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ABSTRACT

Several examples have been reported in the literature of
selective coagulation (as distinct from selective flocculation by
polymers) from mixed colloidal mineral suspensions. Since all the
reported céses have been purely empirical investigations, this thesis
begins by describing a theoretical study of selective coagulation on
the basis of current colloid stability theory. A series of curves
have been computed relating the stability of hypothetical monodisperse
suspensions of spherical particles to the radii and surface potentials
of the particles. The stability curves indicate that a wide range of
coagulation rates is possible. Consequently, in favourable conditions,
separations should be possible by employing éhemical control of the
surface potential of the different species present, in order to produce
coagulation of oﬁe colloidal species while leaving others substantially
fully peptized.

An experimental\test of the theory was made using well defined
colloidal systems of fractionated quartz particles and pure synthetic
rutile. A study of the stability regions of the separate sols was
made by coagulation tes£s with a range of pH and electrolyte
concentration. A region of selective coagulation of the mixtures was
anticipated from these results wpere the quartz remained stable while
the rutile was observed to undergo rapid coagulation. Chemical
analyses of the supernatant liquids and sediments from mixed suspensions
confirme@ successful separations. A similar series of experiments with
gquartz and fractionated natural hematite gave essentially similar

results to those described for quartz + rutile.
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Calculatiohs confirm that although the Hamaker constants of
quartz{ rutile and hematite differ and tend to favour less stability
in the latter two components, the basis of the selective coagulation
in the systems studied was the choice of pH regions and concentrations
of indifferent electrolyte which give well separated values of zeta

potential.

In an appendix a study of the coagulation of two different forms
of silica sols, namely, monodispersed amorphous silica particles and
‘aged' quartz particles, has been £eported under various conditions of
pH and salt additions. The coagulation characteristics were found to
be unusual but a‘full theoretical interpretation of the observations

could not be offered.
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CHAPTER 1

GENERAL INTRODUCTION

The term "colloidal' minerals is intended to embrace not only
those minerals which occur naturally mainly as sub-micron particles,
for examples, the various clay minerals such as montmorillonite, but
also artificial mineral '"slimes'" resulting from grinding and other
mineral treatment processes. The need for new methods of extracting
the valuable constituents from extremely finely divided minerals
(approximately smaller than 10 microns in diameter), which are either
lost or interfere in conventional separation processes for mixtures
of minerals, is widely recognised(l). One possible process for.this
purpose is selective flocculation or coagulation by means of which
one component of a mixed dispersion can be made to aggregate and
sediment under gravity, thereby becoming more readily separable.

Such a process might be used either to fecover a valuable slime or
remove an unwanted one. Other selective agglomeration processes such
as 'piggy-back' flotation and emulsion flotation have been proposed in

the mineral industry for a similar purpose, but their technology

differs.

All very finely divided minerals, when dispersed in water,
form essentially "hydrophobic'" colloids. If stability is observed,
it can be accounted for by electrostatic repulsion between the
particles, arising from their electrical double-layers. Such stable
mineral dispersions may be coagulated or aggregated by employing

various techniques. Addition of a simple electrolyte, a soluble



inorganic or simple organic salt, reduces the repulsion forces between
the particles arising from their electrical double 1éyers, and this
favours the onset of the aggregation process, as described by simple
Smoluchowski diffusion kinetics. The most effective agents that bring
about this change, i.e. 'coagulants', are adsorbed as ions at the
solid/liquid interface and their effects are primarily electrostatic

in that an increase of iohié strength of the medium produces a similar
reduction in the potential at the particle surface. Adjustment of the
pH of an oxide dispersion, by changing the concentration of '"potential-
determining ions", can result in the lowering of the surface potentiai
and a reduction of the repulsive forces between simple particles.

This process is nowadays called coagulation (although in the past the

terms coagulation and flocculation have been used indiscriminately).

It is essential to formulate the laws which govern the sign and
magnitude of the surface potential of the mineral particle in water in
order to offer a means of controlling the stability. The net surface
potential on the mineral/water interface may result from the
isomorphous substitution of foreign ions of different charge into the
crystal lattice, or the competitive adsorption of ionic species from
the solution. In general the ionic specivs in solution do not have
equal adsorption affinity and hence there is usually an excess
adsorption of ions of one sign, producing a net surface charge density,

OQ ~and a surface potential, Y@ . The balance of charge may be
restored by iancreasing the concentration of the less strongly adsorbed
lattice ions. There is, therefore, a certain concentration of one of
the potential-determining ions C% , which brings the surface to its

so-called "point of zero charge" (p.z.c.) sometines called "zero



point of charge" (z.p.c.) where ;yG = 0. The surface potential,
yq , at any other concentration (CQ ) is assumed to be calculable

by use of the Nernst equation.

Y, ~ BI fffl(ﬁk)

FolG

where Z is the valency of the ion, T is the absolute temperature,
}? is the universal gas constant and F~is the Faraday Constant. (A
similar equation could be written for the other potential-determining

ions in the system.)

Since there is no method of determining y%- independenfly,
the zeta potential is normally taken as a practical substitute fér
7% . The potential-determining ions for mineral oxides in agueous
media are H' and OH™, since the oxide surface is subject to an acid/

base equilibrium, and this may be controlled by the adjustment of pH.

Aggregation may also be achieved by addition of polymeric
substances which bind the particles together by a bridging type
mechanism; this process is nowadays called 'flocculaticn' following

(2)

the definition of LaMer Hydrolyzing metal salts and natural
starches, alginates, gums or synthetic neutral or charged polymers or
polyelectrolytes are often used. Flocculation is characteristically
more rapid than coagulation and the aggregates formed, (i.e. "flocs")
are elastic open structures. The structural requirements of the
flocculants are that they can adsorb on the particle surface and are

of sufficient length to bridge a gap between adjacent particles.

Hydrated aluminium or iron hydroxides form bridges via condensation



reactions, whereas organic flocculants are macromolecules of high
molecular weight; in fact, the most effective organic flocculants

are linear polymers of molecular weight :> 106.

This distinction between coagulation and flocculation is
convenient and clear enough in extreme cases, but examples are known
of intermediate character. It has been pointed out, for example,
that the action of hydrolyzing metallic salts, e.g. alum, may act by
both ion adsorption (coagulation) and bridging (flocculation) the
(3)

effective agents being inorganic metal hydroxy-polymeric species

leading to precipitation of the hydroxide.

In selective coagulation and flocculation, the object is fo
use one (or both) of the methods of producing instability of a colloidh
to selectively aggregate particles of one species while leaving the
others in a dispersed state. Early methods of achieving this result
were developed empirically rather than on a theoretical basis, since it
was observed that certain flocculants were more effective in flocculating
some minerals than others. This fact was ascribed to the differing
surface chemistry of various minerals and it was suggested by
Kitchener(h), that, in order to operate selective flocculation on a
scientific basis of differential adsorption, it is essential to have a

considerable knowledge of the surface chemistry of the components in

the mixture.

At present the volymeric flocculants offered the most attractive
procedure, since their selectivity is independent of particle size or

shape. Several examples have been reported in the literature in



(5)

recent years. Gaudin and Malozemoff emphasised the advantage to
be gained by selectively "flocculating'" galena slimeé prior to
separating them by froth flotation. A range of compounds of the
xanthate type was employed but it was found necessary to add the
reagent to a freshly ground surface; otherwise non-selective hetero-
flocculation occurred. There are also several early patents
describing the selective flocculation of impurities from clay
minerals. A 1953 U.S. patent describes the separation of phosphate

(6)

rock from clay using a modified starch flocculant , and a tapioca
flour has been successfully used in the separation of iron from
non-magnetic taconites in a pilot plant constructed by the U.S.A.

(7)

Bureau of Mines .

In 1968 synthetic polymers such as polyacrylamide were found

(8)

useful by Usoni and co-workers in the laboratory separation of
various minerals from quartz miktures. The flocculation
characteristics of the polyacrylamides and polyacrylates have also
been investigated, in the presence of various divalent cations acting
as promoters or depressants, in an attempt to develoﬁ selectivity.

(9)

Yarar and Kitchener carried out a series of experiments in 1970,
in an attempt to establish the principles of selective flocculation
using both anionic and cationic polyacrylamide polymers. The
stability of quartz, calcite and galena suspensions was recorded in
relation to the zeta-potential of the particles and the composition
of the dispersion media. Binary and tertiary mixtures were
studied, and under favourable conditions high grades of recovery were
(10)

obtained in one or more stages. Read , in 1971, successfully

separated hematite and feldspar from an artificial mixed suspension



by simply changing the anionic character of the hydrolysed poly-
acrylamide; it was found necessary to use a strongly hydrolysed
polymer to flocculate iron while feldspar was easily flocculated by

a weakly hydrolysed polymer.

There are, in addition, reported cases of selective
flocculation or coagulation achieved by addition of small amounts of
surface active substances, which selectively adsorb on the surface
of mineral mixtures and appear to have a considerable influence on
the zeta potentials and stability of the individual components. A
study has been made of the adsorbability of quaternary ammonium
components on colloidal clays by measurement of the zeta potential
and the stability of the systems recorded in terms of sedimentation
volumes(ll). It was observed that the sedimentation volume of the
clay mineralg attained a maximum value about the point of zero charge
as anticipated. In addition, however, the adsorption of the surface
active compounds was found to be selective, depending on the type of
clay, and by working at or near the maximum differences in

sedimentation volumes or zeta potentials, two-component clay mixtures

were separated more or less completely,

A further example of selective coagulation by adsorption of
polar additives was reported in the Proceedings of the IXth
International Mineral Processing Congress(la). In the conditioning
of a mixed mineral suspension, consisting of hematite and quartz or
barite and quartz, it was found that the addition of a collector such

as tall oil resulted in a first stage coagulation of the fine

particles in the mixture. The flocs so formed were decidedly



selective, containing a high percentage of the valuable minerals but
very little fine quartz or other gangue pa;ticles. 'The influence

of electrolyte concentration and pH had also a marked effect on the
separation, especially at high collector concentrations. Reduction
of the pH from 9-5 to about 695 produced stable flocs and a high
flotation yield could be achieved; but on re-~adjustment of the pH

by adding NaOH to a value of 9-5, the flocs became extensively
dispersed, with the result that the yield and selectivity was reduced
and a prolonged flotation time was necessary. It was suggested that
this was due to the conversion of the ionic and molecular forms of
the tall oil adsorbed on the surface to the soluble form of sodium

oleate and linoleate.

It is of interest to note that in the early flotation
literature, the assumption was often made that the coagulation or
flocculation process often parallels the flotation process. This
effect is particularly noticeable with the fatty acld and xanthate
types of collectors; for example, potassium ethyl xanthate is used
to render galena hydrophobic (and therefore floatable) by not only
attaching non-polar (ethyl groups) but also bringing the surface
potential to a low value, without having any apvoreciable effect on
the negatively charged non-metallic gauge minerals present in the
pulp. Thus, there is simultaneously a coagulation of the fine galena

particles in the pulp as well as a hydrophobic coating.

The theory of the stability and coagulation of hydrophobic
colloidal suspensions has been firmly established quantitatively in

terms of the net force resulting from the electrostatic repulsion



due to the double layer interaction and the opposing London-van der

(13)

Waal attractive force. Derjaguin and Landau in Moscow, and
Verwey and Overbeek(lh) in Holland, independently developed the
theory to a high degree of sophistication, the work being published.
in 1941 and 1946 respegtively. This theory (commonly referred to as
the "DLVO" theory) has now dominated the science of aqueous
dispersions for the past twenty years. The theory led to the
establishment of a criterion for coagulation of either weakly or
strongly charged hydrophobic suspensions. This theoretical

(15)

criterion substantiates the revised rules of Hardy and Schultze

(16)

and Eilers and Korff which had previously Eeen empirically
proposed to represent the stability of colloids to coagulation in

electrolyte solutions.

The original "DLVO'" theory, however, was limited to the
coagulation and dispersion of particles of identical size and nature
and for symmetrical double layer interactions in the electrolyte
solution, It has subsequently been shown that the principles of
"heterocoagulation", which describes the ccagulation of particles of
dissimilar nature, may be developed on the basis of the "DLVO! theory
but there are several difficulties to be considered before such a
theory can be applied to a practical system. Primarily, the theory
applies to spherical colloidal particles of uniform size, whereas
most practical diépersions consist of non-spherical particles having
a wide size distribution. However, many particles are approximately
isometric and the effect of flattening of the sides will be analogous
to that of hegquispersity which can be dealt with, schematically at

least, in the theory. Secondly, it must be realised that "DLVO"



theory has never been precisely confirmed by experiment for any
colloidal model; nevertheless, attempts to check it have met with
partial success, and there has been no good reason to doubt its full

validity.

Attempts to plan separations of mineral suspensions by
selective coagulation by theoretical calculation have not been
attempted to date. It might be anticipated that if 'yc s the
surface potential of one of the components is reduced to the point
where slow coagulation begins, then there will also be enhanced
possibility of mutual coagulation taking place. While this trend
must be present, the relative rates of coagulation cannot be guessed.
There haéfbeen, moreover, several genuine examples reported in the
literature indicating that slow selective coagulation can occur under

(17), as early as 1912, patented a

favourable conditions. Schwerin
method for partially separating finely divided particles, i.e. sand
and iron ore, from a natural aggregated clay mixture, by dispersing
the minerals with what was described as a "non-neutral colloidal body',
such as humic acid, silicic acid or acetic acid, and then finally
adding a strong base or acid as a coagulant. Several years later,

(18)

Feldenheimer ,» using a similar clay mixture.succeeded in coagulating
the finely divided particles with tannic acid or gum arabic,
subsequently adding just sufficient sodium chloride or sulphuric acid
to coagulate the remaining hydrated clay suspension. After
sedimentation was complete, it was possible to observe two distinct
layers at the bottom of the vessel, a layer of clay on top cof a layer
of impurities. A similar separation achieved by adding a critical

anount of electrolyte was reported by Codding(lg).
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More recently, a technigue has been developed by Maynard,
Millman and Iannicelli(ao) for removing coloured titanium dioxide
mineral impurities from kaolin. The process, apparently discovered
empirically, produces a state of slow coagulation of the coloured
impurities of titanium and is achieved by dispersing china clay, at
about 30% solids, in a solution of sodium hexametaphosphate containing
about twice what would be needed for optimal dispersion (judged by
minimal viscosity). The resulting slurry presumably undergoes slow
coagulation. After a period of 14 hours or more of standing, it is
observed that highly discoloured vertical bands appear which
subsequently disappear while a yellow sludée slowly collects at the
bottom. These coloured impurity (consisting of the minerals of
titanium, etc.), are present only to the extent of about 1 to 4 percent
in the original clay. After a sufficient time (20 hours in an 11 inch
column) the qoloured material settles to the bottom and the kaolin
slurry is decanted and used, its 'brightness' as a pigment having been
usefully enhanced. It seems from the observations reported that the
particles of titanium minerals must have coagulated selectively with
one another but not with kaolin particles, nor have kaolin particles
coagulated with kaolin appreciably. No‘theoretical explanation of
the separation was offered by the authors. To attempt to understand
the basis of this process (which has potential applications to-other
mineral "slimes" containing valuable consistuents) it is necessary to

examine the theory of heterocoagulation of mixed colloidal particles.
The present thesis consists of two parts:

(A) The first section takes the form of a detailed study of



(B)

- 11 -

the factors involved in colloid stability and is intended,
primarily, to introduce the physical concepts and
mathematical relationships involved in the development df

a theory of selective coagulation which could be applied

to a mineral dispersion. On the basis of a series of
simplifying assumptions, it is possible fo make predictions
as to the feasibility of separating dispersions of two

different materials.

The second section deals with experimental tests of this
theory, using simple two-component mineral systems
consisting of silica + rutile and silica + hematite.
(The surface chemistry of silica itself was found to be
complex and a report of its anomalous behaviour is given

in the Appendix.)
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SECTION A

CHAPTER 2

Ky

ELECTROKINETIC

The Electrical Double Layer

The original quantitative theory of the electrical double
layer phenomena was developed by Helmholtz(al) in 1879. The analysis
was based on a simplified model consisting of two planes of equal and
opposite charge separated at a constant distance of molecular
dimensions, the intervening space being assumed to be a vacuum.
One of the planes was situated in the solid surface and the other a
small distance away in the liquid. | éouy(aa) and Chapman(EB)
independently modified the model, by assuming that the charge in the
solution phase was composed from equal and opposite charged ions
distributed throughout the agueous surface region according to the
Boltzmann distribution theorem. The ions were originally treated as
point charges, and a simple relationship was derived between the

surface charge, O , and the surface double layer potential , }Lg s

in terms of the properties of the electrolyte.

This relationship is represented by the equation:

i

o = |[2nEkl shhzey; 2)
N 2KT

where

o™
1

the dielectric constant of the liquid

Boltzmann's constant

A
i
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€ = the electronic charge
_r = the absolute temperature
TV = the total concentrations of ions per en™ (for

symmetrical electrolyte)

Z_ = the valency of the ions

This expression was simplified by considering only small values

of potential (‘%G'<<25 mV) and expanding the exponential term, giving:

o — | 28nKT Zeyp (3)
T 2kT

and on re-arrangement:

6 — 8‘}//; 8‘““2.162 . (4)
i kT

2 Y2
The tern (ji%igkgéig became known as the characteristic

Debye-Hiickel function, and 1/l as the ionic '"thickness" of the double

layer, Equation (&) may be expressed in a simplified form as:

_ ek 5
o l}-TT )

This final expression shows that for low potentials, the surface
charge is directly related to the surface potential and the double
layer may be treated as a simple parallel plate condenser with the

distance between the plates given as 1/}
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The Gouy-Chapman treatment also shows that the potential
decreases at an cxponentially rate with an increase in the distance X

!

from the solid surface as represented by the equation:

~Kx ' ‘

Y= yer - .

This treatment however, becomes invalid at small values of kﬁ(when
.o

the value of }G is large.

(24)

Stern revised the Gouy-Chapman model, by taking into
consideration the nature of the ions vresent in the surface region.

It was proposed that hydrated counterions present in the solution were
restricted by their dimensions, so that they could only approach to
within a few Angstroms from the solid surface. It was proposed that

they may form part of an immobile layer at a distance 8 from the

surface.

The double layer is divided into two sections, an inner region
known as the Stern layer, which could include adsorbed ions, and a
diffuse, mobile, repion in which the ions were distributed according
to electrical forces and random thermal motion. In this lafter region
the Gouy-Chapman thecry was applicable. The specifically adsorbed
ions were attached to the solid surface by electrostatic, van der
Waals, or other forces of sufficient wagnitude to overcome thermal
apgiltation and snearing forces. The distribution of potential across
the Stern model also invelved a division into two parts, the inner

section between the solid surface and the Stern layer was represcnted

/

I . 0 13 13
by vy "}% and the outer scction where the decay in notential in
/
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the outer section was given by }ﬁi .

Stern assumed a Langmuir-type adsorption equilibrium existed
between the ions in the adsorbed Stern layer and those in the diffuse

layer. Considering only the adsorption of counterions, the surface

charge density, OP , of the Stern layer is given by the eguation:

(7)

O
nMA K
where 0% is the surface charge density corresponding to a mono-
layer of counterions,fﬂ is the molecular weight of the solvent andlﬂ
is Avogadro's number. The adsorption energy is divided into two

parts, the electrical energy represented by'Zfiyk and the specific

adsorption represented by Q/ .

It is customary to interpret electrokinetic data in terms of
the zeta potential. This is an electrokinetic effect which may be
measured experimentally by such methods as sedimentation potentials,
electrophoresis, electro-osmosis or streaming potential. It may be
considered as the potential difference between the boundary of the zone
of shear and the bulk of the liquid, when the liquid moves relative to
the charged solid section of the ionic atmosphere.

(25)

Graham divided the Stern layer into an inner and outer
region which became designated as the 'inner' and 'outer' Helmholt=z

planes. The outer Helmholtz plane was considered as the locus of the

nearest approach of the centres of the hydrated counterions and the
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inner Helmholtz plane as the locus of the nearest approach of the
centres of the specifically adsorbed ions. It was also realised
that ions could become adsorbed in the surface region such that they

change the sign of )ﬁ% without ¢ffecting }% .

Further refinements have been made to the Gouy-Chapman and
Stern treatments by considering the surface charge to_be 1océted as
discrete sites and not simply smeared across the whole surface. An
ion adsorbed into the inner Helmholtz plane was thought to rearrange
the neighbouring surface charge and create a '"self atmosphere
potential %,P ", The "discreteness of charge" effect was incorporated
into the Stern-Langmuir equation to produce an equation representing the

surface charge density by:

o

m ~ (8)
N & L)t
l+-ﬂ7\ exFZ (}i"_l‘_“?/Lq’ ]

02 P—

The introduction of the new term predicts that under certain
conditions, }% attains a maximum value as }@; is increaséd and
this may explain many quantitative observations where zeta potential
is observed to reach a maximum value as the surface potential is

increased. (There are, however, several cther explanations ),

Theoretical Analysis of the Interaction between Similar Double Layers

In the development of the theory of the stability of lyophobic
colloids, the early treatment of the problem involved the calculation

of the energy of interaction between colloidal particles. It was not,
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however, the total energy, but the free energy which was involved,
since this is a measure of the work that can be performed by the
system and hence gives the force of repulsion (or attraction). The
free energy, ¥, of the double layer, or of a system of double layers

may be represented by the equation:

7% A/ (9)
177

where O is the charge of the surface, .74 is the potential
difference between the two phases, assuming that the votential
difference is zero at the zero point of charge, and )é is thé double
layer surface potential after equilibrium has been established. The
equilibrium value of the surface potential, }% , 1s dependent upon
the difference in the chemical potential, /ji , of the potential-

determining ions in the two phases and this may be represented by:
(10)

where C is a constant, and 2& is the valency of the potential-

determining ions.

A detailed theoretical analysis of double layer interactions
was developed for equi-potential plane varallel double layers with

symmetrical supporting electrolytes (i.e. catiocns and anions having

26) (27)

the same valency) by Derjaguin( , Bergmann, Low-Beer and Zocker

(28)

and Langmuir in 1938. The interaction energy per unit area of the



plates was determined for the conditions of cénstant potential or
constant charge over the surface of each plate, independent of the
separation. The distribution of charge and potential in one double
layer has been well illustrated in graphically form in many texts(ag).
In the case of two double layers bearing the same sign approaching
each other until the diffuse parts overlap, neither can develop fully.
Consequently, the potential drop between the two surfaces is never as
great as the potential between one surface and a large distance from
the surface, where the potential is taken as zero. The potential on
the two surfaces is completely determined by the thermo-dynamic

equation expressed by equation (10). Symmetry considerations require

that the potential minimum occurs just midway between the surfaces.

The theory of interaction of double layers was originally
developed from the Gouy-Chapman model of the electrical double layer
éurrounding the surface since the Stern-Gouy interaction avproach was
more complicated. The potential at any point in the system is

defined by the relationship:

. 1
vzyf — Snmne 2 smh 2V L)

£

=

2 . .
where V is the Lzplacian operator.

If we assume that E§+ and EL are the valencies of the
cationic and anionic species in sclution and n4_ and T[_ are the
concentrations of cations and anions per cm-3 then the motential
between the two surfaces may therefore be described by the combination

of the Poisson and Boltzmann equations:
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A .
Ay -y :_ﬂg(n“z__ﬁx;'ey T ng, expiie#/w) (12)
dx €

The coordinate X is measured from one of the plates and the plate
separation designated 2d. The only difference from the standard case

of a single double layer is found in the boundary conditions.

