suspension 1s thus
proportional to vts mass concentration times the volume (or mass, or mole-
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cular werght) 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 1i1ght become very
complicated {MIE theory*!). The turbidity of colloids 1s appiied n a
variety of ways It 1s used for the determination of the molecular weight
and, 1f large enough, the size of the particles Fibers such as nylon or
polyester are made opaque by the incorporation of finely divided T102.
The back scatter of the head lamp 1s known to everyone wno has driven a
car at night 1n a fog. Aerosols are used for mlitary camouflage purposes,
but also for the protection of orchards against frost damage by excessive
radiation to the clear night sky

The availabil1ty of lasers has made 1t 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 spectroscopy*?.

Collo1ds are often deeply coloured (red gold sol, deen yellow Aszs3
sol, red VZOb sol) 1f the colloid material absorbs visible light. Paints
and 1nks 1n whicn the pigment particles are finely dispersed are an ob-
vious application of this effect

As mentioned before colloids show electrophoresis 1n an electric
field In such a field the double layer 1s polarized as shown 1n figure
11, but not permanently stripped off the particle This polarization

+
+ + .

++ Figure 11. Showing

+ how the double

@ + + S layer around a
+ +;f particle 1s polar-
+ 1Zed 1n an electric

+ + field.
+

affects the electrophoretic mobility of the particle. The dipoles formed
cause an 1ncrease (i1n some cases a very large increase) 1in the dielectric
constant of the system. If the particles are rod-l1ke or pnlate-like the
polarization tends to orient the particle paraliel to the (ines of force
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(see figure 12) thus causing electric birefringence (Kerr-effect®?)

Figure 12  The electric polarization of an anisodimensional 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 electrodepcsition paint suspensions are deposited by
electrophoresis onto metal substrates The process 1s used on a large
scale 1n painting car piatework

Suspensions of ferromagnetic particles become birefringent by
orientation of the particles in a magnetic field {Cotton-Mouton effect)
Concentrated suspensions of this nature may fiow freely in zero field but
become rigid 1n a strong magnetic field

Correct preparation and handling of suspensions of magnetic particles
1s essential for the preparation of sound tapes and videotapes.

Concentrated collold systems nave remarkable rheological properties.
Stable suspensions and emulsions behave as Newtonian Tiquids n weak
shearing fields, but under strong shear the particles cannot move fast
enougn past one another and the system rigidifies (shear thickening or
delatancy) If one walks on a wet sandy peach one sees a ring of dry sand
around each footstep caused by dilatancy of the wet sana

Stable systems settie eventually to a very dense sedwument since the
particles can roll over each other until the closest packing 1s reached
This may happen 1n a can of paint which 1s too well stabilized If the
system 1s unstable, even when 1t is only "weakly flocculated", the sedi-
ment volume 1s large and 1t way even f111 the whole suspension, thus caus-
1ng the formation of a gel as 1llustrated in figure 13 If sucn a weakly
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flocculated suspension 1s stirred or shaken 1t 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 1s broken. After being
left undisturbed for some time 1t returns to the gel state. This 1s
called thixotropy** or reversible sol-gel transjormation, & property
essential for a good paint, for the drilling muds used 1n 011 well dril-
Ting, and 1n many pastes.

Soap bubbles and foam lamellae would break very quickly, 1f they were
not stabilized by tne adsorption of the amphipolar soap or soap-like
molecules at their surfaces. Figure 14 11lustrates for an 10mized soap
how the overlap of the two double layers 1s similar to that between
electrically stabilized collordal particles and how this may prevent the
uitimate thinning and breaking of the lamella.

e Q
= ®® g c
o ®0 S ® o Figure 14. Cross section through
@0 ® o a soap film stabilized by the
o @ O adsorption of soap 1ons at 1ts
o @ @ © - surfaces and by the overlap of
SA ® @@ S double layers.
Sxe) @
© ® S

Foams are sometimes a nuisance and must be destroyed or their for-
mation prevented as in distillations or 1n washing machines. They also
find many useful applications as 1n frotz flotation, a process by which
yearly mi1lions of tons of minerals are separated from gangue and from
one another, in beer, whipped cream and many other applications in foods,
alse 1n fire fighting foams.
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Foams and soap films bring us close to at least one application
of colloids in biology All biologica. cells are surrounded by a mem-
brane ana similar membranes occur copiously 1nside the cell  The essent-
121 structure of those membranes 1s that of a seap f1lnm turned insige out
The amphipolar molecules 1n this case are lectthins and other phospho-
T1pids  Figure 15 gives a schematic picture of such a membrane As can
be seen 1t forms an o1ly layer between two water layers, thus separating
the 1nside and outsiae of the cell with respect to all water soluble
molecules If such molecules have to pass the membrane, special mechanisms
are locally built i1nto the membrane

hood o) Figure 15 Biological membrane built from

()Q::::::::::EI) phospholipids with two hydrocarbon chains
foq::’j:::zx) and a polar part which 1s zwitterioric

= {phosphate and ammonium) 1n lecithin

Other colloidal aspects 1in biology are the biopolymers {proteins,
nucleic acids, polysaccharides), cell adhesion, rheology of blood, the
emulsion aspect of milk etc

6 Conciusion

The description of colloird systems as aispersions of particies with
interparticlie 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 coliordal solutions as & whole and for the detailed treatment
of interparticie forces 1n lyophobic systems A number of aspects have
been treated incompletely or not at all in this introductory lecture
They will be treated more fully 1n later lectures in this symposium

Colloids find a great many applications, some based on the small
s1ze and the large number of the particies, some on the huge interfacial
area with 1ts capacity for heterogeneous reactions, others again on their
optical, electrical or mechanical properties Not a few of these applica-
tions are found i1n fundanental research

Colloi1ds are fascinating to look at, fascinating to understand,
fascinating 1n their applications
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