The boundary conditions may be represented by:

=
&
&
]
O

Y
v

i
P
&
&
t
a

d}/f-/dx = O for I/ = d,
Verwey and Overbeek(ag) solved this equation graphically to

determine the repulsive energy as a function of the distance between

the plates, subject to the conditions of equal and constant surface

potential. The first integration leads to:
/
4=~ 8kl zey/kr -2 Y7 kT zeya/iT | REYi/T
A% J ek nexp 4 Mep Il nexp }{:‘ TEXP (13)

The negative sign is used for positive values of yk when O < X

< 4.

When the potential is small the eguation may be simplified to:

K e )2
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However, the a@proximation of small potentials does not lead
to a result that shows the important featuresof the stability of
hydrophobic colloids. This is shown with high values of potential.
Here the value of equation (13) is almost entirely determined by the
positive powers of the exponential terms. For simplicity now, the
theory is restricted to symmetrical electrolytes of valency if and

concentration T . Then equation simplifies to:

% =__‘/8ka1‘ | ZCOSh(ZE@_fM:) _ chh[ZEe%l) (15)

and %, :l<bcwe may write:

% = -\/2coshY-2coshU (16)

This differential squation when integrated between the values
of %, =.0 and %, :i(:d,leads to a relationship between surface
potential () and the potential halfway between the plates (U) and
their distance}{ﬁl. This relationship can be expressed in terms of
ellipical integrals and was originally tabulated by Verwey and

Overbeek.

The exact solution was complicated and entails four elliptical



- 21 -

integrals but several approximations have been introduced and may be
described as follows. When the surfaces are still far apart, there is
only a small interaction between the double layers. Then the potential
between the two surfaces is to a good approximation equal to the

f

summation of two undisturbed double layers.

For large values of Kd :

~Kd
ze%& — 8 QSP?/ZZJ exp (17)
KT exp™ 4+ | |

Curves of the potential, }ja , halfway between the surfaces as a
function of plate distance 2d are illustrated in the classic text by
Verwey and Overbeek(zg). This shows that the greater the value of
'yi , the smgller the slope of the potential curve. The slope is
also directly proportional to the surface charge. Thus, the surface
charge diminishes with increasing interaction and goes to zero when

the two parallel surfaces come into contact. The expression for the

double-layer charge is given by:

cn_____a_(ct/‘) (18)
T A ad X /x=0

hence

o — (n kT | 2 cosh(fi:_i%) _ 2Los'néﬁe }_@‘) (19)
2T kT kT



The potential energy of repulsion \/ rer cm cross section of
the parallel surfaces,is the amount of work that has to be performed
against the forces arising from the interaction of double layers.
This is the change in free energy when the two surfaces approach each
other from an infinite distance of separation. The derivation leads

to the result:

V., = T ZG (20)
R T KkT )é

or
2
2/ ~d :
V. &4nkT [ exp” 1) exp (21)
K exp¥? + |
The solution to the problem for two spherical double layers
is mathematically more difficult. The equation which results from

the overlapping of equi-potential spherical double layers was firsf
approximated by Derjaguin who theoretically replaced the facing sides
of two particles by a set of pairs of parallel elementary rings, and
then assumed that the interaction energy could be identified with the
energy of corresponding ring sections of parallel plates at the same
separation. The original equation was solved under conditions of
general applicability providing the thickness of the double layer is
small compared with the radius of the sphere QA (i.e. iﬂfa,:> 10).

A condition commonly fulfilled in colloid chemistry. By use of this
assumption Derjaguin derived the following equation for the

repulsion potential energy for small potentials.

6%};//316& (1 + exp™) (22)

-
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where }40 is the distance betiween the centres of the interacting

spheres.

A series of repulsive potential curves for two spherical
particles obtained with the more accurate expression of Verwey and

(29)

Overbeek have also been drawn by relating V% to the function L.

where

where L. is a function of Z € and f{}40.
kT

Since the above treatment has been based on the Gouy-Chapman
theory of the double layer, to apply the Stern correction it is
necessary to replace the surface potential }J: with the Stern
potential }% . This eliminates very high potentials in the double
layer where it is questionable to apply the Boltzmann equation in its
simple form.

Subsequent computation by Hoskin and Levine(BO) confirmed that
the general formula represented by equation.(l6) is accurate to
within 10% over a large range of relevant parameteré provided KEL>> 5
and the surface potential <: 100 mV. McCartney and Levine(sl)
derived an improvement on the Derjaguin formula by means of a new
method of solving the Debyec-fuckel equation for electric potentials
in overlapping spherical diffused double layers., The mathematical
approach involved expressing the potentials in terms of a distribution

of eclectric dipoles on the two spherical surfaces and constructing an
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integral equation which governs this dipole distribution. On
assumption of a uniform potential on each particle a simple approximate
solution of the integral equation was obtained. They concluded that
if the ratio of the distance between the spheres and the radius of

the sphere is taken into account in the Derjaguin treatment, a somewhat

lower value of the interaction energy is found.

Theoretical Analysis of the Interaction between Dissimilar Double

Layers

The coagulation of dissimilar particles is called hetero-
coagulation or mutual coagulation. The factors influencing the
coagulation of dissimilar particles are the same as those that control
the coagulation of identical particles. It is, however, necessary to

make a mathematical analysis of the interaction between asymmetric

double layers to derive the principles of heterocoagulation. This
' o . Lo (32) : (33)
work was originally carried out by Derjaguin and later by Bierman ,
!
and Devereux and de Bruyn(3+) who prepared extensive tables of inter-

action energies and forces for particles having surface potentials

differing both in sign and magnitude.

The theoretical analysis of the interaction was made from the
interaction potential energy and the electrical double layer force
approach. Both have been later described under boundary conditions
of constant surface potential and constant surface charge. Svherical
double lavers have also been studied in some detail. ' The two methods
lead to essentially the same conclusion and demonstrate the unusual

effects that may arise in such systems. For selective coagulation



- 25 -

studies it is important to have a detailed understanding of this

behaviour.

2.3A The Y¥orce of Interaction Method

This analysis was originally carried out by Derjaguin in 1954,

who considered two parallel plates in an electrolyte separated by

distance 'h' and having surface potentials yh and }@. where
>,yﬁ The Poisson-Boltzmann equation was applied to the system
in the same manner as for like double layers. Thus, the starting point

is the equation:

dﬁé __ grnZe s'mh( ze 14‘) (24)
dx?r — £ kT _

Parameters p/ :Z@}é‘/}(—r and )(, :_-JC/CL :J{:)C were then introduced and

the equation reduced to:

@y _ gang=1a[ep()-eplF) 25)

d 22

This equation was integrated to give:

(%’gﬁ) 2eosh = C=exp(f)+exp(-g)=C 26

where C is an integration constant and is determined by the boundary

conditions:



9i at J&‘ =)Q
;2{2 at J\i:ﬁz

]

b2
and gj

The interaction force, P, between the double layers consists of two

parts.

b2
i) The electrostatic ( Fg ) _é_r_<c%_}$> | (27)
—nkTQeshg-Q) (28)

and

ii) The chemical or osmotic force (}2 )

(n, +n)kT=2nkT (29)
2nkT (cosh - ) (30)

i

The total interaction force

U
|

- PE + }2 (31)

nkT(C-—Q) (32)

1

and by introducing

W=0-2 (33)

hence

P-nkTW (34)

ZXl was determined as a function OFX%Pfor various values of
and/Q{ and the jisodynamic curves obtained from equations (26) and
and (3%) are shown in Figure 1. One may examine in this diagram a
value ofXAf = 1. On this curve it may be seen where the points)g;. JCQ

-~
andlgi, )(’lie. The difference betweengxﬁzmv];(]js renresented



W

W=-2

FIGURE -|

Isodynamic Curves for the Interaction of Two
Unequally Charged Surfaces. [From Derjaguin(i@S@]

FIGURE 2 W as a function of H when (,b] and O,
&

are of like Sian
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by the distance H. Providing that C > 2 then '\Af > 0 and
repulsion occurs between the plates. For the value of'\/\f: 0 no
interaction force exists and for '\/\f < O an attraction occurs.

There exists, however, a critical value of\r‘f(z%) at which a
horizontal line (% = constant) becomes a tangent to the curve Wm.
This indicates that there exists a maximum value of W(:W;n) which is
determined by the lower surface potential }/i . This is an
important concept in heterocoagulation. In the case of‘W > 0

the horizontal line (% = constant) has two intersections with the
curve. The intersection on the L.H.S. gives a value of H for (%2-
}Z/’) and the R.H.S., H for (%-%) which represents the value of
beyond the point at whichWis the maximum value (i.e.wm ). Thew

versus H curves are shown in Figure 2 where/dl and }3/2 are the same sign.

One of the conclusions which may be made from this analysis is
that when % and }/‘2 are of different magnitude but of the same
sign,i\'\/\ can become negative, indicating that a force of attraction can

occur,

The value of H a‘t which W‘oecomcs zero (= HO ) may be obtained
from equations (26) and (33) and expressions for the maximum values of
H and Wmay also be derived, The relationship betweenWand H is
obtained in a simplified form by means of an approximation which may

be made for /®:<}2{2 << 1 and from this the value of HO, W;}‘and Hm

may be expressed in terms of‘@ and }Zﬁl as shown below:

H, = 1n (%/ﬁ.} (35)



W= ;5‘ x (56)
He (@) T T |

Hoandl4n,are therefore, determined by the ratio of (}é/@i ) the

larger this ratio, the larger the values of F% and As shown in

"
Figure 1,'Wis always negative (indicating an attraction force) when

;{: Q0 or when ;é andlﬂi are of opposite sign. It may also be

noted from equation (3%6) that the value ofoC which is a function of

the total interaction force, has a maximum\N; which is solely

determined by the lower surface potentia1|F'9g>>}é:. This is illustrated
in the original publication by curves showing the repulsion force

against distance for a weakly charged surface and a neighbouring

surface of high different potential values.

However, considering the stability of hydrophobic colloids in
view of this analysis, it is of importance to realise that Derjaguin's
force curves are not of primary importance in colloid stability. It
is the potential energy curves which are used in the consideration of

coagulation kinetics and not the force functions.

2.3B The Potential Fnergy Method

The potential energy approach has certain advantages over
'Derjaguinfs force method' which did not cover all possible
situations and did not produce a general expression for the inter-
action energy. To determine the potential energy of interaction, it

is necessary to calculate the free energy by either numerical
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analysis or by linear approximation.

Numerical Integration HMethod

The application of numerical techniques to double layer studied

(35)

is not a new approach. In 1928, Muller evaluated graphically the

(36)

potential around spherical particles. Hoskin later applied

computation methods to evaluate a similar system and Hoskin and Levine(so)
studied the interaction between spherical particles. Important

(37)

advances were also made by Loeb, Wiersema and Overbeek who made
extensive calculations on the double layer surrounding a single

spherical particle.

The free energy of a double layer per unit area, G, has been
determined by Verwey and Overbeek, who considered the reversible work
necessary to discharge all ions in the double layer system while
keeping the surface potential constant. This approach based on the
Gouy-Chapman model, gave a thermodynamic expression for the free energy

of the double layer.

This was represented by the equation:

e [

G = —2nij(coshzeﬂJ~_ )

where]4 is the total plate separation (i.e. }4 ::qu.

The reversible work required to bring the two parallel surface from

infinity to a distancefJapart (the pvotential energy of interaction)
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is given by:

V=G-G - (59)

<0

Where GQn is the free energy per unit area of surface when the
distance of separation is infinite;the value of\/ may be repulsive
or attractive depending on whether the double layers are dissimilar.

It may be shown that:

(o 24T 8~ coch (1,/2) = o (¥,/2)

(40)
and

V:cﬂ..zu}?wz.!fl[m/l(\c/z)ﬁ-%sh(wz)—f%] BT

where Y; and }E are dimensionless variables defined by:

and

Hence

y |
V= 217,:'1’]«{3,4(0/2 +1)_ L gL_\_’ dY + 4-csh (Y/2) + 4cosh (/2) =8 ()
: by |
Y

0
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where C:represents an integration constant.
(34) + ;
Devereux and de Bruyn used computer techniques to solve

this equation and tabulated the results of v'in terms of:

v*‘:: }{V/anr for various values of }/‘ \ YZ and B/H

A series of extensive tables have been published containing these
results. From this investigation the Derjaguin analysis was

confirmed, in that the attraction potential is larger than the
equivalent repulsion potential between surfaces having identical
separation and surface potentials, but unlike and like sign respectively.
Similar relationships to the Derjaguin equations were also established,
relating the maximum value of the repulsion potential to the lower
surface potential of one plate, and the position in which the maximum

occurred was again found dependent on the two surface potentials.

More recent work based on solving the Poisson-Boltzmann
equation for two parallel plates, with boundary conditions both at .

b

constant surface charge and constant surface potential, hawe been
carried out by Bell and Peterson(Bg). From their solutions, these
workers evaluated the electrical double layer free energy and the
force between two spheres of different radii, for all possible
combinations of surface potential under both boundary conditions.
The calculations confirmed the Derjaguin analysis, in that for two
non-equipotential surfaces under constant potential conditions

( 4 ;é }% Y, it is not sufficient to make the potential of both

surfaces have the same sign to ensure a force of repulsion, since

* theoretically at very close distances of sevaration an attractive
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force may develop. They also showed that under conditions of the
surfaces having constant charge ( 0;) 74 025 }, and OP having an
opposite sign to CQ , & repulsion force may also develop at very
close separations. In addition, they deduced that under constant

potential conditions when }é »}h) 0 , the maximum in the

repulsion force between surfaces is determined solely by )}' , the

2

lower surface potential. For constant surface charge conditions
when O;) >- 0O > Oz? (with O') and O‘? having an opposite
sign) then the minimum in the attractive force is determined solely

by 0} .

(33)

Bierman revised the Verwey and Overbeek treatment extended
to non-identical particles by introducing an interaction-dependent
y% to the equation to obtain more accurate values of the repulsion

potential energy. The general conclusions made from the original

analysis, are however, unchanged.

Calculations by Linear Approximations

(39)

Hogg, Healy and Fuerstenau used a linear (Debye-Hiuckel)
approximation of the Poisson-Boltzmann equation and derived an
approximate interaction formula for dissimilar double layers. Using
this formula, they then applied the Derjaguin method and extended the
analysis to spheres of unequal size with different surface potentials.
This technique avoids the mathematical complications of the Devereux
and de Bruyn avproach and may be used when a simple relationship
cxists between the surface potential and the surface charge density.

The reversible work necessary for charging a solid surface by adsorption



of potential determining ions, leading to the formation of a diffused
double layer was estimated. On the basis of these assumptions, the

formulae presented may only be used accurately for the case where the
potential is always small (-< 25 mV). The approximations applied in
the derivation are similar to the ones used in the Debye-Huckel theory

of electrolytes.

The equation for small potential may be presented as:

Vz)zl = kz}lr | (43)

For infinite plates, this may be expressed in cartesian co-ordinates,
and since we need only to consider the variation in the X direction,

we may write:

_@f}% :Kl};/" | (4h)

dx

This equation is solved for low surface potentials (i.e. )% <i:25ﬂﬂV)

to give:
}&: A, Cosh K + A, sinhKx (45)

where f& and Ax.are constants, but may be determined by applying the

boundary conditions:

}é' :}/f at X
}/~ = )/,2 at X

H
O

i
O
o
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Where }ﬁ and y%. are the surface poteniials of the respective

plates.

The electrical potential between the plates as a function of the

distance may be given as:

y ~ }/f,costhx-l-(}/g_—-vAwshZKd)sbnth (46)
" osuth AN

From the relationship &y = 0,the condition that the potential
}’ )

distribution shows a minimum is given by:

taaNx — thnKd - f;k/’z/y)__ e

Stnh 2Kd,

The potential energy of interaction »{ between two double layers is
equal to the change in free energy of the double layers system when

the plates are brought together from OO

V = =& -G (48)

| 24 w0

or, in general, the free energy of the double layer may be represented

as.:
)
G=-10 d 70 (49)
)7

Since NO) is proportional to }ﬁ for small values of ;%6 as

given by:
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O = 2%%{_)% ; | (50)

Verwey and Overbeek showed that the free energy of the double layer

could be simplified further:

G .______LG)}/O‘ (at constanty ) : (51)
2

Therefore, th, the free energy of the double layer system without

interaction is equal to the sum of the free energies of the separate

double layers.

G = 5 (%)

OP and 02 are the surface charge densities of the separate

double layers.

By using the relationship between surface charge density and
potential for a plane surface, the potential energy of interaction
of two parallel, infinite, flat double layers was expressed as a
function of the two separate plate surface potentials and the distance

of separation of the plates.

}((}/6'24- %ﬂ (r— coth 2Kd ) + 2 }/m/@ cosech 2K (53)

R ==

The Derjaguin's method is now applied to determine an

equivalent formula for the interaction befween spheres, on the
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assumption that the double layer thickness is small in comparison

with the particle size.

The interaction between spherical double layers may be given as:

\/R =|21Vdh (5h)

where h,may be considered to be the radius of the small parallel ring
increments made up to constitute the spherical surface and F%is their

distance apart.

From a geometrical consideration, a relationship was derived
between the relevant parameters. By differentiation of this

equation it was shown that:

h,d]l =~ a’q@%—— dH" | (55)
2 .

By substituting into equation (54) for hdh then:

[}

V, = ATa, V. (H)dH, g (56)
T F 4,

HG
Since Hy= 2d {(the distance between the plates), then by analytically

integration:

\/ 60&1/«}7& any _lf_j’.g_{m(}b 2 e Q}Ho
v -%‘ 33 (T (CHH)) in{l-exp(-aK 3) (57)
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Although this general equation, for the interaction of two similar
or dissimilar spherical double layers, is only accurate for low
surface potentials ( }4‘) }é , << 25 mV) and for small double

layer thicknesses, it has been shown to be a good approximation

provided ;yf and )@ are less than 50 or 60 mV.

For the simple case where }é = '}é = }} and
0

01 =CL2 =a.|

Vo= @%" Ln{f +exP(~!{Hd)} (58)
R

which is identical to the Ovérbeek equation obtained for equi-sized,
equi-potential interacting svheres. Considering the case of )@
and }é of-opposite sign, then »& will be always negative, showing
attraction. The sign of V& is determined by the first and second

term in equation (57), i.e.:

(9 + )b/ G o)

for the case of }4’ and y@_ being of like sign. It is also of
interest to consider the case of }% = 0, the equation then shows
that Vé will depend solely on }% and will always be repulsive.

(40)

Frens carried out an analysis of the case of constant

surface charge instead of constant surface potential conditions.
(41)

Wiese and Healy used this appreoach to derive a comparable formula

for the general situation of interacting dissimilar double layers
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under conditions of constant charge. This equation is shown below

_E4a,( ¥ /’) 29 % { 1+6XIP<“}’(HD}~£/& | +exp(2KH) | 59
4(?;43%;7 (}%g; /2) f—-eXPC;N}%)S ( | ( > ’

Interaction of Double Layers under Conditions of Constant Surface

Potential and Constant Surface Charge

(k2)

Frens, Engel and Overbeek demonstrated that the
equilibrium between the surface and the potential-determining ions in
solution at an aqueous electrolyte interface could be established
slowly, suggesting that a thermodynamic equilibrium may be invalid
during the rapid Brownian collision of certain types of colloidal
particles. Following this concept, Frens(ho) suggested that the
DLVO theory established for two equi-potential surfaces on the
assumption of constant surface potential )é’ , should be replaced by
conditions of a constant surface charge density q; . Comparisons
were made for the two conditions, for two parallel plates of equal
potential surfaces and two spherical particles immersed in a binary
symmetrical,Z~Z valency type electrclyte. The original numerical
tables of Verwey and Overbeek were used for the exact interacticn
energy of the two plates and the solution of the Poisson-Boltzmann
equation expressed in terms of elliptical integrals. The treatment

was advantageous in that it was found to give identical expressions

for the DLV(Q interaction energy of two plates by the method of constant

y% and constant C? at normal and large separations indicating
that the 'hydrophobic colloid stability theory' is only influenced to
a secondary extent by the choice of constant potential or constant

charge conditions, provided that the inter-particle distance is less
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than the 'Debye length'<1/7g>>f the diffuse layers. Frens also
showed that the repulsion potentials developed in the conditions of
constant }é and constant qp is smaller for spherical particles

than for flat plates.

The introduction of the concept of constant charge conditions
does not therefore invalidate the important conclusions discussed in
the theory of slow coagulation, under conditions of constant potential
(Chapter 4) especially when the coagulation process only is considered.
It does become of importance, however, in the process of repetization
since the particles are initially close to each other and their
interaction must then be described by the conditions of constant
charge. In that case the contributions of the electrostatic
repulsion force is much higher than in the original DLVO theory. In
addition, it was shown in an earlier section that the effect is
enhanced in the case of hetercoagulation. For instance, the treatment
by Derjaguin, Hogg et al and the extensive tables in the book of
Devereux and de Bruyn based on the original theory of thermodynamic
equilibrium predict an attractive electrostatic force at short distance
between dissimilar particles even when the particles have charges of
the same sign when far apart. Under conditions of constant charge
on the surface, the particles will assume high values of potential

so that the Debye-Huckel approximation becomes no longer-valid.

Various other workers have considered the constant charge
approach to the problem of interacting double layers. Van Olphen(qs)
has calculated tables of the potential midway between two flat plates
as a function of h(ft at various values of the surface charge q; ’

but he did not dctermine the energy of interaction. Jones and
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(44)

Levine derived approximate equation of the repulsion energy at
constant charge for two flat plates and for two spheres of large
separation. Numerical data for the energy of interaction of two
parallel plates and for two spheres at constant surface potential and
at constant surface chgrge have recently been reported by Honig and

a1 (¥3)

The radii of the snheres were assumed large compared with
the double layer thickness (}{a)8> 1). Derjaguin's method has been

used and approximate equations given for small and large separations

and for moderate potentials and charge densities.
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CHAPTER 3

ATTRACTIVE FORCES BETWEEN COLLOIDAL PARTICLES

The existence of attractive forces between neutral atoms to
explain the non-ideal behaviour of gases and liquids was first
postulated in 1873 by van der Waals. However, the guantitative
treatment of the molecular forces arising from polarisability effects
could not be fully considered until the structure of atoms and
molecules had first been established. Debye and Keeson in 1920/1
described two types of molecular forces, involving the interaction of
dipole moments and the polarising action of one dipole on a neighbour-
ing molecule. Both forces had relatively short range interaction
characteristics, but London in 1930 showed the presence of a third
force having a much larger range of interaction for molecules which
was produced by electronic fluctuations. The London dispersion force
developed in a neutral atom by the electrons generating a rapidly
fluctuating dipole moment. The fluctuating dipole in one atom may
polarise a neighbouring atom, and produce an attractive force
-7 (

proportional to r where r is their distances apart).

(46)

Kallman and Willstater in 193%2 were the first workers to
postulate from calculations made on the range and magnitude of these
forces that they could lead to appreciable interaction between
macroscopic bodies, and, in varticular, they would be expected to be
important in the stability of colloidal systems. The problem of

determining the magnitude of the forces is still one of the basic

problems to be solved today.
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By gquantum mechanical reasoning London developed an
approximate equation for the interaction potential energy between
two simple oscillators in the form of hydrogen-like atoms. This

was expressed as:

2
= 3 K hY,
VLonpoy = o~ Oy (60)
4 T
The negative sign denotes attraction, where lé is the frequency of

the oscillation of the electron in the ground state (in sec_l),c%o
is the static polarisability of the atoms (in cmB). h is Planck's
constant and 7' is the distance between the centres of the systems.

(47) (48)

Slater and Kirkwood and Neugebauer also developed, more than

Lo years ago,more approximate expressions for the potential energy
developed under these circumstances, Only the dispersion contribution
to the potential energy is considered in the London theory and the

~orientation and induction effects resulting from molecules having a

permanent dipole are separate sources of interaction between atoms,

Beside attraction between free atoms, it is important to
consider the interaction between macroscopic bodies. The London
interaction are for individual oscillator interactions, to a first
approximation, additive and if wmatter is treated as a continuous
medium (rather than as arrays of discrete molecules) it is possible
to integrate the individual forces and to determine the overall force
between matter in a condensed state. In a practical situation this
means that the equation, based on this integraticn procedure, would

not be applicable at separations less than a few molecular diameters.
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Although de Boer(qg) and Bradley(SO) studied this theoretical
problem and derived expressions for the attraction energy between
various geometrical bodies, the work of Hamaker was most general and
included consideration of the interaction of spherical particles in

a continuous medium.

One of the simplest Hamaker expressions represents the

attraction potential energy between thick parallel plates, namely:

— A (61)
\/A —

where A is the "Hamaker constant' which depends on the nature of the
material of the particles and 2d is the distance of separation of the

plates.

The Hamaker expressions which are of more direct interest to
selective coagulation of colloidal particles are for sphere-sphere

interaction, having either similar or dissimilar radii.

The interaction energy for small distances between equal

spheres is given by:

o2 2 02 (62)

where (. is the radius of the particles.sa is the distance bhetween the

centres of the svphere and F% is the distance between the surfaces.

(R = 9g + Ho )



- b5 .

1r H<K Q. , this expression reduces to:

V =- A (63)

and for dissimilar sphere:

6(&4 + a2)Ho

where Q1 and Cl2 represent the radii of the dissimilar particles.
The van der Waals force may be expressed by P =f:dx94i@90r "11VVQiFL

The force, FT, between parallel plates may be given by:

_ A (65)
24 d>

and for similar and dissimilar spheres by:

F Ao and F o= _Aaas , (66)
~ i2HZ 6(a,+0z)H
respectively.

All Hamaker's equations contain the constant,ﬁ\, which depends
on the nature of the interacting materials and is now commonly known

as the Hamaker constant. It may be defined for two intevacting
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materials by:
_ 2
Ay = TENNB, (67)

where Nl is the number of molecules per unit volume in material 1
andlql is the number of molecules per unit volume in material 2.
E%lis the coefficient of r-6 in the expression for the dispersion
energy V. between an isclated pair of molecules, 1 and 2, separated

by a distance r, i.e.
—_— A
V), = B, /T (68)

Determination of the Hamaker Constant from Dispersion Data

In order to determine values of the Hamaker constants for
materials it is necessary to have information of the relevant inter-

(51)

molecular forces. It has been shown by Gregory that the London
constant for the interaction of dissimilar particles can be directly

related to the dielectric constants and the characteristic dispersion

frequencies of the materials by the eguation:

o — | _620;:1_ (€9)
o 2 E’ze +2

[e\:
| N )
’c?[a

<}_1_

where:
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Lﬁv is the characteristic dispersion frequency in atom 1.

))2V is the characteristic dispersion frequency in atom 2.

6m is the limiting dielectric constant in material 1.

E;o is the limiting dielectric constant in material 2.

34

andfl is Planck's constant (66 x 10 J sec).

For similar particles:

2
A _ _?_thy go -] .(70)
i+ N, 2
where é% -may be taken as the square of the limiting refractive index
2

in the visible wave length region. ( go = Tlo )

In dispersion theory the polarisability of an atom or molecule
at a frequency L} described as CX} (L}), may be related to the
oscillator strength-ﬁ corresponding to the transition frequency )4

by the equation:

o (V) = (e%ﬂz/\ ) g?ﬂ_)/ | (71)

where ﬁ\eaﬂd e represent the mass and charge of the electron

respectively.

The polarisability of the atom may alsc be related to the

molar refraction,}?{, by the Lorentz~-Lorentzm eguation represented by:
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2 _. 2

p o= =l Zﬁ) = 4N (V) (2
| Nz +2 e !

Tl is the refractive index of the material at a frequency)} ,ﬁ\iﬁ the

molecular weight, AQ is the Avogadro number and CD is the density.

By a combination of equation (71) and equation (72) one obtains:

_ eN_ YV f (73)
"= EE, 2'172«)}2 |

1 )

The above dispersion eguation relates the variation of
refractive index of the material with freguency and may be simplified
to a 'one term' dispersion equation which is found to be applicable to

many materials. This may be expressed by:

n —| (__/‘{\_> — &N, [_S (74)
nt +2 e :STTAKQ )bz“'y

o
l%) represents the characteristic dispersion frequency and fg = 2;{\
and may be conslidered as the 'effective number of dispersion electrons'
in the materials and behaves as though S electrons of frequency 24)

contribute to the dispersion.

The value of the Hamaker constant value is most cnnveniently
obtained from dispersion gravhs from which Lb nay also be derived,.
2 2 ))2 . . »
A graph of ( N+ 2) / (N* - 1) versus for a number of frequencies

gives a straight line from which values of S and yb may he obtained.
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Values of S and l@ have been tabulated by Gregory for a
number of substances so that the Hamaker constant may be calculated

without difficulty.

An alternative gnd more indirect method of calculating a
value of the Hamaker constant is by first deriving a value of the
London constant,fs, of the material. London's original equation for
the dispersion energy (equation 60) may be re-expressed in terms of

the London constant:

\ = —B b (75)

LONDON

To calculate the energy of interaction,tj , between two
molecules it is necessary to have information of their dispersion
equations, i.e. their polarisabilities as a function of the frequency
of the alternating field causing polarisation. Because of insufficient
knowledge of absolute dispersion-formulae, approximate formulae have to

be used to estimate the interaction energy.

One such formula derived by London for two similar particles

is:

U — 3L’ (76)

or for dissimilar molecules:

T j:;z (77)
U = —3eded |52
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where ]: is the ionisation potential of the atom or molecule.

An alternative formula was derived by Slater and Kirkwood:

U _ _ 3¢ch (N'oc”)" (78)
o 8mwre v m

»
where Pd is the number of electrons in the outermost shell of the atom.

For dissimilar atoms or molecules the equation beconmes:

U _ _ 3eh <. X | (79)

It was shown that for two similar molecules, by substituting

the one~term dispersion equation, the London constant may be written

as:
B _ 3het s S (80)
= . 2 7T
CHTEM, Y
and by replacing V = 0 in the disversion equation then:
2
o — e S (81)
T 4w M Y
¢ “y
Hence:
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Comparison may be made with the original London equation for H atoms
and it can be seen that lé has been replaced by l& . It was
sugpested by London that the value of the ionisation energy for

molecules or complexed atoms may be substituted for }1L§ in egquation

(82).

The relationship between l{ and LL is represented by:

S — .yl). ’ (8)
Vo

and hence:

B = Sylh))»a{ - (81)

3
+

This equation resembles the Slater-Kirkwood expression as modified by

Moelwyn-Hughes shown below:

- ¥, 2
B = 3 727h)) &< (85)
7 ) )

Where:Z is the number of electrons in the outer shell of one molecule.

This formula may be used to estimate theoretical values of the London

constant by calculating the reauired values of the molecular constants

from optical data.

The addition of London-disversion forces is an approximation,



and 1t may be necessary to consider the influence of nearest
neighbour interactions in order to obtain a more exact treatment.
This has been carried out by, amongst others, Renne and Nijboer(sa)
who made suitable corrections for the third body interaction. The

magnitude of the correction was estimated to be between 10 - 30% on

the original values.

The above equations representing expressions for the London-van
der Waals force, are applicable only to the case of the material
situated in vacuum. However, the magnitude of the Hamaker constant
is greatly influenced by the particle environment and when the particles
are embedded in a medium, a modification must be introduced. We may
consider a system where two identical particles are immersed in a
liquid medium, designated 3, then allowance must be made for the

medium. The equation relating the appropriate Hamaker constants is:
Aus = An ¥ Ay ~2A) (86)

where /x“ and /qsszare the (in vacuo) Hamaker constants of the solid
particles and the liquid media. /\L3 reprosents the Hamaker constant
of the interaction bstween the solid and liquid in the vacuum, and
PMUQ is the net interaction of 2 particles of 1 embedded in medium

7

P

By application of the approximate geometrical mean law:

15

A = f/\—”—E | (87)
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This formula was obtained by London for two single electronic.
oscillators having the same characteristic frequency but different
polarisabilities. It is, however, not strictly accurate and tends

to overestimate the interaction.

We may write, therefore, as an approximation:

A”/.3 - \[—A“ - ﬂ:’ﬁ) (83)

Several workers have attempted to correct the formula for the
change in the London-dispersion forces resulting from the transmission

(29)

through the medium. Verwey and Overbeek suggested that the value
of the Hamaker constant should be divided by the dielectric constant

of the separating medium, 6. For the interaction between similar

naterials in a medium the effective Hamaker constant then becomes:

2
::—L(\[A— - j_/\;> | (89)
;VJ & H .

In the case of heterocoagulation one is concerned with the
Hamaker constant for the case where particles 1 and 2 are embedded in
2" Hamaker showed that the constant for the
system could be derived from the formula:

a liquid 3, as %\\/

A= < :’A\,Z+ A:ﬁ) - (Ass * A25> (50)

123
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where /\n, }\35’/\13 and /\zs.r&present the Hamaker constants between

particles 1-2, 3-3%, 1-3% and 2-3% in a vacuum.

This may be re-expressed using the geometrical mean

approximation as:

12/3 J— f;) (ﬂz —J’_A\- 56) >

The Hamaker constant for dissimilar particles in a liguid medium
may be derived therefore, from the geometrical mean of Hamaker constants
of the individual particles and the particles of liquid medium in

vacuumn.

Electromagnetic Retardation

When the atoms are a considerable distance apart (comparable
with, or greater than the characteristic wavelength of the electrons
”"/10—5 cm) the time taken for the electromagnetic field from one
instantancous dipole to interact with a neighbour may be comparable
with the lifetime of the dipole. The frequency of the fluctuating

15

dipoles is of the order of 10 or 1016}42. In that case the induced
dipole becomes out of phasé (to a greater or less extent depending on

the distance) and this leads to a decrease in the London-dispersion

force compared with that originally predicted.

In this so-called 'retarded' range, theory predicts that the
forces fall off as r—8 instead of r~7 (r being the distance of

separation between the atoms). The eftect becomes significant at
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distances greater tharlzxé/{g where ,Xo corresponds to the principal

absorption frequency, as was pointed out by Overbeek(sj) in 1946.

Casimir and Polder(sq) developed the theory by means of a quantum

electro-dynamics approach and arrived at a simple analytical correction

factor to the original London equation. For all ranges,

\{t\ - V(Lom}on)]c( P ) (92)

where {(P> must be calculated from:

F(P‘) = |0] _O.H-P )coTO <F<3 (93)

-F(P) - 2__;_5 _ _219_53. for 3<F<<>° (94)

and fD;:: ;%%?f

)\ is the wavelength corresponding to the intrinsic electronic

oscillations of the aton.

Overbeek(SE) (in Kruyt Vol. 1) gave graphs showing the effect
of retardation on the attraction between parallel plates and between
equal spheres, from which it is seen that the "fully retarded"
attraction may be an order of magnitude smaller than the London formula

gives.
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(56)

Schenkel and Kitchener obtained approximate analytical
equations to correct the effect of retardation, which are valid at

different separations. Their treatment can be extended to determine

attraction forces between two spheres of unequal radii, giving

—_Aaa 1 g 0<plY
YL\ o H, (4 +Cl2> <| + 1-77[30) i 7

and

2/A(l02 2-45 |, 217 0-59
= ! — U (}r’< <<Ci3 '
A Ho(al+a2) 60):3 + ]%Oﬁ,2 4'2053— ')COT J Fo (96)

These equations are valid (though approximate) provided HO <<CL‘)CL2,

The Overbeek simplification of the Casimir and Polder eguation
has been recently integrated analytically, yielding expfessions for
the dispersion force between spherical particles and between a
spherical particle and a thick plate(57). The expressions proved to
be cumbersome, but they were rapidly evaluated by computer. The

Schenkel and Kitchener approximation was found to agree well with this

exact integration for full retardation.

The Macrosgcopic Approach

(58)

The macroscoplc theory of Lifshitz for calculating the
Hamaker constant avoids the summation of the individnal intermolecular

interactions to derive the bulk properties of the material but is based

solely on a consideration of the macroscopic properties of the media.



Lifshitz derived expression for the interaction between two éemi-
infinite planar bodies separated by a vacuum by assuming that the
distance of separation between the bodles was large compared to
interatomic distances, Contributions to the interactions from field
fluctuations at more than a single frequency were taken into
consideration and the full analysis yielded two complex integrals
representing short and long range interactions, from which three
equations could be approximated for the macroscoplc force between

plates of identical material under limiting conditions.

The expression for the short range force per unit area between

semi-infinite plates separated by a distance d is given by:

P _k fe,a.é)-! £, (i8) -1 | as -
TIETE Y & @)+ LE (3 v

The dielectric constants Eq and Eé are treated as real functions of
! . WY *

a complex frequency where W = W'+ LS , and g represents the

imaginary part of complex frequency. Alternatively the dielectric

constants may be treated as a complex function ¢f the real circular

frequencyld . i.e. 6(&)) = (S/((d) + Lﬁﬁ(&))

The two approaches are related according to the Kramers-Kronig

equation:

) __3 w%:,” éu) iy (98)
J P

o0
~~
Crrie
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3 , the circular freguency, is related to the frequency)/ by the

expression W=1MV .

By taking values of‘£ﬁ<td) over a wide range of frequencies for
a lipid film-water sysﬁem from published svectral data, Nineham and
Parsegian(sg) evaluated &(Lgx) for a number of values of S. , and by
using computing techniques the integration of equn. (97) was evaluated.
The force and the Hamaker constant between two water media separated
by a bimolecular 1lipid leaflet could then be estimated. A similar
approach was recently employed by Krunp et a1(60) to determine the
Iifshitz-van der Waal constant for various homogeneous and heterogeneous
material combinations. Good agreement was reached by the theoretical
approach and the previously reported experimental measurements.

il

Unfortunately, the appropriate data is available for only a
limited number of materials, but a simple aprroach to determining the
force according to eauation (97) may be made by considering all
important transitions to occur at one frequency in the far ultraviolet.
This would give similar results to those obtained by the application
of a one term dispersion eguation. Equation (98) may be simplified

to the form:

EGD-1 _ 4TEN_S (99)
S IRV L M SR

where(dx is a constant defined by:

2 _ 3 wj (100)
P A




Iifshitz derived several avpproximate expressions which could
be applied to limiting conditions. The expresgion feor the inter-
action when the distance between the two parallel plates is small

. \ 2T >\ . . 1 ) .
compared to 7/ L (where 1s the wavelength where adsorption by
the material becomes large ) was given as in terms of Fz the force

per unit, area as:

hw, (€, - ) (101)
T g (T )Y

This is known as the "short range'" macrosceopic force and the

corresponding expression for the non-retarded Hamaker constant, /\

SM?

is given as: .

A ___075}1/)))} (g | (102)
! (& +1) ’“/?‘(é +2)/*

For large distances (d large conmpared to,X)/Zﬂ— ) Lifshitz derived
two limiting equations. The first equationx‘is exact only when

T = 0 but gives an approximate value of the force when T is low
compared to }LC/’ZW?<J“ This formula, which is normally regarded as
the temperature-indcependent form of the long range force, may be

represented by:

Fro ncll (tﬁ ‘:.L) /ﬁf (&, (103)
= e .

The function 55 (55 ) was originally tabulated by Lifshitz for
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several values of E% . For material of low dielectric ( Eb < 4) the
function tends to a limiting value of 0-35. It has been pointed out

(61)

by de Jongh that in normal macroscopic experiments made to
determine F the distance d is never greater than 10-5 cm, so that a
lower limit of NC,/2Tkd,= 2300°k is obtained. It is therefore
satisfactory to apply equation (103) for experiments conducted at room

temperature (BOOOK) to determine the value of retarded macroscopic

forces in this region.

S 0
At very high temperature or at very long distances ( >> 5000 A)
it is necessary to apply the temperature-dependent force of the

retarded equation represented by:

2

F_ hT(go - (104)
8T NE, +]

The force shows a dependence on the inverse third power of the distance
instead of the fourth, although the effect of retardation has been

considered.

Analysis of the general Lifshitz equation has shown that the
value of the static dielectric constant used to determine the short
range macroscopic attraction force from equation (102) takes into
account the short wavelength adsorption region, since aégorption at

wavelengths greater than d give only a negligible non-retarded

contribution to the force. The value# of &

o reguired is not the

electrostatic dielectric polarisation in the region of long wave-

lengths but values of the dielectric polarisation in the region of
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long wavelengths obtained from the square of the refractive index in
the Qisible, extrapolated to long wavelengths. The temperéture-
dependent long range macroscopic force (equn 104 ) which -is
applicable at large distances ( > 5000 K) requires direct values for

the electrostatic polarisation of the material.

The Lifshitz macroscopic approach to interaction between bodies
may be considered to describe a force which at close distance and
normal temperature is inve;sely proportional to d5 but falls off as
the distance increases to become inversely proportional to du. However,
at sufficiently large separation the force again becomes inversely
dependent on d3, and directly dependent on temperature and on the
static value of the dielectric constant. Only the former two forces,
which may be regarded as relatively short range forces,may be
considered to be of importance in the field of colloid chemistry.

(51)

A detailed comparison has been made by Gregory of the
temperature-independent long range macroscopic force with the
corresponding London-Hamaker expression and the short range macro-

scopic force.

The London-Hamaker expression may be represented by:

A, = 0422hV, h) (X (105)
53,0

where X 8 - aﬁd X& == 6 :_l_.

Cpy +2 C30+2

t
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The macroscopic expression takes account of the transmission
of the force through the medium, and it is therefore unnecessary to
divide the values obtained from this formulation by a factor of 830
or na, the square of the refractive.index of the medium for wavelengths,
This rather arbitrary correction procedure is usually applicable only
to values obtained from the London expression, and is an attempt to
allow for the reduction in propagation of the force due to the

influence of the dielectric permeability of the medium.

Direct Measurement of Hamaker Constant

In the last 20 years there has been several attempts to
measure directly the dispersion forces between macroscopic bodies.
To determine the value of the force it is necessary to achieve small
separations between the interacting bodies and there are therefore
many possibilities of errors occurring during the measurements.
Experiments have been carried out to determine the force between
different shape of materials (two flat parallel plates or sphere flat

plate) and by use of the appropriate fully retarded expressions,

values of the equivalent Hamaker constants have been derived. In all
these cases the separations have been greater than 0-1 }ANL Most of
the measurements made are based on a similar technigue. One plate

is mounted on the arm of a sensitive balance, and a second plate is
made to approach so that the attraction force develops at close
distances. The distance between the two plates is determined by
optical interference and the force is determined by the weight of the
balance. The most reliable results to date have been reported by

(62)

four groups of authors. Derjaguin et al , Overbeek and Sparnaay
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(63) (64)

and other collaborators , and by Kitchener and Prosser

(65)

Silfhout . The material used was usually quartz or Pyrex glass

and van

either in the form of flat plates with an area of 1 cm2 or one flat
plate and one spherical surface. The distances of separation variea\
between O-l}bﬂ and 1}”“- More recently experiments have been
reported where the force was determined at separations less than O-]}ﬂh
One such investigation was carried out on molecularly smooth surfaces

(66)

of cleaved mica Multiple interference techniques were used to
determine the distance between the two plates accurately. Direct
measurements of dispersion forces between a fused silica lens and
flat plate have been made recently at a separation range of between
250 E and 3,500 K. At separations greater than 500 K. retarded

dispersion forces were observed, while at shorter distances a

transition towards unretarded dispersion forces was detected,

No direct measurements have been reported of dispersion forces
between bodies separated by a liquid but values have been calculated

(67)

from colloid stability experiments This usually involves
determining the critical electrolyte concentration required to cause
rapid coagulation of a monodispersed fully characterised suspension.
Measurements of the stability ratios made during slow coagulation

could be used to determine an approximate value of the Hamaker constant

for the system.

Attempts have also been made to derive values of the Hamaker

. 68
constants of materials from interfacial tension results. Fowkes( )
postulated that the only significant interaction across the interface

between certain pairs of immisible materials, such as water and
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mercury, would be due to the resultant force field made up from the
components of the bulk attractive forc¢e in the phase, and the London
dispersion forces operating across the interface. Liquid saturated
hydrocarbons are useful as reference liquids because the intermolecular
attraction in these liquids is entirely due to dispersion forces and the
only important interfacial interactions to which they are subject are
London dispersion forces. A simple method of d;riving Hamaker

constant can be carried out by calculating liquid/liquid or liquid/
solid interfacial tensions from contact angle and spreading pressure

measurements made on two-component systems using the liquid saturated

hydrocarbon as one component.

According to the Fowkes theory the effect of interfacial
attraction on the tension in the interface can be approximated by the
geometric mean of the dispersion force compnonents of the surface

dyd
tension of the two components, i.e. 8; X;

The interfacial tension BL

the surface tension of the pure component B: and 9 due to the

is then comvosed of two parts,

attractive force of the bulk components and the dispersion force
d d _
contributions K and K; which act across the interface to partially

balance the systen.

The interfacial tension &2 is the sum of the tensions in the

two layers and may be represcnted as:

¥, = % +4, - lb/ld X:L (106)
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In the case of one of the two components being a liquid
saturated hydrocarbon, which is immiscible with the second component

then:

b, = % Rty

where 5; is the surface tension of the second component.
d
A value of 6’ may be obtained directly or indirectly (i.e. by
contact angle measurements for a solid-liquid system). The Hamaker
constant A, for component 1, is related to b; by the approximate

1

equation:

d
A = 6n-7]fb/| (108)

where Ti1 is the intermolecular distance, For a two-phase system the

equation is modified to:

A=6TT7 (Jﬁ ”‘JZX])z | (109)

~2 )
TFowkes used the assumption GTTIB = 1l-44 x 10 1% for water and

systems with volume elements of similar dimensions, i.e. oxide ions,

metal atoms, —-CH2 and -CH groups.

The criticism with this approach is that the interfacial

phenomena, under theoretical consideration, arise oredominantly from
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the interactions of only a few molecular layers close to the surface.
The value of the Hamaker constant derived by this method cannot be
substituted into a flat-plate or spherical Hamaker expression based
on the assumption of continuous media. A more correct figure could
possibly be obtained by making a summation over all pairs of inter-
acting molecules, as Fowkes recently suggested. This approach
however, would require a detailed knowledge of the structure of the
interfacial region, and in particular the distance between nearest

neighbours.
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CHAPTER b

*
THE THEQORY OF COAGULATION

There are three main states in which dispersions can exist.
(a) Those which are, for all practical purposes, perfectly
stable (the particles remaining separate, even although

colliding under the action of Brownian motion).

(b) Those undergoing rapid coagulation; the particles

agpregate together under the action of the attractive
van der Waals forces following perikinetic (i.e.
Brownian motion) or orthokinetic (i.e. hydrodynamic)

collisions.

(c) Those undergoing slow coagulation, i.e. at a measurable
g g

rate, but less rapidly than would occur if all

collisions led to aggregation

Thus 'rapid' or 'slow coagulation' are theoretical concepts based on
whether every collision between particles or only occasional collisions

between particles lead to adhesion.

* . A full account of the thecory of coagulation of monodisperse
colloidal particles is given in the classic monograph of Verwey and
Overbeek. The following concise resumé summarises simply the

salient features which are emploved in subsequent calculations.



Ranid Coagulation

The theory of the kinetics of coagulation of monodisperse
spherical particles was originally derived by von Smoluchowski(69)
and has been successfully applied to the early stages of rapid
coagﬁlation of lyophobic colloids. The conditions for rapid
coagulation were defined by considering the energy of interaction
between the particles as zero at all separations except for finite
attraction when they are '"in contact'". The early stages of the
process which consists of a decrease in the number of single particles
and an increase in the number of aggregates, i.e. dimer, trimer units,
etc.,, was regarded as a diffusion phenomenem caused by Brownian motion.

Smoluchowski derived the following fundamental equations for the early

stages in the process.

The number of particles colliding with a given particle

= 8HDRT1,0 (110)

where R is the distance between the particle centres for contact and
N is the initial particle concentration. D is defined as the relative
0

diffusion constant of the particles in water.

The initial rate of disappearance of particles (per unit volume)

( )
_in — N *(8UDRn,) — 11
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The doublets and triplets begin to build up and a general equation
representing the collision between L andJ type particles was given

by:
Rate of collision (ofi.-j type particles) = ‘f'TT.DU RU nl 71') (112)

where D‘d is the relative diffusion constant and the RLJ represents the

distance of interaction between the two respective particles.

The approximation

— (113)
DRy =4bm .

was introduced by Smoluchowski to simplify the situation. This
implies that the distance of interaction, R, between primary particles
is constant and equal to 2’7; where T; is the radius of a monodisperse
particle. In addition the probability of a collision occurring

between L and J type particles is taken as being the same as that

between particles of exactly egual size.

The overall number of collisions is summarised to produce the final

equation:

n (114)

n tal e
E?J.{hr Eume t), ‘ l + ..% ’
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where qjis the time of coagulation

] . 3n ) 0 (115)
T"‘]—TrD‘Rno“— 4T/ Ny .

where7L is the viscosity of the medium.

L 4
It may be seen from the final equation that | is independent of the

rarticle size since.I)is proportionate to (J‘) and ¥3 = ZﬁL
a

The time of coagulation of an aqueous suspension, Tdis solely
dependent on the particle concentration. This may be represented,

at 25°C, by the equation:

T =~ _géfflfil. Secords (116)

My

For highly concentrated colloidal suspensions 7% may have a value as
!
high as 101P, so that the shortest coagulation time is of the order

3

of 1077 seconds. In practical systems times of rapid coagulation of

about 1 - 10 seconds have been commonly reported.

Slow Coagulation

The kinetics of slow coagulation are similar to that of fast
coagulation but the process is slowed by a factor W. The theory
only appliecs to the first stages of collisions of single particles and

becomes inapplicable once this state has been achieved, No detailed



theory is then available to explain the lkinetics once multiple
particle collision begins to occur, (even from initially monodisperse
spheres) and hence attempts to use the stability factor to describe

such a situation is invalid.

(70)

The theory of slow coagulation was developed by PFuchs , Who
considered the influence of the total potential energy of interaction
on the fast coagulation kinetics. The basic assumption of the DLVO
theofy is that the total potential energy of interaction between
colloidal particles, »;” is given by the sum of the energy of inter-
action of the double 1ayer,\é , and the energy of interaction of the
particles themselves due to van der Waals forces, Y:. Consequently,

at each distance of separation of the particles:

. (117)
VT =V \{«

Wheq the surface potential of the interacting particles are
large and have the same sign, then »% is positive and opposes Y; and
the total energy V; passes through a maximun. Physically this mecans
that the particles have to pass over a potential barrier before
coagulation can take place. When the surface potentials are very
small, or of opposite sign, there is no barrier, and rapid coagulation

takes place. The rate of coagulation will depend to some extent on
Vi
has shown that a stability factor, W, is calculable from the total

but where there are energy barriers between the particles Iuchs

potential by means of the equation:
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W = ROJ QXF(VT/)(T>CLR/R2 (118)
Ry

i

where Fi:t20-+‘4o ( }hrepresents the minimum distance between the
surfaces of the particles and a,represents the radius of the particle).
When the barrier disappears then fast coagulation takes place and the
stability factor has a value of unity. The expression represents

the influence of the potential field on the radial diffusion of
particles moving towards one another, assuming from Smoluchowski's
theory that no long range attractive forces exist between the
particles.

(71)

Parfitt made an allowance for such forces and refined the

expression to give:

o0

Jexp (LAT)dR/R
Texp (\4\/ kT)dR/R?

(119)

|l

and W = 1 only when Vtotal = y& at all distances. The stability
factor may be calculated from potential energy diagrams by graphical
or numerical integration.

(72)

Reerink and Overbeek have derived an approximate expression
for calculating W from the potential energy curve. They realised
that W was determined by the maximum of the potential energy curve

»& and that the width and shape of thec exponential curves for

different potential interactions were similar and could be disregarded.
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These deductions were derived from the {ecllowing considerations:

(a) In the case of vm>thhen only values of exP (V/kT>/R2

which lie in the region of the maximum value could contribute
significantly to the integral. In this neighbourhood R changes
only a few percent and nmay be expressed as a constant Rm, as a

first approximation. Hence we may rewrite equation (118) as:

W o= Z wcxp,(V/kT)dR (120)

—_—

(Rn)*

(o) The function\/(R) in the region of\én was simplified by
expanding as a Taylor Series. The higher terms, having relatively
small values, were neglected. To complete the integration it was

necessary to replace the exponential curve by a Gauss curve with the
same height and curvature of the maximum. This avpproximation
inveclves only a small error and enables the exvression to be simplified

to:

W~ ._‘__CXP _\Zm - 4 (121)
7 2Ka KT

This allows the evaluation of\N’direct from potential cnergy curves,

without the tedious gravhical iuntegration of the exponential curve.

The stability factor may be easily determined by this method

and then compared with experimental wvalues, since
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W = ko//h’ - (122)

where

7/
ko experimental rate constant for rapid coagulation

X

experimental rate constant for slow coagulation

However, there are many assumptions and approximations involved in
the calculation of the potential energy term and these are often

reflected in the observed deviations.

The transition from slow to rapid coagulation is continuous
and although in principle there is no sharp boundary, the relation
between W and electrolyte concentration usually show a fairly sharp
transition at a critical electrolyte concentration. This occurs when
the maximum in the total potential energy curve is zero. It follows
that in considering a critical value between slow and fast coagulation,
W must have a value of about 105 ('V%AxfiLSkﬁ') for diluted suspensions,
.and lO15 (\4MX=525kTF) for very concentrated suspensions to ensure a
stable system. Although the theory employs some simplifying
assumptions concerning diffusion and the collision of multiple
particles the coagulation time has been related to the stability factor

by the approximate formula

~ 3 w o (123)
ﬂTj 4'1 rr%

A linear relationship has been derived for the stability ratio and
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the concentration of the electrolyte in the suspension. This may be

represented by:

{03\/\/ = K’ (03(, -;»KZ | (124)

where C/iS the electrolyte concentration and hq and k; are constants.

Tt has been shown from DLVO theory that the rate of change in

log W with log C may be written, for aqueous systems at 2500 as:

d(logW) — __2.)5><_LQ7_0, ¥’ | (125)
;C Z
(&27 ) where X is -dependent on C and 2 3

In experimental studies it is necessary to investigate the
initial stages of the process where ohly doublets are formed, since
the appearance of larger aggregates would change the potential energy
relationship. Measurements are made of changes in turbidity or
particle number, etc., on adding indifferent electrolyte (containing
no potential determining ions) to a monodisverse suspension. The
linear relationshiv, represented by equation (124), has been well
established experimentally for many monodisperse systems. Above a
certain (but well defined) electrolyte concentratioﬁ a constant rate
is observed which is taken as the Smoluchowskl rate. At this point
the maximum interaction potential between the particles is assumed to
be zero. The critical electrolyte concentration, representing the

transition from slow to fast coagulation, is usually obtained by

extrapolation tokw = 1. Good agreement has been reached between
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theoretical values and the exverimental results giving evidence in

favour of the Smoluchowski theory.

More critical examinations of theory has been made by testing
equation (125) using colloidal suspensions covering a range of particle
sizes or surface potentials., The results show that there is not,
however, a fully satisfactory agreement between theory and experiment.
For example the d log W/d log C relationship appears to be nearly
independent of particle size and of counterion valency, whereas the

theory predicts a strong dependence on both properties.

A number of possible explanations‘for the discrepancy have been
proposed to account for this fact. The discreteness of charge effect,
as discussed in Chapter 2, has been suggested to account for such

(73)

deviations. Other workers have proposed that in many colloidal
systems it is experimentally impossible to achieve a Smoluchowski fast
coagulation rate due to a layer of structural water surrounding the

(74)

particles and hindering the diffusion. Derjaguin postulated that
at short interparticle distances the mobility of the colloidal particles
fails to obey Stokes law due to hydrodynamic interactions. Derjaguin

(75) (76)

and Muller and more recently Spielman calculated the‘magnitude
of the interaction and showed that it could not significantly reduce
the fast coagulation rate. Although the existing discrepancies
between theory and experiment have not been fully explained, the
essential character of W is unchanged and the effect does not interfere

with the experimental determination of the "critical' coagulation

concentration.
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Heterocoagulation Theory

The theory of hetero-coagulation is considerably more
complicated than that of homo-coagulation in the following respects,

even for the simplest case of two monodisperse components (1 and 2).

(a) The particles have different radii Cﬁ and 02 .
(b) The initial particles 'Y%O) and 71bco are different.

/
(¢) The surface potentials ' and will also be
| A0 0(2)

different.

Consideration must be made for the three interaction types
1-1, 1-2 and 2-2. The collision frequency resulting from these

interactions in fast coagulation will obviously be devpendent on the

different initial particle concentrations and particle sizes. In slow
coagulation influence of the potential energy barrier must also be
considered, the magnitude of which depends on size of the particles

and the surface potentials.

The theory of hetero~coagulation in a pclydisperse system has
been attempted for fast coagulation but the problem for slow hetero-
coagulation has yet to be treated, even for a two component system.
Hogg, Healy and Fuerstenau(jg) recently suggested an approximate
equation for the stability factor of the interaction of two particles

of type 1 and type 2 undergoing slow coagulation: having different

radii @, and Q,. This may be exvpressed by:
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W, = Z@JYLZ)OLR, -z

where}e = (CL| + 02-+ Ho)' The interaction potential between particles
1 and 2 was represented by \{2 and (L is taken as the mean of CL, and Q2 .
This equation is valid providing (lp;$§a2 . This may be simplified

- into the approximate form as:

W = l (-}XP( MAX) (127)

Secondary Minimum Coagulation

Another well known characteristic feature of potential energy
curves for the interaction between charged particles according to the
DLVO theory is the presence of a shallow "secondary minimum" at
relatively large interparticle distances of separation (e.g. =2 200 A).
If this minimum is aeep compared with k1~it may trap a significant
fraction of the particles and give rise to an easily reversible form of
coagulation. The tinal equilibrium distribution of particles in the

secondary minimum may be expressed by the eguation:

n = n’smeXPOém/kT)' (128)

where Il and 71(8m)represent the number of particles in the suspension

and coagulated in the secondary minimum respectively. \é represents

m

the depth of the secondary minimum potential well.
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Small particles (a < 10_6cm) rarely coagulate into the secondary
minimum since a strong attraction potential, constituting a deep
secondary minimum, cannot be easily achieved at large distance of
interaction if the maximum is high enough to prevent normal coagulation.
However, in considering large particles the secondary minimum
coagulation may appear at relatively low concentrations of electrolyte
when the primary maximum is still high to prevent primary minimum
coagulation. "Retardation" effects({ as discussed in Chapter 3) tend
to reduce the depth of the secondary minimum but not to eliminate it
completely. This has the effect of shifting the limit of the particle
radius, for secondary minimum instability, to higher values. High
values of the surface potential of the colloidal particle can also act
to-eliminate minimum instability; but any theory of hetero-coagulation
must necessarily consider what happens when the electrical repulsion

is progressively reduced.

Since the depth of the secondary minimum is rather shallow in
many cases, the bond between particles may easily be broken and the
system may often be easily repeptized by washing out the coagulating
electrolyte and shaking the suspension, since inertial force becomes
comparable to, and may finally exceed, the forces of attraction.
Coagulation into the secondary minimum is shown by calculations to be

most probable for relatively large anisometric particles; since both

Y

so is the depth of the secondary minimun.

and yg are approximately proportional to the radius of curvature,

Deep secondary minima may account for the formation of tactolds

and Schiller layers in sols of rod-like and plate-like particles.
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Probably the most convincing evidence for the reality of secondary

(77)

minimum association is provided by recent experiments with a
suspension of leaf-shaped microscopic particles of tungstic oxide.

The particles can remain together and parallel for long periods with

a layer of solution between them. These doublets show interference
colours where they overlap and the colour changes, produced by changing

the ionic strength of the medium, were quantitatively interpretated

in the theory of secondary minima,

Coagulation in Polydisperse Suspensions

Many colloidal suspensions (and especially those containing
particles obtained by grinding) are markedly heterodisperse, i.e. they
contain a wide range of particle sizes. Consequently, they are likely
to show considerable variation from the Smoluchowski theory of
coagulation rate. It has been known for many years that in such
systems the single smaller particles disappear more rapidly than the
larger ones. In part, this is an observational illusion since a
doublet formed from one large and one small particle is observed as
"one large particle', In an attempt to account for this phenomenon,

Mﬁller(78)

investigated the theory for the case of sols containing
originally two kinds of particle of widely different dimensions. The
basic assumption’made are the same as those of Smoluchowski for mono-

disperse particles but a correction was made to the theory to account

for the wide size range.

The rate of collision of i type particle with j type is proportional to

(0. R nr) o
Yoy ot d
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where l%d is the mutual diffusion rate of i-j moveuents and
Ry = (& + )

From the Smoluchowski theory:

Dc;j Rg] = (DL+ Dﬂ(&i + G'J) ~ 4D|- CLl (130)

This is approximately true for '"spherical! aggregates, where 71 :713
2
because 1) is proportionate to I/CL.

It is not accurate for particles of very different sizes and Muller

introduced the expression:

_
o [+ (5 - )]s
J a

This represents a rather small factor in that an increase in the size

K

ratio ai/@g by 1Oyresults in an increase in rate by only 3.

This correcﬂ:Only applies to rapid coapgulation (i.e. in the

absence of forces). With small and large particles having interaction
energies, it becomes a question of rate plus energy barrier and not

rate alone.

Since

w o =f _‘:l_f exp(&); | (132)
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the influence of changing W considerably complicates the theory.
The Muller theory is claimed to have been satisfactorily checked by

(79) N

Wiegner and Tuorila in 1926. If one were considering a poly-
disperse suspension with a fairly narrow size range distribution
there is no major error in estimating Smoluchowski rate using an

average radius and particle concentration from size and number

distribution data.

The Shape of Coagula formed from Monodisperse Spherical Colloids
The classical theory of coagulation was based entirely on the
model of collision of spherical particles, Of course, even with an

initially monodisperse spherical colloid the growing flocs cannot be
spherical and their form must influence subsequent stages of
coagulation..

It is known, from both experiment and computer calculations(SO)
that wheh an aggregate is formed by the progressive attachment of
single particles arriving from random directions a very open structure
containing branchiqg, chain-like threads tends to form. Such
structures are seen when smokes deposit on a stationary objeét. A
photomicrograph of aggregates formed by spontaneous coagulation of
carbon black in an oil shows similar filaments(8l). Such structures
form mainly in absence of repulsion forces and in static media. If
the liquid is sheared, very open structures are ruptured and only more
compact configurations can survive. In a disversion undergoing slow
coagulation, energy barriers oppose collisions and if one of the

particles has non-spherical form the energy barrier around it will vary
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with direction. For example, a sphere approaching a doublet end-
wise on will experience only about half the repulsion it will meet if
it approaches the doublet towards the point of contact of the two
spheres. . Since the chances of collision depends approximately on

\J;XF)(qu(TD:a factor of 2 in the value of \/affects the rate of
collision by a factor of 6275:7; hence side-on collisions are
significantly less likely to produce contact than end-on collisions.
}With weak attractive forces, as when the secondary minimum is

sufficiently deep, side-on collisions are more likely to retain

particles and hence compact coagulaare formed.)

It is of interest to mention recent work by Thomas and Mc.

Corkle(82)

who showed from DLVO theory that for the interaction of

two spherical double layers eilther "isotropic" or "anisotropic" flocs
may be formed. The type of flocculation favoured depends on the
particle radius, zeta-potential, and the electrolyte concentration.

Fop flocs of two spherical particles, a minimum in the repulsion energy
barrier Qas predicted at the ends of the doublets and a maximum lying
between the two particles. Floc growth was more probably by attach-
ment of new particles at the ends of the flocs in suspension with a
relatively high barrier leading to anisotropic flocculation.  For
unstable sols (i.e. with a low potential barrier) the kinetic energy of

most particles is suffici??t to overcome the repulsion barrier from any
9,

direction, leading to neai?isotropic flocculation.

Another factor which must effect the shape of flocs is the
strength of the adhesion of particle to particle, Not much is known

about this question,. If particles enter a deep potential minimum,
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they must be subject to significant elastic or even plastic
deformation at the point of closest approach (a factor which would
tend to increase the adhesion). Crystalline aggregates tend to weld
together and the strength of the bridges grows with age. If,
however, the minimum is shallow, i.e. comparable with & , the
particles may be able £o rearrange themselves by lateral movement

(2 kind of internal Brownian motion) and will tend to adopt finally

a compact structure in which they touch as many neighbours as possible.
This effect is to be expected in secondary minimum coagulation.

(The opposite case is exhibited by flocs formed with polymeric
flocculants, where varticles, when they touch, become fixed by elastic

bridges: open, elastic flocs are obtained.)

In certain cases of slow coagulation, the rate slows down and
eventually becomes zero, the suspension simply having '"coarsened" in
apparent particle size. The effect seems explicable by the increase
of height of the potential energy barrier with increase of size of the
aggregatés. It may also account for certain cases of "limited

coalescence”" in emulsions.

The Coagulation of Non-Spherical Particles

In the case of particles having a laminar or rod-like shapes a
further correction to the conventional coagulation rate equation was
made by lMuller. A very approximate correction was derived for aniso-
dimensional particles and it was shown that a greater probability of
collision could be anticipated than for spheres. It was suggested

that the effect may be > 50 times increased for rod-like particles.
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Experimental studies have confirmed that the coagulation rate for rod-
like particles is considerably higher than for spheres and this.could
be explained by the fact that particles collide at distances which

are determined on average by the general length of the particle (assumed
to undergo rotational hnd-not Brownian motion) and not by the mean
diameter, Aniso-dimensional particles occupy a volume of a sphere
circumscribed in their maximum diameter during Brownian rotation,
whereas the diffusion coefficient which applies to the Smoluchowski
equation is determined approximately By the mean diameter of the
particle. The coagulation rate, which is dependent on the product
DR,is therefore greater than the value which corresponds to their

effective volume,

Again these ''classical' modifications of Smoluchowski theory
apply only to collisions in the absence of inter-particle forces, and

are not applicable to slow coagulation. The interaction energy

between non-spherical particles depends on the relative orientation

of the particles during collision. If the effective range of action

of the forces is small compared with the (average) dimensions of the
particles, the face-to-face interaction of plates will clearly be
greater than for spherical particles of equal volume at the same
separation distances, while edge-to-edge interaction will be weaker.
Derjaguin(83) has devised an approximate method of calculating
the interaction energy of spheres, rods, etc., from a knowledge of
the potential-distance curve for parallel plates. In principle, the
method could be used with any geometrically simple shapes including

bodies of different sizes; but, of course, simple formulae are



obtainable only in the more symmetrical cases. Clearly, there is no
possibility, at the present state of the theory, of deriving detailed
expressions for the kineticsvof slow coagulation of, for example,
cylindrical particles. The most suitable approach would be to
consider how spheres would behave and then make a correction for the

general deviation to be expected for non-spherical particles.

A case of particular practical importance is the type of
particles formed by grinding rocks. Not considering the exceptionally
anisometric types (such as asbestos and mica) many form angular or
sub-angular particles. Some minerals exhibit extensive cleavage faces
when crushed (e.g. calcite) whereas others (e.g. quartz) give curved
irregular forms. Clearly the interaction of irregular grains will
depend mainly on the effective radii of curvature at the approaching
areas of the two particles. When small projectiles or sharp edges
(non-parallel) come together, the whole potential energy curve will
show weak interactions, whereas when flat cleavage faces chance to
approach one another in parallgl orientation, the interaction will be

maximal.

The effect of irregular shape will be greatest when the range of
action of surface forces is small compared with size of the particles.
If the particles are not markedly anisometric and the range of action
of surface forces not too small, it will be reasonable to treat the

system as quasi-spherical with some effective average radius.

Heterogeneity of Surfaces

Crystals which grow in very anisometric forms, such as needles
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and plates, necessarily have different surface properties on the
faces, edges or ends. In extreme cases, they may even bear different
signs of electrical double-layer charge (clay crystallites in water
being a well-known example). In less extreme cases, the different
crystallographic areas exposed may have appreciably different surface
potentials, even with a very pure, undistorted crystal. Particles
produced by grinding minerals are known to have heterogeneity of
surface properties alsc on account of impurities and mechanical
distortion. Variations of surface potential, etc., will therefore
complement variations of local radius of curvature in producing a
wide range of interaction energy between different approaching

particles in a suspension at given moment in time.

Effect of Movement (Shearing or Sedimentation)

(84) (85)

Theories have also been developed by Smoluchowski , Tourila
and Mﬁller(86) to explain the increase in the rate of coagulation
experimentally observed when a colloidal sol is stirred or)in the c¢ase

of a polydispersed system, allowed to sediment under a gravitational

field ("orthokinetic!" coagulation). These studies have bveen based on

the fact that the effect of superimposing an additional non-uniform

motion on the original Brownian motion of the particle§ﬂﬁincreaéiné
their probability of collision. The principal results are achieved
by defining a shear gradient (d@ﬁiZ) and considering the effect on
particles colliding in this current. |

It has been shown that the ratio of :
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ortho-kinetic collisions ~, 71/ (RLI')S (dtb/d,l) (133)

Brownian collision Vzk‘r

The ratio of the two types of collisions dependents strongly upon the

collision diameter of the particles. (increase/as (size)B)

In a field of Isecml then for a particle of OW}LM the ratio
is of the order of 10-3. For particles of l}lnl}however, the ratio
exceeds unity and for 'OHﬁl particles becomes much greater than unity
so that the orthokinetic coagulation becomes more important than the
normal perikinetic coagulation. The effect is pronounced in
sedimentation, but only when particles of different sizes are present
(e.g. when some particles are greater than {ﬂﬁland others less).
Therefore, during coagulation, with formation of flocs visible to the
naked eye, the effect is 'autocatalytic', the larger flocs sweeping

up the smaller if given the opportunity (i.e. not allowed to settle

out away from the small ones).

The great majority of researchers on the kinetics of coagulation
‘have been concerned with the regime of '"perikinetich® coagulafion,
where collisions are the result only of Brownian motion. Overbeek(87)
shows, however, that orthokinetic processes rapidly assume more
importance as particle size increases - in other words, with coarser
suspensions or with growing flocs. The transition region fronm
perikinetic to orthokinetic regimes has been put at about l}lm .

(This result has important implications for practical coagulation or

flocculation processes which are required to grow fast-settling
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aggregates and simultaneously produce a supernatant of good clarity.
A period of slow stirring is advantageous to grow the flocs and to

"sweep up'" remaining small particles.)
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CHAPTER 5

CRITERIA OF COAGULATION AND PREDICTION OF THE

POSSIBILITIES OF SELECTIVE CCAGULATION

The Coagulation Regions

Two important regions of coagulation exist in mixed coagulating

suspensions.,

The mutual coagulatlion zone

This occurs when 74 , the surface potential of one component,
has an opposite sign to that of the second component, 7% . Rapid
rates of coagulation are observed since the attraction forces are
built up between the particles of the two components by summation of
long-range electrostatic and short-range van der Waals interactions.
The effective radius of the attraction force is greater than that
encountered in rapid coagulation kinetics where the electrostatic
repulsion force is assumed to be zero. Mutual coagulation of
oppositely charged colloids was well known to classical colloid

(88) in 1904 made

chemists at the beginning of the century, (i.e. Biltz
a quantitative study of the coagulation of positively charged sols such

as the oxides of iron and aluminium with negatively charged sols such

as gold and stannic oxide).

The mutual coagulation of suspensions have been studied using

such techniques as the direct observation of the aggregates formed (e.g.
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with the aid of an electron microscope) or by indirect methods
involving observation of changes in such properties of the system as
light scattering, rheological characteristics or zeta-potential

measurements.

The mutual coagulation in mixed suspensions containing quartz
and ferric oxide particles in various proportions was studied
extensively by Chernoberezhskii et al(89). These authors used the
following techniques: sedimentation and filtration analyses,
measurement of sedimentation volume, determination of zeta potential of
the particles and a microscopic investigation of the aggregates formed.
It was concluded from this work that the degree of mutual coaguiation
depends on the ratio of the two components. At a certain ratio a
mutual coagulation limit was reached; its position could be determined
unambiguously by any of the methods used in the investigation. Quartz
powder used for the investigation had been separated into two fractions
of 3 - 6 /1n\ and > 1o/in1 size ranges. The ferric oxide consisted
mainly of particles in the <i 6/LUM size range. It was found that a
weight ratio of the components correspbnding to the mutual coagulation
limit depends on the particle size of the coagulating components.

The suspension was made up at pH 3 where the iron oxide and quartz

were reported as having zeta potential values of +60 mV and -30 mV
respectively. The ferric oxide was added to the quartz suspension at
this pH and it was observed that the negative potential of the quartz
particles decreased from ~30 mV passing through zero, beyond which the
positive value increased. It was noted that in every experiment using
different ratios of the two compogents the coagulation limit was close

to the region where the zeta potential changed sign. The authors



suggested that particles of unlike nature coagulate in an aggregate,
and retain a considerable proportion of their charge, therefore the
value of the zeta potential found by electrokinetic methods should not
be identifiéd with the absence of charge on the surface of the

aggregate.

A study of the influence of particle size on mutual coagulation

(90)

was recently made by Princen et al using a mixture of a zinc oxide
and a titanium oxide sol of particle size 1 to 5}1”\ . The zero

point of charge of ZI{IIO was at a pH 9+5 and that of T'OZ , 67, so
that when they werc originally dispersed in water at a pH between these
two limits the ZNO particles and the '1702 particles became
positively and neéatively charged respectively. The ratio of the
composition of the two components in the mutual coagulating suspension
was varied and the maximum coagulation rate was found from viscosity
measurements. It was concluded from this work that the mutual
suspension coagulation rate between oppositely charged particles

may be described entirely from size considerations without introducing

the concept of equality of opposite charge on the interacting colloids.

In connection with ore flotation, it has been clearly proved by

(91)

Fuerstenau and Gaudin that slime '"coatings' of very fine particles

of one mineral on larger grains of another occurs when the two
4 !

minerals bear oppfrsite sign. (e.g. Quartz particles were only
‘

floated with amine in the presence of hematite slimes when both the

hematite and quartz vere negatively charged.)

The selective coagulation zone

This type of coagnlation may occur when }k and }% have a
i
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similar sign but a difference in magnitude of potential. There is a
possibility that the component having the higher potential may remain
stable while the lower potential component coagulates slowly,

without mutual coagulation taking place. In the case of }4‘ §ﬁé‘}@
having a zero value of potential, then according to the Derjaguin

theory a finite rgpulsive force will still exist between the two
separate components and it may be possible for the higher potential
component to remain stable while the zero potential component coagulates
rapidly from suspension.

The Criteria of Coagulation

The coagulation process between similarly charged colloidal
particles has been classified into two separate types depending on the
law characterising their behaviour. These may be described by the

following criteria:

(a) The first type gave a criterion based on a critical
value of the surface potential )45 below which
coagulation would occur in the system assuming no change
in the ionic strength of the solution takes place.

This was originally formulated by Derjaguin in 1940
from his original force analysis method, for determining
the interaction energy of charged spherical particles

under conditions of constant potential,

(b) The second type is dependent on a critical value of the
electrolyte concentration above which coagulation due to
a contraction of the double layer would occur. This

was defined (assuming water as the agueous medium between
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the plates and a temperature of 298°C) as:

-17 2
C — S’leo ¥ (134)

A Z

Where C is the critical concentration of the

electrolyte expressed in millimoles/lit., and

b/ _ C§/2 - | _ (135)
I

One of the simplifications used in the derivation of the latter
criterion was that the critical coagulation limit, between two equi-
potential double layers, was selected on a more or iess arbitrarily
basis, namely, that the point Vé + »ﬁ = 0 on the total potential
energy curve coincides with the maximum of the curve. It may be
argued that a more realistic 1limit could be reached by defining
V% + xﬁ = Constant Energy Value 7§ka_ , since the particles are
able to pass over a definite energy barrier owing to their thermal

motion.

However, on the basis of the original assumption, it was shown
that the maximum value of the potential curve touches the horizontal
axis at FCCIZ:I where 2d is the distance between two parallel equi-
potential plates. This may be shown by taking an approximate value
of the potential energy of repulsion between the two parallel equi-

potential plates to be:



Vo — 64nkT Y'exp
K

where 7] is the concentration of electrolyte in the system.

’

The attraction potential energy may be presented by the formula:

~2Kd

A

ETY PR

(136)

(137)

An explicit approximate equation between the coagulation concentration

and the physical properties of the system may be derived by assuming:

and hence

Kd=1.

b=,

and Kd = :%A:: |

(138)

(139)
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Thus it is found that the transition case, where the maximum

in the potential curve touches the horizontal axis, is exactly at

Kd=] .

Applying now the equation for V

64nkT Y'¢? . _AKC (140)
K 48T

I

_ [8Tn\ Ze
K= T

3, 5-5v4
There fore n — _107 EXTY | (141)

A(ze)

Y
This treatment gives a criteri? for the coagulation of like

pairs of particles. It is necessary next to consider the stability of
unlike pairs.

Derjaguin(Bz))in the more recent analysis, described in Chapter
2 of this thesis, based his criterion for heterécoag;ulatiou on the
parallel plate model. The potential of one plate y@ was taken as
being higher than that of the other }{ , #as illustrated by the
assumption that the paramecter }/ﬁ >I >;ﬁ wher %H Z—e /H
and ;5 fosed Z:e kW’
The criterion was obtained by analysing the conditions for which the
force bharrier, resulting from both electrostatic and molecular
interaction forces, would disappear. This was revresented by a series

' D . : ’
of (iﬁ~Cl) versus F’curves)where I represents the repulsion bhetween
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the plates,X is the distance between the plates and(lis the energy
of the dispersion interaction of the two dissimilar particles in a
liquid medium. On the basis of the London formula for two plates,
separated by a plane parallel gap of width h, the attractive force

per unit area of plate may be represented as:

Q = Au+'AE—”%3-Am_ (142)
6T

where

/\u is the Hamaker constant between plate 1 and plate 2 in vacuum,
/\B is the Hamaker constant between plate 1 and the ligquid in vacuum,
/\23 is fhe Hamaker constant between plate 2 and the liquid in vacuum.

/\5518 the Hamaker constant for the liquid in vacuum.

The Conditiong for the disappearance of the force barrier was

represented by the equations:

i
o

(143)

P - 2 . P
> Yh

It was shown that under these circumstances the criterion for

coagulation may be derived for the conditions where 4 and ;}% are

of like sign, and }//2 >> I })}_//"> 0O as:

———————

A . 3 | K}SI) (144)
R
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Z,
Z

shown to have a value of about &8 and therefore,

and Kis a function of F’ where F) = . For F) =1, K has been

/k = constant under conditions of constant temperature.

A similar criterion may be derived for dissimilar spheres by use
of the appropriate egquations to represent the electrostatic repulsion
potential and the van der Waals attraction potential.

{41)

More recently Wiese and Healy have presented diagrams showing
graphically potential energy regions corresponding to stability or
coagulation into primary minimum or secondary minimum for some typical
monodisperse, spherical particles. Critical domains of stability and
coagulation may be assessed from these diagrams which are useful in
understanding heterocoagulation behaviour. These authors selected as
a criteri;?;f stability a potential energy barrier (as opposed to the
force barrier of Derjaguin) of 5 or 10 kT. They also took account of
the secondary minimum coagulation and selected a potential energy
trough of 1.5 or 5 kT as criterigwfor secondary minimum coagulation.

i
Corrections were made to the pdtential energy curve for the retardation
effect, as is necessary when considering the possibilities of coagulation

into the secondary minimum, The potential energy of attraction,

represented by %~;>/%}t'yas corrected by use of equations (95) and (96).

The results showed, from the primary and secondary coagulation
domain diagrams, that as the particle size increases certain colloidal
systems increase in stability to reach a maximum and then decrease

because of the onset of coagulation into the secondary minimum.
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In order to extend the criteria to selective coagulation, it
is necessary to advance the calculations a stage further since an
effective separation must be based on kinetic differences in the rates
of coagulation. What is required is a kinetic stability criterion as
opposed to an energetic criterion. It is necessary, therefore, to
determine the rates of coagulation of the various components present
in the mixed suspension. Since the rates are functions of the
concentrations of the particles concerned andAtheir sizes, it can be
seen that it is insufficient to adopt simple energy criteria to
distinguish the difference: rates. To derive the principal factors
influencing selective coagulation theory, a survey must be made of the
dependence of \A/ , the stability factor, on the several variables
controlling the stability of a monodisperse spherical colloidal system

consisting of two components.

Computations and Results

Computations of the total‘potential energy of interaction
were tabulated against the coordinates of distancerfor a wide range of
variables. The following valués of the variables were considered to
cover most cases of possible interest for a practical process of
selective coagulation, such as might be operated with finely divided

mineral slurries.
a 0-01 to 2/$m

7& : 10 to 70 mV and various combinations (with like

sign for 1 and 2 only.)
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l( : 105, 106 and 10‘7 cm_1 (corresponding roughly to

1072, 1072 and 1071 N of 1:1 electroiyte.)
A 1 x 10‘?0 to 9 x 10720 4.
)\ : lO-5 cm (required only for retardation correction.)
The stability factor\N’was computed from equation (127). In

all computations of \{ and h/ a temperature of 250C was assumed., The
dimensionless dielectric constant in water at 2500 has the value of
78 l'}+ Th . K "l . . .

54, e units of are ¢cm , and if A is expressed in volts,
and the radius Q in c?)then the unit of potential is joules. The

calculations were carried out on the University of London CDC 6600

computer.

The results of the numerical calculations carried out with a

range of values CLI ) Cl2 . )Z/l‘ 1 )//2 ' ’{ andA show three important

consequences:

1 W,

12 varies over an eaormous range of values.

(2)  The change of W), arising from different size
conbinations results principally from the change

in the exponential term.

(3) The pre-exponential term is relatively insensitive

to size combinations or electrolyte concentrations.
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Since the dependence of the radii of the particles has the same
form for the dispersion energy as the repulsion energy it may be taken
as a common factor in the total energy formula and may be regarded as
a size factor. Consequently, the broad features of the results can be
conveniently represented by plotting log W against the "size factor!
(Llo,]_/<a. +CLZ> for chosen values of }/I‘ , }&:z . ]‘(_ and A . The
spread of values resulting from changes of (L, compatible with a given
value of the form factor, is small and providing the size ranges are

not enormous, the values lie within a narrow band.

The results are shown in the form of five graphs. Figure 3
!

shows a series of stability curves (baség upon values of }ﬁ and y%

from 10 to 60 mV) for conditions of constant potential taking a suiltable
value of;A and PC. Figures 4 and 5 show similar cur;es for conditions
of constant charge and vpotential respectively but for differing values
of K«while maintaining Aconstant. Figure 6 represents a series of
curves for constant potential conditions but showing the effect of
changing the value of Awhile maintaining K constant. Finally Figure
7 shows the depth of the secondary minimum which can be anticipated

throughout this range of surface potentials, particle sizes and }(

values.

The ordinate in all figures is the logarithm of the size factor,
awa%//<a11-a2), the values of which are marked on the left side.
Examples of various size combinations for Qqand (Lz(expressed in
microns) are marked on the r.h.s. It will be seen that the graphs
cover all combinations of particle size from 0-01 to 2}1”\, which

include all particles for which the theory may be of interest or at
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least, for which it could be approximately valid.

The results in Figures 3 - 6 are based only on the height of
the potential energy barrier Vé y and therefore assume coagulation
into the primary minimum; retardation of the London-van der Waals
forces is negligible in these circumstances. Figure 7, however,
shows secondary minimum coagulation and it was found necessary to
apply retardation corrections to the calculation by use of equations
(95) and (96). A value of 5 kT was chosen as the critical depth for
retention of particles and it may be seen that for a colloidal system

20

with A = 3 x 10 °° J.(a medium value) a high ionic strength is

required to achieve a minimum with a depth of this order of magnitude.

It should be noticed that whereas Figures 3 - 6 show stability
increasing to the right (as log W increases), Figure 7 shows the depth
of the secondary minimum increasing to the right,. Thus all systems
to the right of, say, 5 kT will be subject to rapid coagulation into
the secondary minimum, despite the fact that som?wof these systems are -

Aot
having particles with high surface potentials anélp;dii are indicated
by Figure 3 to exhibit high stability against coagulation into the
primary minimum. This situation becomes more significant as the size
factor increases, as an increasing depth of secondary minimﬁm
accompanies a rising height of primary maximumn. Therefore, the data
summarised in Figures 3 - 6 must be used with the reservation that the
secondary minimum must first be proved absent by examination of data

such as those in Figure 7 before stability differences of Figures 3 ~ 6

are considered.
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Discussion of Theoretical Results

The time of '"half coagulation" of a slurry containing a low
percentage of colloidal particles in the absence of a potential
barrier may be calculated from equation (116). The typical values

of T% are shown below.

% of particles by Radius of No. of T, (sec)
volume in slurry particles particles i SR
(Eﬂﬁﬂﬁl_) per cm3
10 1 2 x 100 10
9
1 1 2 x 10 100
0-1 1 2 x 108 1000
1
10 0-1 2 x 10 5 -01

In a practical process, however, it is necessary to have a
longer standing time than T% since allowance must be made for the
coaéulated components to sediment to the base of the vessel. A
suitable time period to complete such an operation may lie in the range
of 1 - 20 hours. A value of W = lO5 may be taken as the lowest limit
of a thoroughly stable suspension, which would be readily separable
from a rapidly coagulating 1% suspension. For the stable component
to remain in suspension it is necessary to have high values of the

stability constant (i.e. w > 10%9).

The diagrams show the vast range of W values, and indicate that
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>

differences of 107 are well within expectation; in fact small

particles (O-l}iﬂt) with a moderately high surface potential may

achieve values as high as 1030.

The theory therefore predicts that selective coagulation could
be based on one of the following factors (or suitable combinations of

them).

(a) A difference of/A values

It may be seen from Figure 6 that a difference in Hamaker
constant for the particles in aqueous medium (i.e. a factor of 3) can
have a considerable effect on the stability factors. For particles

of 0.1 }un radius having a constant surface potential of 30 mV with

20

a value of I of 106, a change in A from 3 x 107°° to 6 x 1070 changes

13 8

VV from 10 to 10, This is a sufficient difference on which to

operate a successful separation.

(v) A difference in size

On the assumption that both A and y& are constant (as would
be the case with a heterodisperse suspension of one component) it may

be seen from the size range of particles, having }h = y% = 20mVY

20

and,A = 3 x 10 ©7, that a considerable difference in the range of

stability factors may exist. Particle radii combinations of 0.1 + 0-5,

5

and 0+1 + 1:0, have a stability factor in the range of 107. Particle

radii combinations of 0:5 + 2.0 and 0-5 + 1-0C have a stabililty factor

25

of about 1077, It seems possible, therefore, to have a difference in
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W of 1020, for small differences in radii combinations. Many other
similar examples could be taken to illustrate the point. Large
differences in W are also possible for particles of equal size (i.e.
particles of O-].flnlradii have a stability factor of about lO3 while
particles of radii l/Uﬁ radii have a stability factor of 1030).
Figure 7 shows that there would be no danger of coagulation of the
larger particles into the secondary minimum. It therefore seems
theoretically possible to fractionate a heterodisperse colloid by
cautiously lowering the surface potential with potential-determining

3

electrolyte, while keeping the ionic strength below 10 ° N of 1:1

electrolyte.

Of course, it must be remembered that aggregates formed in the
early stages of the coagulation process often develop a larger effective
radius of’curvature than that of a priﬁary particle and this may have a
considerable influence in the next interaction step. The dependence
of stability on particle dimensions has been shown to be of
considerable importance, and it may be seen that for a particle of
size =Y 'Ol/ﬂn radius in a slowly coagulating sol, the stability may
increase by a factor as great as 15 after the particle radius has been
doubled, This has the effect of slowing down the coagulation
process and has been discussed in Chapter 4. Tﬁe effect becomes less

e
noticeable with particles'0:5 to l}iﬁL.

(c) Differences of surface potential

Two colloidal systems having the same value of,A and aﬂ‘may yet

show adequate differences in rate of coagulation for separation to be
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possible, providing that there exists a considerable difference in
surface potential, i.e. A = 3 x 10720 J, K = 107, o = o.1/4m,
}ﬁ = 10 mV, }@ = 30 mV. This may be seen from Figure 4

representing constant charge conditions.

Heterocoagulation under conditions of constant charge or constant

potential

The stability curves show that the constant charge case would
lead to a higher degree of stability than constant potential, for all
size combinations of particles and surface potentials. The effect
is enhanced for heterocoagulation of particles of different potential
and it can be seen that the lower surface potential has the major
influence on the height of the potential barrier and hence the value
of the stability factor. This was anticipated from Derjaguin's
theoretical studies on parallel plates where the surface potentials
were designated y% and 7& . For large distances of separation
both theories predict electrical repulsion, but the constant potential
theory predicts that a transition to attraction can take place at
short distances. This has been explained by assuming that a reversal
of sign of charge is required to maintain a constant potential on the
lower surface as it comes within the influence of the higher potential

(92).

surface This switch-over has the effect of reducing the height

of the potential barrier as compared with the case of constant charge.

The constant potential and constant charge approaches predict
two extreme conditions. The constant potential case assumes that

redistribution of the potential-determining ions is rapid compared with
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the rates of interaction of the particles. The constant charge case
assumes that there is no change in the adsorption of potential-
determining ions when the particles collide. In an experimental
coagulation process it seems probable that the actual interaction must
lie somewhere intermediate between the two, depending on the rate of
exchange of the potential-determining ions. The most suitable
theoretical approximation will, therefore, depend to some extent on
the colloidal system under investigation -~ for example on the

concentration of ions and the kinetics of adsorption.

Proposed Method of Use of Theory

To apply the theory to a practical colloid mineral suspension
it is necessary to determine the following physical properties to the

system.

(a) The particle size distribution of the components must
.. be determined. Since the radius of the colloidal
particles will lie between O.1 and 1}Un the size

distribution may be determined by electron microscopy.

(b) An accurate mcasurement of the range of zeta~potentials
must be made, in the presence of the potential-
determining ions and at different values of the

double layer thickness (}/}C).

(c) The value of the London-van der Waals constant must

be estimated for each component. This quantity is
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difficult to estimaie accurately and provides one

seriocus limitation to the applicability of the theory.

The potential and stability equations described may be
employed to compute the range of W values for the various possible
combinations of sizes, surface potentials and London-van der Waals
constants, and for the types of particles in the suspension. Fron
the results a selection must be made to find the most suitable
conditions for obtaining large enough differences in coagulation rates
to achieve selective coagulation, taking into acccunt the collision

frequencies of the different combinations of classes of particles.
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SECTION B

CHAPTER 6

EXPERIMENTAL CONFIRMATION OF SELECTIVE COAGULATION

IN MIXED COLLOIDAL SUSPENSIONS

To achieve selective coagulation with an experimental system,
it is desirable to choose two components having spherical or, at
least spheroidal particles of narrow size range, which should be
below 1 f”ﬂ to avoid the complications of "secondary minimum
instability". Selective coagulation would be operated with the
mixed suspension initially in a dispersed state and the differences
in the coagulation rates of the two components following adjustment
of the medium must be exploited. Clearly, conditions must be chosen
where the two colloids carry the same sign of surface charge and, from
the proposed theory of selective coagulation, a large difference in
the surface potentials of the two components is required, one
component preferably having a low value, while the other component

retainsarelatively high value,

In addition the DLYO theory requires for its application
numerical values of the Hamaker constant, the monodisperse particle
radius and the surface potential }%’ . In selecting a suitable
colloidal mineral suspension it is advantageous to know such values
for each of the components present. However, anomalies exist and
coagulation behaviour has been reported for some mineral oxidé
‘suspensions which fails to obey DLVO theory, (i.e. where surface

potential or zeta potential cannot be used directly as a criterion for

coagulation). In additicn, practical problems exist in that the
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point of zero charge of many mineral oxide suspensions varies as a

function of the ageing time in water.

It is important to begin this section by reviewing the current
theories concerning the origin of surface charge at the mineral oxide/
water interface and possible reasons are suggested for reported

discrepancies where the coagulation behaviour of the sol is unusual.

The Oripgin of the Charge at the Mineral/Water Interface

Numerous investigations have been made into the nature of the
electrochemical double layer at the interface of simple oxides in
agueous solution. Electrokinetic measurements have formed the basis
of such studies and have made a valuable contribution towards
understanding the fundamentals of the charging mechanism. Simple
experiments have been carried out to measure zeta potentials during
the adsorption of the potential-determining ions such as H" or OH™ at
the oxide interface. (It is generally accepted that since small
changes in the pH of the aqueous phase produce large changes in the
sign and magnitude of the zeta potential, the ionic double layer is
predominantly established by the adsorption of HY or OH ions at the

surface.)

. , . . . . + .
Direct measurements, by potentiometric titrations, of H ion

(93) ’

adsorption were first made by Parks and de Bruyn on the ferric
oxide/water interface. The experimental technicues employed were
originally develoved by the Dutch School of Colloid Chemists to study

(k)

the silver iodide double layer . Refinements to the methods were
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(95) in their study of the hematite/

carried out by Onoda and de Bruyn
aqueous solution interface. These authors described important kinetic
effects which could complicate the analysis of the adsorption
measurements. The hematite/agueous solution interface has also been

(96)

studied by Atkinson, Prosner and Quirk using similar technigues.

(97) (43) (98)

Healy and Fuerstenau y van Olphen and Parks , were
amongst some of the early investigators to put forward theories to
account for the origin of charge at the interface. The surfaces of
such simple oxides as rutile and silica are well known to be covered
with hydroxyl groups. This has been confirmed by extensive studies
made in recent years, applying such techniques as infrared
spectroscopy, surface adsorption analysis, and heats of immersion.

In aqueous solution at the p.z.c. of the oxide, it has also been
established that the concentration of dissociated or protonated
hydroxide gréups is very small. Dissociation of the hydrated surface
‘has been postulated as a source of surface charge where the H* and OH™

ions become potential-determining. The proposed mechanism may be

represented by the equations:

MFOH THE——— /V\] OH; (146)

whercfﬂ denotes the metal, and ] denotes the surface species,
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It has been also generally accepted that for salt-type minerals
the(lattice structure and lattice ions have a considerable influence
on the nature of the charging process. The lattice ions may act as
potential-determining by dissolving into solution and forming metal
hydroxyl species. An alternative charging mechanism, proposed by

(93)

Parks and de Bruyn y involves the adsorption of such complexed
charged hydroxyl species at the surface. Since both theories are
dependent on the OH and 1" ion concentration, it has proved difficult
to obtain satisfactory experimental evidence to confirm either.

(97)

However, Fuerstenau and co-workers have attempted to establish a

quantitative relationship between the zeta potential values and the

(98)

crystal structure for a series of manganese oxides. Parks has
studied the lattice structure in relationship to the p.z.c. and
considered the variations in the electronic and non-electrostatic

bonding encrgies in the crystal field resulting from adsorption of

potential-determining ions.

The Rutile/Water Intcrface

A detailed study of the rutile/water interface has been made
during the last decade. Hydrated rutile manifests a capacity for
either acid or basic dissociation on its surface depending on the pH

of the nmedium. This may be represented by the equations:

|

il

Tit B0 = =Ti-0H—%> == Ti—0 + H,0

In an alkal% medium)acid dissociation is increased; in this case, the
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charge on the inner layer of the electrical double layer is increased
and H' ions migrate as counterions to the diffuse part where they
exchange with the cations. This results in a build up of charge on
the surface of the T7C£ varticles and produces an increase in
stability of the colloidal particles.

(99)

Berubé and dé Bruyn carried out a theoretical thermodynamic
analysis and an experimental investigation on the rutile/water inter-
face. The results obtained from podtentiometric titrations indicated
that the adsorption of potential-determining ions was a two step
process. The initial fast step, which resulted in the establishment
of the double layer, was interpretated as the penetration of H+\and OH~
into the inner region of a relatively ordered liguid interface. The
slow step, which was indicated by a slow up-take of OH (or release of
H+) on negatively charged surfaces, was found to last ovef several
months. Siﬁce no similar effect was observed on positively charged
surfaces, it was suggested that the slow step can only occur when the
double layer is populated by ions which are strongly hydrated. These
workers also reported that the p.z.c. for the fully equilibrated
titanium dioxide at room temperature was observed to lie at about pH
6:0. This value was found to be independent of its crystalline
modifications, but was lowered to below pH 4 by heat treatmenf of the
oxide prior to adsorption measurements. It was suggested that the
lowefing in the pH of the p.z.c. was associated with partial dehydration
of the solid surface. The difference in the standard entropy of
transfer of cationic and anionic potential determining ions from the

agqueous solution to the surface at the p.z.c. was estimated.



The Effects of Ageing Minerals in Water

The effects of ageing a mineral surface in an aqueous
environment has also been studied, since there is evidence that gel-
like layers of metal hydroxide can be formed in certain systems and

these can have a considerable influence on the specific adsorption

(100) has elaborated on the

characteristics of the surface. Lyklema
structure of the gel layer and developed a model wherein the sgrface
layer is charged by potential-determining ions and partially neutralized
by counterions in the layer. The potential at the surface of such a
layer is,amongs other things, determined by the effectiveness of the
counterion penetration into this layer. (This depends on the size,-
valency and, to a lesser extent, the concentration and specific
adsorption capacity of the counterion.) Ageing a metal oxide in water
can change the position of the p.z.c. In the majority of experimental
cases reportéd the p.z.c. of the simple oxides moves towards more

basic pH values with ageing time. Recent evidence suggests that this
phenomenon is related to the dissolution of disturbed layers on the
surface accompanied by re-adsorption of metal hydroxyl species back

onto the surface. The re-adsorption is thought to take place after

the solution becomes supersaturated with respect to some crystalline
phase. The variation of the p.z.c. of complex oxides as a function

of ageing time in water is complicated and is believed £o involve a

nunber of mechanisms.

Several models have now been proposed to account for non-
conventional coagulation behaviour of mineral suspension. The
aggregation process is often controlled by hydrolysable metal cations,

and could involve a combination of coagulation and [locculation
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mechanisns. The presence of salts cannot be considered as simply
indifferent electrolytes producing a reduction in the thickness of

the double layer, since the adsorption of the hydroxo metal species

at the surface can influence the stability of the system. The

models sometimes take into account some of the coagulation data for
negatively charged suspensions in the presence of hydrolysable cations
which cannot be interpreted in terms of the DLVO theory. An example

is the coagulation of silica suspension with iron (III) salts studied
recently by O'Melia and Stumm(101). The results of the investigation
showed that the coagulation mechanism could be accomplished by either

or both coagulation or flocculation depending upon the concentration

of iron (III), silica, and the solution pH. Anomalous electrophoretic
behaviour has been reported by Matijevic and Styker(102), and Packham(103)
" for a number of negatively charged mineral suspensions in the presence

of aluminium salts. No avparent correlation was obtained between these

results and the coagulation behaviour of the sols.

Many theories have been proposed in an attempt to explain the
coagulation characteristics of the hydrolysable cations such as;

heterocoagulation of the positive charged metal hydroxide precipitates

(104)

with the negative charged suspension particles

(3)

via complexed polymeric hydrolysis species , and non-hydrolysed
7

(105)

species producing dehydration and destabilisation . It is

y polymer bridging

generally accepted that in such cases the mechanism controlling the
coagulation and flocculation of susnensions by hydrolysable metal

cations depends on the characteristics of the system under study.,
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The Application of Klectrokinetic Data to Coagulation Theory

To successfully apply DLVO theory to a mineral system, a
numerical value of }é the Stern potential, or in the case of non-
specific adsorption, yé the surface potential,.is required, Since

’ ,
}é cannot be measured directly, the value may be estimated by one

of the following techniques.

The Determination of y& from }é

It is important to begin by considering the theoretical basis

of this concept.

The number of ions specifically adsorbed per cm2 in the Stern
layer may be related to the work done,GL, in bringing an ion to the

inner Helmholtz plane by the Boltzmann equation:

n = 2r'n° exp (~O,/I<T) (147)

x
where 7. is the radius of the unhydrated ions,’l is the number of ions
per cm'3 in the layer and hw is the number of ions per cmj‘in the bulk

of the liquid phase.

The work terwm consists of an electrical and a non-electrical part,

i.e.

Q ::.Zei///g*B (148)
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where the non-electrical part is expressed by the terme which is
dependent on the forces existing between the adsorbed species and the

solid surface, i.e. van der Waals and chemical forces.

The magnitude of the total surface potential, }&

[, may be

considered to be a dependent on the concentration of the potential-
determining ions. A change in the concentration of these ion results
in a chanée in the total potential difference DB between the two
phases in contact with each other. The total potential difference

between two phases may be expressed by:

_ ' (149)
AR = %r + E

“

where E is taken as the value of that part of the total potential
difference solely determined by the orientation of dipoles and
polarisation of the surface. It may be assumed that the}é'potential
is not affected by changes in the electrolyte concentration and under

such circumstances B}& will be egual to EE; .

On the basis of such an assumption the potential difference
across the double layer will be determined by the concentration of the
potential-determining ions. A change in the activity of the potential-

» # _
determining ions (i.e. from Qq to O} ) may cause a corresponding
change in the thermodynamic pnotential ( A%l ), and the surface
potential (Zl)%‘ ). These may be related to the activities of the

ions in the solution according to the cquation:

A/M — kT{/ﬂ(aj/a,f') (150)
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and

Y = (%)z T (}é), = 4iL (151)

A /0 _ kltﬂ((lj /Oj;) (152)

We may take a value Qi to represent the activity at the zero point of

charge of the solid where 7& = 0 to reduce the above equation to:

}b‘ _ {él—@n<%—) ’ (153)
0 €

y% can be calculated for any concentration of the potential-
determining ions (H" or OH™ in the case of the mineral/water interface)
providing that the concentration corresponding’to the p.z.c. 1s known.
It may be seen that equation (153%) is analogous to the Nernst

expression for electrode systems.

The concentration of the potential-determining ions may be
experimentally found from potentiometric titration experiments
yielding a plot of the surface charge density as a function of the
solution pH. Although the application of the Nernst eguation seens
justified for the classical Ag I/solution interface which constitutes
a reproducible reversible electrode, 1t is an assumvption in the case

of a mineral oxide interface which revresents a more comwnlicated
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situation. <Experimenta1 measurements of differential capacity(loo)
have illustrated the difference between a non-porous oxide/solution
interface and that of a Hg or Ag I/solution interface in that the
values of the differential capacity rise to much higher values for the
oxide/solution interface than for the Hg and Ag Iysolution interface
at a considerable distance from the p.z.c., although near the p.z.c.
it can be smaller.

The Nernst equation has been recently modified into a new form(106)
in order to account for such deviations. The essential features of
the new model of the inner part of the double layer are that it involves
adsorption of both anions and cations of the supporting uni-univalent
electrolyte and a discreteness-of-charge correction is made to their

adsorption isotherms.

Many experimental potentiometric titration measurements carried
out on oxide surface show a slow drift of pH with time, after an
initial rapid change resulting from the addition of acid on base to
the oxide. It has been postulated that these drifts are due to changes
occurring within the solid surface, and since most conventional double
layer models are concerned with the outer wall votential and not the
inner potential it is not surprising that the experimental observations

are not in agreement with theory.

Calculation of %" from g
/

The zeta potential value is obviously dependent upon the

position of the plane of shear. Several studies have been carried



out based on the Gouy-Stern theory, containing the shear plane situated
in the diffuse double layer at some distance from the outer Helmholté
plane. However, experimental zeta potential measurements have, in
many cases, been unsatisfactorily interpretated by this model.

(107)

Eversole and Boardmann determined the distanée of the plane of
shear from the surface in the presence of different concentrations of
electrolyte using Gouy-Stern theory. The results indicated that the
thickness of the immobilized layer was much greater than anticipated
and concluded that the model gave an unrealistic view of the situation.

(29)

Overbeek suggested that the slipping plane and the
separation between the Stern and Gouy layers coincide. Values of
zeta potential could then be substituted, instead of }% , directly
into the double layer equations without incurring any great inaccuracy.
The experimental results from many model coagulation systems have been
reasonably interpretated on this basis and the assumption has proved
applicable to many mineral colloidal systems such as kaolinite in
water(log). In fact, for testing DLVO theory it is customary to
assume that the value of }% may be identified with‘g and there are
many other experimental systems that suggest that only small errors
occur in doing so. The differences between }% and'g will be most
pronounced at high potentials (since }4‘ =0 V*””ﬂg = 0) and at high
electrolyte concentrations since a reduction of the double layer
thickness wiil produce a more pronounced reduction from )%? to zero,
than would occur within the Stern layer. There are however, still
many doubts concerning the validity of the approximation. The
calculation ofj? from electrokinetic data is often unreliéblc because

it depends uvon values of the viscosity and the dielectric constant
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of the liguid phase and these are thought to have abnormal values in
part of the double layer. Double layer capacity measurements indicate
that the value of dielectric constant in the inner double layer region
is smaller than that in bulk due to the saturation effects caused by the
high ionic strength and potential fields near the surface.
i

Several refinements have been attempted recently on the double
layer model. In the case where the shearing plane potential is
changed by the change in concentration of indifferent electrolyte and
no specific adsorption effects take place, the Gouy-Chapman model has
formed the basis for development in an attempt to explain the
experimental observations. In the more complex case where specific
adsorption has been experimentally detected, the Stern model has been
used as the basis for modification. Models have alsoc been postulated
for double layers containing both indifferent electrolyte and
specifically aﬁsorbed ions, but it has been difficult to relate these
to experiment?électrokinetic measurenents. It is not surprising that

!

discrepancies exist between the experimental work and the calculations

based on the thecretical treatments, owing to the complexity of the

situation.

Future refinements to the Gouy-Stern-Graham model depend upon
a better understanding of the surface potential, the structure of the
immobile layer and the adsorption potentials of the ions. Although
the shearing plane potential of the mineral oxide interface cannot be
extensively described by any of the present day models, the double
layer theory, nevertheless, does provide a good basis for semi-
quantitatively interpreting many experimental elcctrokinetic

observations.
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I ,
Influence on the({® potential due to the vresence of ﬂﬁh—Specifically
: ~ ’

3 s
c.ddsorbed Ions

(109)

A number of workers have reported that the electrokinetic
potential of many systems varies linearly with the logarithm of the
concentration of the inorganic electrolyte, for non-specific adsorbed
ions. -The zeta potential is usually very high, at low concentrations
of electrolyte, (lO-6 or 10-5M) then decreases at first slowly, then
more rapidly and finally it reaches its maximum rate of change. This
rarely exceeds 35 mV per tenfold change in concentration, and occurs

3 2

in the region of clectrolyte concentration of about 10 ~ to 10 M.

(110) led to

A theoretical treatment by Benton and Elton
equations expressing the variation of the electrokinetic charge and
potential in terms of activities of the solute ions. They also showed

from this work that the rate of change of concentration for a 1 : 1

electrolyte in water was about 20 mV per tenfold change in concentration.

Microelectrophoresis Experiments

The microelectrophoresis apparatus used in the experiment was
of a typme MK II manufactured by Rank Bros., Bottisham. Observation
of the particles of the suspensions was made by a microscope situated
at the side of the apvaratus in the same plane as the illuminating bean.
The cell was a flat type with a thin viewing window. bipping
palladium electrodes were subumerged in the suspension and a stabilised
power circuit provided the potential gradient. The tube was clamped

in a thermostatted bath. Correct alignment of the microelectrophoresis
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cell relative to the microscope was made so that the flat plane of

the cell was positioned horizontally and perpendicular to the optical
path of the microscope, by adjustment made to screw-clamps. Focussing
was made on minute scratches which occurred on the outer and inner

wall of the cell windows by adjusting the vernier adjustment on the

microscope.

The position of the stationary layer is given by the equation
X = 0+194D where X is the apparent distance from the inner wall to
the stationary level and 'D' the diameter of the capillary. The
apparent capillary radius was determined from a plot of the parabola
of velocities across the tube. Before commencing experiments, the
cell was cleaned by chromic acid and then sodium hydroxide (1M). The
cell was then well washed with a continuocus flow of good distilled water.
The cell was flushed with the suspension several times before use.
Before application of the potential field the apparatus was allowed to
attain thermal equilibrium at 2500. By alternating the direction of
the current after each mobility measurement, polarisation effects were
mininised. The mobility of the particle was defined as the velocity
of migration under a constant potential gradient. The potential
gradient E' , at the point of observation was calculated from the
current L , the cross-sectional area of the channel PC and the
separately determined conductivity of the dispersion ]% . This may

be expressed as:

E = I/kO/\* (154)
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pH measurements of the suspension were made by use of a direct
reading pH meter (Pye Unicam model 292) with a calomel-glass electrode
system. Condﬁctance measurements were made using a direct reading
conductivity meter (Portland Electronics Ltd Model 645) and a dip type

conductivity cell.

The electrophoretic mobility measurements were made on relatively
large particles (AV'z}uﬂ diameter). The time to traverse one .or two
squares of the eyepiece graticule was recorded. Each reported mobility
was the mean of 10 particle mobilities (five in each direction) yielding

a standard deviation of about 5%.

Determination of Zeta Potential from Mobility Results

Two early conflicting equations were derived to relate the
electrophoretic mobility to the zeta potential. The first of these
equations the Debye-Hiuckel equation which was shown to be valid when the
particle was comparable in size to the thickness of the electrical

double layer.

The Hickel equation may be expressed by:

W = EGE | (155)
éTrQ

where W 1is the electrophoretic mobility; and

YL is the viscosity.



The theory was derived by the application of Stokes's Law to
represent the flow of a spherical particle in a viscous medium and the
application of the spherical condenser theory to introduce an equation
for the capacity of the particle. The second equation derived by
Smoluchowski was applicable to suspension containing large particles

relative to the size of the double layer. This may be expressed by:

W — _gg[" (156)
41

Henry(lll) later formulated a general equation, applicable over
the range of}{a, , which converges to the Smoluchowski and the Huckel
equation at high and low values of Ka respectively. The derivation

<
VS
of the equation was based on similar assumptions to Smoluchowski/in

s
1

that:
(1) The hydrodynamic eguations of motion in the viscous bulk
AN
medium were applicable in the double layer.

(2) The particle is described as a rigid sphere with its
charge uniformly distributed over the surface. The
applied force field u§s>simply considered to be super-~
imposed on the double layer force field.

(3) A velocity gradient surrounds the particle, such that

the velocity of the fluid at the particle surface is

equal to that of the particle.
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In addition, Henry assumed the distribution of the ions in the
surrounding atmosphere waélin accordance to Debye-Hickel theory.

Henry expressed his eguation in the form of:

u *—-EE‘ |+ﬁ_@ SQ{_‘Q (K“) (KCL) (157)

émL It

This expression could be reduced to:

; l - (158)
éng f(Na)

where values of‘{(l{a)kmve been tabulated for a wide range of }(Q

values.

It may be observed that for large valueé of!(&_,'{(f{ﬂ)
con&erges to 1-5 and the equation reduces to the Smoluchowski form.
For small values of {(}(Q} converges to 1 and the equation approximétes
to the Huckel form. In the Smoluchowski region the electrovhoretic

velocity becomes independent of the varticle size and shape.

Theoretical studies have shown that the Smoluchowski and Huckel
equations are invalid at intermediate values off{& (0.2 < < Ka <‘ 50).

(112) and Booth( 13)

Overbeek independently developed a more sophisticated
model and applied corrections for relaxation and retardation effects
which can occur due to additional internal forces which develop during
the particle motion in the applied external field. The relaxation

cffect is caused by the outer part of the double layer moving in an

opposite direction to the particle, deforming the symmetrical field
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surrounding the particle. The symmetry is restored by electric
conduction and diffusion effects but a finite time, known as the
relaxation time, is necessary to reform the equilibrium. The overall
effect is that the double layer drags behind the particle, producing a
counter-field to the applied field and this can reduce the motion of
the particle. The correction was applied in the form of a power

series:

Lo _6_%% £ (M) -2 %ﬂ(l{a,)~_ BeP %‘e%ﬁ(m) (159)

The first term is the Henry's term but the subseguent terms account
for the relaxation forces and involve the frictional constants of the

anion and cation represented by fi and Fz respectively.

The theories of Booth and Overbeek include corrections for
surface conductivity effects caused by the ionic atmosphere in the
double layer having a higher charge density than the bulk liguid.

. (114) . '
Stigter and Mysels rearranged the Booth equation to produce an
equation for zeta potential in terms of a power series expressed in
mobility values. Unfortunately, owing to mathematical difficulties,
these eguations were solved only for a restricted number of terms and

were quantitative only for values of eyﬂ<7“<f 1. At higher potentials

the relaxation effect was over-estimated.

The correction term is only small for low values of zeta
potential (‘< 25 mV) and is considered to be unimportant in the

. ! . . !
region where{{& has very high or low values. The most important
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region for correction is whenI{Q has intermediate values, especially

for high zeta potentials. (i.e. O-2<Ka, < 50)

A1l the carly corrections made for relaxation and retardation
to the electrophoretic. mobility contain an analytical approximation
based on the Debye-illickel linear distribution of potential in the
electrical double layer. fore recently Wiersema, Loeb and

Overbeek(37)

have carried out a full analysis of the complex problem
by avoiding the Debye-Huckel equation and using the classical Gouy-

Chapman approach to obtain an accurate numerical solution to the

differential equation by means of electronic computing techniques.

Experimental eleétrophoresis studies were carried out on the
gquartz, rutile and hematite suspensions. Mobility measurements were
made on particles of radius >' qun , and the values of K encountered
were greater than 100. These values were of sufficient magnitude
to justify the simple Smoluchowski treatment and the complex correction
treatment was found unnecessary. The zeta potential was evaluated from
the particle mobility by use of eguation (156). The results are shown

in Figures 8 to 11.

The Zxperimental Selective Coagulation System

The mineral suspensions chosen for use in the experimental

systems were:

(a) Rutile and quartz

(b) Hematite and guartz
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The rutile was selected as one component in the system since
highly pure particles of the correct size range were readily available,
The quartz and hematite were also obtained from highly pure sources and
particles of the correct size range could be casily separated. The
mono-disperse silica sol prepared by chemical methods proved
unsatisfactory for selective coagulation studies and its unusual

behaviour is described in Appendix 1.

In the preliminary theoretical section it was concluded that
the critical electrolyte concentration and zeta potential may be used
as criteria for stability, and there is considerable experimental
evidence in the literature to support this view. From figures 8 to
11 it may be observed that guartz has a p.z.c. of about 2 and hematite
and rutile p.z.c., values of 6 and 5 respectively. One would therefore
expect from DLVO theory that the requirements for selective coagulation
of equi-sized particles to be fulfilled in slightly alkaline conditions.
In this fegion it may be anticipated that guartz wilill retain a high
surface potential (and remain stable) while that of the rutile or
hematite may be reduced to a low value and, therefore, these sols may
coagulate. Confirmation of these predictions would require a detailed

investigation of the coagulation behaviour of the mixed suspension.

Experimental Technigues

In the experiments reported, high-purity water was used,. This
was prepared by passing distilled water first through a mixed-bed of
ion exchange }esin (to remove carbon dioxide, ammonia, etc.), then
through a column of leached and reactivated charcoal (to remove

orpanic impurities present in the original water or leached from the
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resin). The water was then redistilled. The final water had a
conductivity of about 1-5 x 10_6 ohmml cm-l, and, more important, it

was free from surface-active impurities, as indicated by the simple,

but sensitive, bubble persistence test.

The sample of specially prepared pure titanium dioxide (Code No.
Tioxide R-SM2) was kindly supplied by Dr. G.D. Parfitt of Tioxide
International Ltd. It has been prepared in the rutile form by
heating the oxide, obtained from the sulphate process, at a high
temperature. The elliptically shaped particles had a mean radigs
of about O-l/iﬁ\as determined by electron microscopy. Before the
rutile was used for coagulation experiments, impurities remaining on
the surface were removed by extraction with hot water for 6 days in a

Soxhlet extraction apparatus. The rutile was then dried at lOOOC.

Optical quartz chips were dry-ground in all-agate mill, in 25 g
portions for 45 minutes, to less than ZS/LN\ radius. The powder was
crudely sized by scdimentation in water and the final particles (< 5}un )
retained for purification and surface treatment by leaching with alkali
according to the method of Stober to prepare a reproducible quartz
surface free from polysilicic acid (as described in Appendix 1).

Large lumps of polycrystalline Swedish hematite were crushed in a
laboratory jaw crusher and pulveriser, and the size fraction - 52 + 72
mesh, retained and cleaned by magnetic separation and wet tabling.

After drying at lZOOC, the hematite was stored in a bottle with a ground

glass stopper. A microscopic examination of the sample revealed the
main impurity present was quartz at less than 0+05%. When required

h i, ..
a 25 g sample of the hematite was also subjectr'to a grinding operation



in an apate mill, then allowed to sediment in water pH = 9 for 24

hours to remove the large particle size fraction.

Final sizing of both the quartz and rutile particles was made
by centrifugation. The calculation for the centrifugal sedimentation
operation was based on the Svedberg equation which describes the
motion of a particle subject to a centrifugal force. This may be

expressed as:

d — 6 lm(xl/l,l (160)

—_—

wor2(p-eit

where 1 is the viscosity of the water, J% is the distance from the
axis of rotation to the bottom of the centrifuge tube,3C1 is the
distance from the axis of rotation to the meniscus of suspension,

and W is the angular velocity of the centrifuge.

A MSE 'Super Medium' centrifuge was used at an operating speed
of 1,5C0 r.p.m. The suspension was centrifuged in 100 ml capacity
tubes of length 11 cm and diameter & cm. The minimum time of
centrifugation necessary to remove particles of avefage size greater
than 0.1 fﬂn radius from suspension was determined from eqﬁation (160).
This technique of sizing the particles was emplcyed for the quartz,
rutile and hematite particles. To prepare 500 ml of each suspension
havine a solids content of %.3% (%A¥), a repeated centrifugation

operation was carried out over a period of several days.

In the final preparation of the rutile and hematite suspension
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it was found necessary to add to the particles very dilute sodium
hydroxide solution to produce a pH of about 9 - 10. This was tq
compensate for a fall in pH which was found to take place over a
considerable length of time, and it was found necessary to carry out
a pH check on the suspensions every day or so, to ensure that the pH
remained at a value of 8-5, Small additions of sodium hydroxide
were made to the sol when the pH decreased below this value. In
comparison with hematite, the rate of equilibration of rutile was
observed to be much slower; approximately 3 days elapsed before
equilibrium was approached with the hematite suspension whereas three

weeks or more were needed in the case of the rutile suspension.

The size distributions of the particles were examined from a
number of electron micrographs. For the three mineral oxides it was
found that over 80% of the particles had a size range of between 0-05
and O-2}Mﬂ radius with a mean of about O~1}Uﬂ. The surface areas
of the rutile and quartz particles were determined by the BET method
with krypton at -1950C, taking the area per krypton molecule at 19-5 32

The results are shown below.

Surface Area Density Particle Radius | Mean Particle
Determined by 3 {pm ) Radius from
BET (gm per cm”) | from calculated Flectron
2 BET data Micrographs
(m™ per gm)
Quartz 8.59 27 0-13 0.1
Rutile 7-29 4.3 0-10 0-1

The good agreement between the two methods indicates a low degree of

vorosity of the saumple.

-
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Selective coagulation tests were made in cylindrical glass
containers of diameter 1 cm and length 24 cn. An index of stability

was obtained by experimental trials and the time, concentration of

colloid, height of sedimentation column, etc., to give clearly marked

differences in coagulation rates were found. The time allowed for

coagulation was exactly 30 minutes in the reported experiments. The
3

volume of suspension maintained in the vessel for each test was 6 cm”.
(4 cm3 of the suspension plus 2 cm3 of water at a predetermined pH
with or without added electrolyte.) The coagulation regions for the
two sols were investigated by gravimetric analysis of the supernatant
suspension throughout the range of pH. The gravimetric analysis was
carried out on volumes of 3 to & cm3 of supernatant liquid removed by
use of a 5 cm3 syringe and a polyethylene tubing attachment. This
liguid was collected in glass weighing tubes of 6 cm3 capacity and

placed in the oven at 9SOC overnight. The solid content was

determined by reweighing the tube the following day.

The Quartz and Rutile System

Figures 12A and 12B clearly show the regions of stability for
the two separate components throughout the pH range and Figure 12C
shows those for the mixed suspension, A1l the suspensions had 2.2 wt %
sclids - in the case of mixtures, 1:1% of each. No addition of
electrolyte was made in this series of experiments. A region of
selective coagulation of the mixtures was anticipated (and found) at
pH 5+6, since at this point the guartz sol remained stable while the
rutile sol was observed to undergo rapid coagulatioﬁ. The electro-

phoresis experiments showed that both conmponents carried a negative
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surface potential at this pH; the zero points of charge of the quartz

and rutile were found to be about pH 2 and 4.5, respectively.

An additional series of investigations in the pH range 7 to 10
was made, in which both components remained stable until indifferent
electrolyte was added to bring about coagulation. Figures 13%A and
13B show the stability regions of the individual components on
addition of increasing amounts of "sodium chloride and Figure 13C the
mixture. A study of the coagulation characteristics indicated that
selective coagulation should occur between 0:015 and 0:050 M NaCL.

In this region the guartz remains stable and the rutile undergoes rapid
coagulation while both components again retain a negative surface

potential.

From these graphs possible regions of selective coagulation
were assessed and further tests were made using larger guantities of
silica and rutile sols (60 e of suspension was coagulated in a
vessel of length 36 cm and diameter 2 cm). This enabled samples of
the supernatant liquids and sediments to be taken and analysed
chemically for rutile and quartz. The standard methods of chemical
analyses used for these oxides is described in Appendix 2. The results

of the analyses are shown in Table 1.

The Hematite and Quartz System

Similar series of experiments with guartz and fractionated,
finely ground, natural hematite gave essentially similar results to
those described for gquartz and rutile. The coagulation results for

the first series of exveriment (without addition of electrolyte) are
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TABLE 1

Chemical Analyses made in Selective Coagnlation Regions

Fig No. pH Electrolyte Supernatant Liguid
Concentration Analysis Sediment Analysis
(NaCl)M % $i0, % Tio, % si0, |% Tio,
A. Original Composition of suspension 50% SiO2 : 50% TiO2
12¢ 5.6 - 98 2 7 93
13C 9.5 0020 95 5 b 96
13C 9-5 0-023 89 11 13 87
13C 9-5 0-0265 87 13 1 99

TABLE 2

Chemical Analyses made in Selective Coagulation Regions

Fig.No. PH Flectrolyte Supernatant Liguid
Concentration Analysis Sediment Analysis
{NaCl)M % $i0, % Fe.0 % 810, |% Fe. 0
2 T2 2 273
A. Original composition of suspension 50% 5102 50% Fe203
14C 7 - 98 2 16 84
15C 9 022 99 1 8 92
15C 9 <033 99 1 8 92
15C 9 <05 98 2 9 91
B. Original composition of suspension 9C% SiOP 10% FePO5
15¢C 9 033 98 2 76 2L
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shown in Figure 1h4. A region of selective coagulation was found at
pH 7 where the quartz sol remained stable while the hematite was
observed to undergo rapid coagulation. Chemical analyses of the
supernatant liquid and sediment are shown in Table 2. An additional
series of experiments for this system in the pH range 7 to 9 was made,
in which both components remained stable until addition of indifferent
electrolyte caused coagulation to occur. Figure 15 shows the
stability regions of the individual components and the mixture on
addition of indifferent electrolyte. A study of the coagulation
characteristic of the mixture was made at pH 9 and the results show
that selective coagulation should occur between 0:02 and 0:05 M N&Cll
where the hematite was found to undergo rapid coagulation. Chemical

analyses of the supernatant liquid and sediment are shown in Table 2.

Results of Chemical Analyses

The chemical analyses of the supernatant ligquids and sediments
made at three different points for each of the systems confirm
successful separation by coagulation of the rutile and hematite
leaving the quartz substantially in suspension in agreement with

theoretical predictions.

Calculation of the Hamaker Constants for the Oxides in Water

In recent years the DLVO theory has been subjected to numerous
tests, or rather partial checks, where the stability limit of a
classical suspension has been examined in the vresence of an electro-

lyte. In carrying out theoretical checks on stability data it is
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necessary to assign three important parameters to the colloidal system:

(a) the surface potential,
(b) the particle dimensions; and
(c) the Hamzker constant.

By taking reasonable values of these parameters it has been shown that
for many systems the experimental derived predictions agree (within
rather wide limits) with theory. In fact, there is little doubt that,
in principle, the theory is correct but certain refinements are often
necessary in many systems. It must be emphasised that thelvalues of
the surface potential are generally uncertain and may give rise to

misleading results.

Since the zeta-potential and the conditions of stability of
the quartz, hematite and rutile have been examined in this work it is
possible to calculate the interaction potential curves for the
colloidal particles, in order to have some indication of the
applicability of DLVO theory to these systenms. From theory, curves
having high potential energy barriers ( V%mf > 25 kT) may be
considered to be absolutely stable eaven for concentrated electrolytes,
whereas with a lower potential barrier (\4ux = 15 kT) a proportion of
colliding particles can surmount the barfier and conditions of slignht

instability prevail.

From the experimental stability graphs made for the colloidal
mineral suspensicns it may be seen that there appears to be no sharp
threshold concentration differentiating the regions of stability, of

slow and of rapid coagulation. The tranaition from a stable
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suspension to conditions of slow and then rapid coagulation follows
a similar pattern for all three systems. There is, however, a
reasonably well-defined point which provides a convenient measure of

the 'onset' of slow coagulation and 'settling'.

In the beginning of the zone of coagulation and settling, some
of the particles must have at least exceeded 10 Fﬁ\ in diameter since
the Brownian motion would be sufficient to counteract gravity for
smaller particles. The rate of sedimentation would be governed by
Stokes's law where, to a first approximation, sedimentation velocity
is proportional to the square of the aggregate radius. However,
during the settling, the flocs would be increased in size due to
orthokinetic coagulation effects and this would accelerate the
sedimentation rate. It seems a reasonable assumption, therefore,
that the initial stage of the coagulation process could be governed

by an energy barrier of about 15 kT.

A series of computer calculations have been made for the
guartz, rutile and hematite suspensions in an attempt to determine
values of the Hamaker constant for the mineral in water assuming energy
barriers of this order. The results are vresented in Table 3. Table
4 shows a series of values reported in the current literature for the
three oxides. In the evaluation of this figure, since the Stern
potential cannot be deterﬁined by direct measurement, the zeta-potential
obtained from the electrokinetic experiments was used. Errors may
have been introduced in the determination of the zeta-potential, but
these are unlikely to be greater than 4 or 5 mV and would have little

effect on the value of the Hamaker constant.
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begins

TABLE 3
Iig. Region pH | Molarity Zeta Particle Hamaker Constant
of Potential Radius K (joule)
Suspen- (mV) gbn) (Constant
sion Potential)
12(4) Quartz | 3-0| 1072 25 0-13 1x10° 5 x 10729
instability
begins
L
13(A) Quartz 9:515 x 10-2 55 0-13 7'5x106 6 x 10—20
instability
begins
- . . -5 . 5 -19
12(B) Rutile 7:5] 2 x 10 28 0-10 5x10 1.4 x 10
instability
begins
. -3 6 -19
13(B) Rutile 9.5 2 x 10 4LQ 0-10 1-5x10 1-3 x 10
instability
begins
) . -2 6 -19
15(B) Hematite 5.0]1 x 10 60 0-10 3-3%10 1-6 x 10
instability




- 149 -

TABLE &4

Experimental and Theoretical Values of Hamaker Constants

(joule) in Water

Method Ruartz Rutile Hematite
Short range macroscopic
Hamaker constant
Aoy in water 6 x 10_21 8 x 10'.20 1.0 x 10“19
(Lifshitz approach)
Long range macroscopic
Hamaker constant
Apy, 6 x 10721 9 x 1070 |1.2 x 10717
(Lifshitz approach)
Optical data
London method 2.8 x 107 | 2.5 x 10719
Kirkwood-Miller method 7.3 x 10“20
Slater~-Kirkwood method 67 x 10_21 6.1 x 10-20
(Microscopic methods*)
Fowkes(68) ‘ -20
Interfacial energies approach 8 x 10
Experimental colloid (ézg
stability studies 1l x 10
Direct measurement in vacuum _o1
and correction made for water| 3+6 x 10
* The microscopic approach gives a value of the Hamaker constant of

the material in vacuum.

To determine a value in w

necessary to kuow the Hamaker constant of water.

uncertain. Gregory(51) determined the value for water as 4 x 107
Verwey and Overbeek(29) reported a value of 6 x 10-13
and Kitchener (56) used a modified Slater-Kirkwood formula and
electronic data by Moelwyn~Hughes reported a value of 7.7 x 10~

ater it is
This is still

13

and Schenkel

.

13



Allowing for the various assumptions and degrees of inaccuracy
involved in the derivation of the Hamaker constant, good agreement
was reached between the result and the previously reported theoretical
and experimental values. The calculations confirm that, although the
Hamaker constants of quartz, rutile and hematite differ and tend to
favour less stability in the latter two, the basis of the selective
coagulation in the two systems is the choice of pH regions and
concentrations of indifferent electrolyte which give well separated

values of zeta potential.
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CONCLUSIONS

Possible Future Developments in the Field of Selective Coagulation

In agreement with theoretical predictions, selective coagulation
of a two-component colloidal mineral system has been successfully
achieved by selecting suitable conditions of solution pH and
indifferent electrolyte concentrations to give well separated values
of surface potential. In a system.where such a region cannot be
located then it may be possible to accomplish selective coagulation
by an alternate means, i.e. by the use of small amounts of ionic

surfactant.

The artificial control of the surface potential of a colloidal
mineral in water may be achieved by the adsorption of collector ions
at the surface. Tais could result in a change in the value of zeta
potential due to specific adsorption of the ions. For a particular
mineral/water system it would be important to establish experimentally
the relationship between the zeta potential, the potential-determining
ion concentration, the pH and the collector concentration. The
primary mechanism of édsorption of a collector ion on to a charged
surface of opposite sign, usually involves a coulombic attraction
force, The value of the resulting zeta potential will depend on the
type of surfactant and to some extent on the surface characteristics

of the mineral system and the nature of the adsorption vrocess.
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The effect of small amounts of soluble surfactants concentrated
at the water/mineral interface has been studied widely in recent years
in such processes as detergency, flotation and water purification.
Several experiments have been carried out with alkyl surfactants to
determine the mechanism and function of the surfactant and the
adsorption step involved in the froth flotation separation process.
Already oxides of silica, alumina and titania have been studied under
these conditions since their surface properties and double layer
characteristics are fairly well understood. From studies on the
(115)

adsorption of alkyl ammonium surfactants at the silica/water interface

alkyl sulphonates at the alumina/water interface(ll6)

(117)

and saturated and

unsaturated fatty acids at the titania/water

interface(118) several characteristics of the general adsorption

and iron oxide/water

process have been well established.

The change in zeta potential resulting from increasing the
concentration of a cationic surfactant has been studied in detail.
At low concentrations the electrokinetic potential is very similar to
that found with indifferent electrolyte but as the concentration is
increased, deviation towards lower absolute values of the zeta
potential occurs and gquite rapidly the sign of the zeta potential is
reversed. Changes as large as 350 mV per tenfold change in
concentration have been recorded in this region. Models have been
developed by Fuerstenau and co-workers in terms of the hemi-micelle
nypothesis. At low concentrations the surfactants behave as
conventional counter ions in the electrical double layer. As the
concentration increases a stage is reached in which hydrophobic
bonding interactions takes place and the surfactant alkyl chains are

rejected from the agueous environment. Then, at a higher coverage,
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a two-dimensional aggregation process known as hemi-micelle formation
occurs at the interface. This results in surfactant ions entering
the Stern layer and a specific adsorption effect takes place. The
hydrophobic bonding contribution is linearly related to the number of

carbon atoms in the alkyl chain.

The adsorption of ionic surfactants at the mineral/water
interface may be usefully exploited for selective coagulation purposes.
In the presence of a low concentration of surfactant it would appear
feasible to select solutions conditions, i.e. pH and indifferent
electrolyte concentration, to change the surface potential of the
different colloidal components. Ideally a region may be found where
adsorption of the surfactant occurs only on one component, creating a
sufficiently large difference in surface potential (between this and
the remaining components) to allow selective coagulation technigues to

e applied to the mixture.

The Application of Selective Coagulation Technigues to Plant Scale

Processes

Although selective coagulation has proved successful on an
experimental scale, there are many additional probléms to be
considered in the application of similar techniques to plant scale
operations. Primarily, it would be essential to ensure that the
dosasge of electrolyte was immediately distributed throurhout the
slurry, by an efficient stirring mechaniocm, to avoid the formation of
regions of high electrolyte concentration in the solution. These may
cause coapulation of all major components and the formation of mixed

coagula, resulting in poor separations.



The process also suffers a disadvantage in the types of
sediments produced. These are inferior to flocculated flocs since
they tend to be voluminous, soft and readily resusvended by stirrving.
Organic flocculants have also an advantage in that they produce flocs
of fast settling rates, better filterability and greater durability
which present less difficulty in filtration and handling. However,
selective coagulation could prove a useful and.economic technique for
removing low percgntages of valuable or impure components from mineral

slurries where long settling times are not disadvantageous.
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APPENDIX 1

A STUDY OF THE STABILITY AND COAGULATION OF SILICA SOLS

Summary

When a monodisperse silica sol was examined as one
constituent in a model colloidal system for experimental
studies, its properties were found to be rather unusual.
It was found necessary to carry out treatment of the
particle surface by leaching with alkali, to produce
a surface free from polysilicic acid, in order that the
suspension would follow conventional coagulation
kinetics (in conformation with DLVO theory). A series
of experiments revealing the anomalous behaviour of the
untreated mineral, together with details of additional
investigations showing how this deduction was reached,

are reported in this appendix.

The coagulation of three kinds of silica sols namely,
monodispersed amorphous silica spheres, optical guartz
*
particles and commercially produced "Fransil™ silica
particles in water were studied under various conditions

of pH and electrolyte concentrations by means of visual

observations and turbidimetric measurements. The

*  Mpransil" silica was kindly vprovided by the Witco

Chemical Co., Ltd, London.



results obtained show the differing coagulation
characteristics but confirm the findings of other
workers in that the destabilisation of the solutions
by electrolytes proceeds by a mechani;m different from
that anticipated according to the behaviour of
conventional lyophobic colloids. Recent publications
on this topic reported conflicting views of the

coagulation kinetics, but as yet, no-satisfactory

full interpretation has been given.

From this series of experiments reported, it was
concluded that the coagulation characteristics of the
s0l at high pH are generally in agreement with that
reported by earlier investigators(los' 119).
Suggestions are made to account for the anomalous
stability observed at low pH by postulating a swelling
at an outer layer of the particles due to ionisation,
i.e. an osmotic effect. In recent years, it has been
proposed that a layer of structural water could account
for anomalous stability by acting as a steric barrier

(120) revealing the

and calculations are reported
thickness of the hydrated layer necessary to prevent

coagulation.

Considering the volume of available data, the swollen
gel model for the surface layer of the particle would
‘be more consistent with the experimental evidence in
this report.
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Literature Survey

Silica is well known to form exceptionally stable colloidal
suspensions in media pH 2 - 3 although it is believed to have a léw
surface charge in this region. On the contrary, it has also been
shown to be unstable to high concentrations of certain salts only

at high pH, where the surface potential is greatest.

These recently published findings have created considerable
interest, although, in fact, they were originally reported over fifty
years ago by Freundlich(lal) in his book 'Colloid and Capillary
Chemistry’. It has also been pointed out that silica becomes more

(9)

sensitive to salts at high pH than at low pH after ‘'ageing' in water .

In an attempt to explain this now well established phenomenon,
Derjaguin and others have put forward the theory that a layer of
structural water surrounding the silica surface could account for the
stability of the particles about the p.z.c. by acting as a steric
barrier. It is a well known fact that oxide surfaces such as silica
are strongly hydroxylated by water. Precipitated silica is always
fully hydroxylated, whereas strongly heated silica may be partially
dehydroxylated. The surface has, therefore, a considerable
hydrophilic character due to hydrogen-bonding of water molecules to
sitanol groups and it has been well proven that there can exist one or
two layers of water in a bound state. Evidence for this stems from
vapour adsorption studies, non-freezing of adsorbed water, i.r. and
n.m.r. spactroscopy data. Other workers in the Russian school have

advanced a good deal of evidence to support the viewpoint that thick
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rigid or highly viscous water layers can exist on silica surfaces(laz).
Objections have been raised to some of their experiments, such as the
conditions of the surface as regards the smoothness and existence of
gel layers. In experiments reported where such objections cannot be
made - namely on soap film experiments - the evidence is strongly
against thick rigidified water layers. It has been suggested that
solvated layers could provide protection against coagulation at low pH,
by analogy with the method by which gum~ or protein-protected sols
retain their stability about their p.z.c. (These naturally-occurring
organic polymers consist of extended flexible macro-molecules which are
adsorbed on the particle and osmotic work is required to compress them

before two particles can aggregate closely.)

To calculate the thickness of the hydrated layer required to
achieve stability, it is necessary to assume that the van der Waals
attraction force is more than counteracted by the change of energy of
solvation accompanying the 'collision' of the particles. This must be
true for all distances of interaction or at least, for distances as far
out as the separation at which the attraction energy is smaller than the
thermal energy. To determine equilibrium conditions for this type of
instability, we must calculate the relationship between the depth of the
potential energy well, developed by the attraction potential between
approaching particles, to their degrce of association for various

distances of particle separation.

To describe the distribution of colleoidal particles in a potential
field it is necessary to apply a form of the Boltzmann eguation where V

is the potential energy of interaction of the particles. The following



treatment may be used. The number of particles on average, in a

shell of thickness GJiS round a central particle, is given by:

4N, o &* exp (—V/ kT) ds

where AL is jhe equilibrium number of unassociated particles,

(., is the radius of the particles,

H is the shortest distance between the surfaces of the particles,
and S is 2 +H/a

The integration of this expression gives the total number of particles

associated with a given central particle.

D = 4TN.a|s'exp (-V/kT) ds

Considering the case of fairly strong coagulation let us assume
that 95% of the particles are, in fact, associated then we must
determine the value of V, the depth of the potential energy well
necessary to create this state of affairs. The value of V obtained
frem the calculation is 5 kT, and this seems & reasonable criterion for
strong coagulation, (Overbeek in considering the criteria for strong
secondary minimum coagulation assumed a value of 6 kT.) For a weakly
coagulated system, however, we may consider about 1/3 of the particles
as bpeing assoclated, giving a value of V of 1 kT. To determine the
thickness of the hydrated layer necessary to prevent coagulation it is
necessary to take consideration of the magnitude of van der VWaals

forces of attraction.
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The -attraction potential, for approximate purposes may be

represented by

—— _ Aa
VA"" (2 H

It is necessary to assume a value of the Hamaker constant for

(51) obtained A(quartz-quartz) = 6 x lO-13 and by

15, A(silica glass in water) = 2 x 10-14. Other

(68)

silica. Gregory
using A, = b x 10

workers have reported higher values ( Fowkes obtained 6 x lO-13

(123)

=11
and Watillon and Gerard 3 to 9 x 10 l+) however, the use of the

low figure is least likely to exaggerate the attractive forces.

A series of calculated values of potential energy versus inter-
particle distance are given in Table 5 for various sizes of colloidal
silica partiqles. It may be seen that by using the criterion of
stability as V; <: kT (4 x 10-14 erg), only sols of diameter 60n°
or less should be adequately stabilised by 1 molecular layer of
adsorbed water ((Q-H-0 distance taking a value of the ice as 2.7A9).

(99)

Bérub& and de Bruyn , in developing a model of the oxide
water interface, also considered it to také account of the ordering
effect of the hydroxylated surface on the hydrogen-bonded water
molecules adjacent to it and the structure-promoting role of the
potential-~determining ions. It was suggested that specific adsorption
of inorganic ions in the double layer was related to their disrupting
or promoting influence on the structural order in the surface region
which may be quite extensive. In contrast to the structure-breaking

role of many ions, they proposed that there is a group which promotes

structural ordering beyond the primary hydration layer. Common



TABLE

POTENTIAL ENERGY VERSUS INTERPARTICLE DISTANCE CALCULATIONS

FOR VARIOUS SIZES OF COLLOIDAL SILICA PARTICLES

Separation Attraction energy (erg.)
( Hin & ) a = 304 a = 300A a = 3000A
1 5 x 1o'1LF - -
5 lo—lh 10-13 _
10 5 x 1077 5 x 1074 5 x 10717
50 107 1074 1074
100 5 x 10718 - 5 x 1071
500 10716 - 107
1000 5 x 1077 - -
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structure-promoting ions are the uni-valent and most heavily hydrated

+ + +
cations Lt and Na,, and the small divalent cation ng ﬁ Special
structure-promoting properties are also ascribed to H30+ and OH because

they can hydrogen-bond to water molecules, the hydrogen bond being

strengthened by the electrostatic forces of the ion.

Fundamental studies of the charge balance at the silica/water

(124).

intérface were made by Tadros and Lyklema The balance can be
due to a combination of factors such as, in the case of an>oxide system,
surface ionization basically controlled by the pH of the medium. The
5i02 groups hydrate to form silanol groups (~StOH ) and these are
increasingly ionised with a rise of pH, i.e. (=SiOH—=>Si0" + H+ ).
The adsorption of ions from solution is usually important in
influencing the surface charge and in the presence of salts such as
NaclL, It becomes necessary to consider the adsorption of the ions
(i.e. ﬁ+, OH™, Na' and C17) at the inner and outer structure of the
porous silica interface. Experimental measurements were made of the
adsorption density at the interface by titration and the results
revealed a significant fact; the value of the apparent surface charge
density was found to be exceptionally high and yet the surface potential
Wa S incompatiblé with such a high value on the basis-of the Gouy theory.
At pH 2 - 3, where silica sols remain stable under conditions of low
surface potential, the surface and counter-ions charges must be
supposed to penetrate into the pores of the structure. The full

influence of this phenomenon on the sol stability is not clear.

The coagulation characteristics of silica sols at high pH are

also difficult to interpretate and it has been proposed by nmany workers



that special linkages have to be postulated to explain bridging action,

(125)

possibly due to metal ions or hydroxyl ions. Mattson , &s early
as 1922, suggested that strong coagulation of quartz particles in
alkaline solution is due to the formation of particle-particle linkages
through cations bridging. Ohyama(126) et al also experimentally
detected a strong coagulation of gquartz agueous suspensions at high

pH values and concluded from potential energy calculations that the
rapid coagulation could not be accounted for by a decrease in
electrical repulsion and suggested that coagulation was due to
bridging of metal ions and hydroxyl ions. Their findings were

(9)

confirmed by Yarar and Kitchener .

Recently, Allen and Matijevic(lo5)

used titration techniques
to determine the cations adsorbed by silica sols as a function of pH,
in the presence of electrolytes. At pH < 9 the coagulation curve

was essentially linear and reflected only direct exchange of protons

for counter-ions (ion pair formation).

—SioH Mt == -SioM H?

At pH > 9 the amount of acid increased much more rapidly. This

suggests the effect of charging the surface

=Si0H O —> <Si0 Hy0

The first process leads to specific adsorption of counter-ions whereas
the counter-ions resulting from the second process must be located

mainly in the diffuse double layer. The reason for the instability



of the sol once a critical amount of exchange was achieved was not
fully explained. However, it was suggested that the degree of
hydration could play an important part and that ionized sites do not
hydrogen~bond. Silica sol are extremely stable at low pH where water
molecules easily hydrogen-bond to the silanolic protons and ion
exchange is negligible. It may be that the hydration is strong and
complete in this range. It also appears that deprotonation of the
silica at high pH is accompanied by dehydration of silica.

An extensive series of experiments by Depasse and Watillon(llg)
agree with these experimental findings concerning the coagulation
behaviour in the alkali range but it was proposed that three distinct
types of mechanism are responsible, These may be summarised as

follows:

(a) Hydrogen bonding between ionized and non-ionized silanol
groups. This was evident from the fact that the coagulation
was reversible and did not occur at all in acidic media, where
the dissociated silanol group population is negligible.

In addition, it was observed that all the monovalent cations
have the same effect over the pH range 6:5 - 9. The
sensitivity to coagulation by salis through this mechanism
reaches a maximum over a broad range (pH 7 - 10-5). This
range corresponds to 'rapid coagulation', each collision
leading to bonding (because of adequate population of both
Si OH + Si 07), while electrostatic repulsion has been

eliwinated by the ionic strength of 0'6M electrolyte.

(v) The condensation reaction, involving formation of Si - 0 - Si



cross-links, which occur very slowly following (a), was
shown by the fact that sols which have been coagulated by
salts in the pH 7 ~ 11 slowly lost ability to re-peptize

(when the pH was adjusted into the acid range).

(¢) Bridging through Lf+ or Naf ions in highly alkaline media
was suggested to account for the striking difference between
the effect of Na¥ (or Li¥) on the one hand and k¥ (or REY
or Cs" ) on the other, in conjunction with (b), the known
parallel differences in various properties of alkali metal

salts in solution - particularly the 'anomalous' activity

coefficients of concentrated solutions of the hydroxides,

and the influence of cations on viscosity.

Account must be taken of solubility measurements of crushed quartz
in water which have illustrated the importance of a layer of silicic acid

adsorbed on the surface from solution.

The surface layer, which is possibly a form of polysilicic acid,
is normally more soluble than the rest of the material. This layer

(99) to be approximately 300 ﬁ thick.

has been estimated by de Bruyn et al
It was observed that the rate of dissolution of the layer in sodium
hydroxide was controlled by diffusion and strongly accelerated by the
nresence of sodium chloride in concentrations below lO"1 N solution.
This layer has been identified by Holt and King(127) as silicic acid
by following the exchange reaction between a quartz surface and
dissolved radio-active silicic acid. The layer could be removed by

sodium hydroxide and replaced when the guartz was equilibrated with a

silicic acid solution.
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It seems probable that chains of polymeric silicic acid may
extend from this layer and have considerable influence on the
coagulation behaviour of the sols at low pH. It is well known that
sols may be stabilised by adsorption of flexible macromolecules
anchored in the surface with a portion of their segments extending
into solution. This structure reduces the distance of élosest possible
approach between two colliding colloidal particles to such an extent
that the thermal energy would, at any possible distance, exceed the
effective van der Waals interaction energy. One would therefore
expect a possible steric protection of colloidal particles of adsorption
of flexible polymers of high molecular weight, since the interpenetration
of polymer chains protruding from the two colliding particles should
keep them apart at distances too large to give van der Waals interaction

energy for coherence.

Steric stabilisation of hydrophobic particles by flexible long-

(128)

chain molecules has been studied by Heller and Pugh gold
hydrosols were stabilised by polyethylene glycols and the influence of
molecular weight on the effective thickness of the adsorbed layer was

aly(lag) studied the adsorption of a partially hydrolysed

measured. He
polyacrylamide on quartz by measuring adsorption conductiometrically
while the suspension was being stirred. He showed that agitation
removed adsorbed molecules from the surface and that at a high degree
of agitation there was comparatively little adsorption. The fact
that shearing forceé were able to desorb molecules suggests strongly
that the polymer was adsorbed by only a small proportion of segments,

30 that the chains could extend away from the particle surface. This

is consistent with the fact that an adsorption isotherm under static



conditions indicated comparatively weak adsorption.

It is suggested that the stabilisation of silica sols by
polymeric silicic acid chains, extending from the surface in the form
of a swollen gel layer, may belong to a class of steric stability. It

4
(130) that colloidal silica acts as

has already been demonstrated
protective colloid for colloidal gold and that silicic acid has been

applied in the protection against coagulation of Fblcg and Cr,Os sols.

Coagulation Studies on a Monodispersed

(Amorvhous) Silica Sol

Preparation of the sol

An amqrphoué silica sol consisting of monodispersed spheres of

uniform size (mean 0.3 }Mﬂ radius) were prepared according to the

. . o - . (131) .
technigue described by Stéber, Fink and Bohn . The experimental
procedure consisted of adding together the correct molecular ratios of
aimonia, tetramethyl silicate and methyl alcohol from the three-
coordinate graph given by these authors representing the general
correlation between particle size, water, ammonia and ester concentration

(shown in Fig. 9 of their publication) to prepare particles corresponding

to this size.

The weights ol each component were taken and the methyl alcohol
mixed with the ammonia soluéion in an Erlernmeyer flask. The tetra-
methyl silicate solution was then guickly added and the flask mounted
on a shaker and agitated for aboui 30 minutes. The total amount of

solution in the flask was about 1C0 mlg. The condensation reaction
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started within a few minutes and could be easily observed by an
increasing opalescence of the mixture starting after the addition of
tetramethyl silicate. Finally the alcoholic solution containing the
silica particles was passed through a O-2}LW\ pore diameter "millipore"
filter under nitrogen pressure and washed repeatedly with highly pure
distilled water for 24 hours. The particles were then made up in
good quality distilled water at pH = 7. The concentration of the
suspension was -01% WAJ found by heating to dryness overnight and

reweighing.

Physical properties of the varticle surface

The physical structure of the amorphous silica particles
consists of a coherent aggregate of small elementary particles.,
Additional evidence for the porous nature of the particles has been

(132)

shown by other workers and may be summarised as follows:

(a) The surface area available to hﬁ molecules (B.E.T.) at
77%° was 10-0 m2/g for particles of 0+6 Um diameter which
is much higher than the value calculated from electron

microscopic which gave a geometric surface area of

4.8 n’/g.

() The titration capacity for simple bases and the adsorption
capacity for surfactants were found to be significantly
higher than that exhibited from electron microscope

surface areas.,



The surfactant used in this study was a.zwitter-ionic type
m- Cu H25 N+(M€)l (CH2)3 503‘ and an adsorption value of 3-0 x 10"5
moles/g was obtained. This corresponds to either a geometrical
surface area of 271&2or a hﬁ adsorption (B.E.T.) surféce area of

[]
56 Az (h&) per molecule.

However, Langmuir trough studies on the C2 analogue suggest a

2
.0
close packing surface area of 50 -f%SAz for film collapse, confirming

the latter figure.

Experimental Determination of the Refractive TIndex

(r.i.) of the Monodisperse Amorphous Silica Sol

Turbidity measurements were made on the sol at 5,460r@p in 1 em
glass cell using a Hilger and Watts spectrophotometer at room
temperature. It was observed that by simply changing the refractive
index (r.i.) of the liquid medium, a change in the % light transmitted
was recorded. Following Mie theory as the r.i. of the medium
approaches that of the particles, an increase in % light transmitted may
be predicted; in fact, a maximum value would be obtained when the r.i.

of the particles was exactly the same as that of the medium,

In an attempt to determine the r.i. of the particles, a series
of sucrose solution of different concentration was made up in good
guality distilled water and mixed with an equal volume of the sol.

The r.i. of the mixed solution was measured using an Abbe refractometer
and the % light transmitted was measured by the spectrophotometer.

The fact that (% light transmitted) readings did not change with time
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indicates that no change in stability of the suspension occurred on
adding the sucrose solutions. A graph was plotted (Fig. 16) showing
the variation of refractive index of the suspension with the light
transmnittance. The extrapolation of this plot was uncertain, since

it was found difficult. to prepare sucrose solutions of r,i, higher than
1-40. However, the r.i. of the silica particles was estimated to have
a value of about 1-42 to 1-43. This is approximately in agreement
with reported values for colloidal amorphous silica gel (r.i. 1-.41 -
1-46) and considerably lower than that of trystalline silica (i.e.

quartz r.i. 155).

Preparation of Specimens for Electron Microscope

and the Electiron Scanning Microscope

To prepare specimens for the electron scanning microscope the
pH of the sol was adjusted to 4 - 5. The aluminium specimen éisc for
the b;ectrqquﬁﬁhnihgﬁmicroscbpe was polished and washed with carbon
tetrachloride. Specimens for the microscope were prepared by immersing

the disc, clamped in an inverted position, into the silica sol and

retaining it in this position for several minutes before removing it.

The alumina coating (formed by oxidation) on the disc surface
(p.z.c. 9+1) developed a positive charge in the medium, and the
negatively charged silica particles were easily attracted to the surface
and retained. A series of successful micrograohs were taken of the

specimen and arc shown in Fig. 17A.

Flectron microscope specimens were prepared in the usual way by
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(b)

Fig. 17 Monodisperse Silica Sol.
a Scanning electron micrographs, magnification : 9,300 x

b Electron micrograph, magnification :18,000 x



depositing silica particles from a very dilute solution onto a carbon
o
film (100 - 200 A thick) supported on a fine copper mesh grid. The

micrographs are shown in Fig. 17B.

The particles can be seen to have a narrow size distribution of

about 0:55 to 0:65 UM with a mean of about 0'6/(1'71
i

Coagulation Studies

The coagulatioﬁ of the sol was followed by turbidity/time
measurements made at 5,460rﬁﬁk using the spectrophotometer. The graphs
are shown in Figs. 18 and 19. Fig. 19 shows the value of the change
in the percentage lignht transmitted after a short time interval from
the beginning of the coagulation process. This meaéﬁrement, after
corrections for the change in the refractive index of the liguid relative
to that of the silica, normally corresponds directly to the coagulation

rate. Results were cobtained at various pH values and in the presence

of various electrolytes.

It can be observed that a rapid fall in the percentage light
transmitted occurred at high pH values. This was followed by a high
rate of coagulation resulting from the addition of sodium chloride.
The pH effect was found to be a reversible phenomenon and the rate was
far higher than could bé anticipated for a fast coagulation, according
to Smoluchowski theory. At pH <' 9.5 this type of behaviour was not
observed and slower coagulation rates were followed on addition of
electrolyte. It is sugpgested that the coagulation at high pH in the
vresence of electrolyte consists of a two-stage process, the kinetics

of the filirst stage of the coagulation deing dependent on the OH ion
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concentration.

In additional experiments, the stability of the sol at different
concentrations was measured and a Beer's Law plot obtained under
conditions of low and high pH (Fig. 20). At pH { 9 the slope of the
plot was constant but at pH > 10 tﬂe slope became very dependent on pH.
It should be noted from Fig. 18 that at pi = 2 without electrolyte

addition the sol remained perfectly stable.

Discussion of the Coapgulation of the Monodispersed

Amorvhous Silica Sol

For crystallization in the stable form, silica requires either
elevated temperature ( >’15000) or geological time periods of slow
formation. Silica precipitated at any observable rate from agucous
solution at ordinary temperatures is incapable of condensing into a
compact crystalline form and instead, silicic acid forms swollen
amorphous gels which, no doubt, have extended chains of polysilicic acid
branching out into the medium. The sols are formed by hydrolysis,
which initially produces tetrafunctional monosilicic acid, Si (OH)4 in
a supersaturated state, this then polymerizes by condensation. The
picture generally accepted for the condensation of silicic acid sols
to hydrogels envisages the formation of a three-dimensional network
of —-%i — 0 — éi*“ ‘units as the basic condensation step.
Injitially, these neiworks result in very small highly hydrated
particles with 1ittle interparticle bonding. Cnly at the next stage,
just before the hydrogel forms, do interparticle bonds become important

and these lead to gelation. The condensation reaction centinues

after forming the hydrogel aud leads to syneresis. In ncutral



concentration (g/1)

504

45

“1()‘

- 177 -

Original £ol Concentration

{BESA

pH 12.8

)

.1()-

A

O,
AN
05 1

31 32 33 34 3536 37 38 3940 41 42 43 4445
loge (%) Transmission)

Fig. 20. Dleoris Law plot for the silica col at vavious pH values.

{tlossuremznts made 20 scco aller mixing)



solution the rate of condensation on to existing polymers is small,
with the result that many small nuclei are formed. In the method of
Stober et al, however, concentrated ammonia is used and it is evident
that the rate of condensation is so high that no new nuclei are
started once the first batch comes into existence; the whole process
is complete within a few minutes. Therefore the interior of the
particles is probably as tightly packed and cross-linked as can be
expected for a non-crystalline phase, but some un-condensed - Si OH

groups are probably present.

It is hardly to be expected on this model that cross-linking of
polysilicic acid chains would proceed fully on the outmost layers because
the growing chains would not be in close proximity. Such chain
fragments would remain as flexible, hydrated units, possibly branched

but acting like elastic polymer or weak gels.

It then must be realised that the monodisperse silica sols shown
in Fig. 17 which appear to be seemingly perfect spheres in thg dried
state may consist of porous, swollen particles in water. If outer
layers of polysilicic acid are prescnt then there is no need to postulate
hydrated layers to account for the stability of the sol near the p.z.c.;
similarly, their stability at high pH is also possibly unrelated to
DLVO effects. In addition, it is noteworthy that the polymeric silicic
acid acts as a protective colloid only at low pH. At hiszsh pH, the
coagulation is concerncd more with a fast coagulation process which is
catalysed by Ol ions in the early stages as already suggested by other

workers.,
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Coagulation Studies on Quartz and Other Silica Sols

The stability of different types of silica and quartz sols
studied by visual observation under various conditions of pH and

electrolyte concentration and the results are shown in Table 6,
Discussion

The monodisperse silica sol was observed to be moderately stable
about the p.z.c. = pH 2. ‘ However, on centri%uging the sol (4,000
r.p.m. for 5 min.), removing the supernatant liquid and dispersing in
fresh medium at the same pH, a degree of instability was observed.
Possibly the shearing forces were sufficient to break off the weakly
linked silicic acid chains which initially influenced the stability.
It was observed that stability was regained by addition of a mixture
of 10% sodium silicate and hydrochloric acid (pH = 2) to the sol.
Such a solution is known to contain a high concentration of polymeric
silicic acid which may be adsorbed on the sol surface, reforming once
more a steric barrier surrounding the particles. It was found

necessary to add 1 part of this solution to 3 parts of the sol to

achieve a rcasonable degree of stability.

A batch of finely ground guartz was surface-cleaned according
to the method of StSber(133). About 5g of the sized quartz ( < SfUn)
was stirred with 1 M NgOH for an hour at 2500 then centrifuged and
the supernatant licguor replaced with 0+1 M NaOH . After shaking for

a few minutes, the suspension was centrifuged, the supernatant liguor

being successively replaced by -0l, -00L and then -00005 M NaOH .
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TABLE 6

THE STABILITY OF SILICA SOLS

Stability Stability Addition of
Type of Silica Sol measured measured electrolyte
at pH 2 at pH 7-9 (MNall)
* %
Quartz sol Unstable Stable Unstable at
(made up fresh) high and low
pH
L4 .Y )
Quartz sol Stable Stable
+ added silicic acid
Monodisperse silica sol®" Slightly
unstable at low
pH
an
After standing in pure Stable Stable Very unstable
water at high pH
.  qs ++
Monodisperse silica sol,
after centrifuging,
washing™® and wmaking up in Unstable Stable
fresh distilled water
(tested immediately)
Fransil® silica,
made up & tested fresh Unstable Stable Unstable low
and high pH
Fransil?t silica,
after ageing Stable Stable
Fransil® silica plus an
Silicic acid to fresh Stable Stable Stable low pH
unstable high
* Three or four washings carried out
+ Supplied by Witco Chemical Co. Ltd, London

s Slight instability observed pH 9.5

++ Prepared by alkaline hydrolysis of ethyl silicate

Na0OH

#*  Teached with
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Finally the sample was washed five times in distilled water. Treatment
with solutions of gradually decreasing alkalinity ensures that silicic
acid is not precipitated on the solid surface. This material was
stored in order that a series of experiments could be carried out at

pH < g. The scl was found to be unstable about the z.p.c. but on
adding 1 part of a solution of 10% sodium silicate + hydrochloric acid
solution (pH = a to 3) parts of the sol was found to acquire a degree
of stability. It was also noticed that a freshly ground quartz was
relatively unstable at pﬁ = 2 - 3 but a quartz sol allowed to stand for

several months was relatively more stable.

The solubility of quartz in water at pH < 9 is known to be low
(= 10mg@&%and a considerable time period is required to build up a
saturated solution. Experiments with a Fransil sol showed that it was

unstable about the p.z.c. when made up fresh, but stable in the

presence of added silicic acid.

The experiments show that the stability of the suspension of
powdered quartz increases with ageing in water. This may be due to
the formation of a coating of silicic acid on the surface. It was
suggested by Kitchener(qu) that with 'grouna quartz' the silicic acid
is derived from active fragments, generated by grinding as shown by
Lidstrﬁm(IBS), then dissolving and becoming re-preéipitated on the
surface. It may easily be removed by etching with alkali, following
the practice nowadays established from solubility work. Quartz so
cleaned behaves in accordance with DLVO theory; conversely stability

at low pH can be restored by deliberately introducing some sodium

silicate to generate super-saturated silicic acid,
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APPENDIX 2

ANALYSIS OF RUTILE/QWUARTZ AND HEMATITE/QUARTZ MIXTURES

Wet analysis of the above mixtures were carried out in the

Analytical Services Department of the Royal School of Mines.

The SiCE and WTCE contents were determined gravimetrically by
fusing the mixture with sodium carbonate and then adding sulphuric acid
to the alkali leach to precipitate the silica. The-sica was removed
from the solution by filtration and then dehydrated, ignited and
weighed. The filtrate containing the titanium was treated with
cup-ferron soluticn and the resulting precipitate was ignited and
weighed to determine the TTC&-content. For mixtures containing low
concentrations of~5iC5 or T:Cé standard coloé}metric nmethods were

employed.

The -SiCE /’E%Cémjxtures were treated with hydrochloric acid in
a platinum crucible to dissolve the hematite and this allowed the
silica content to be determined gravimetrically or colog}metrically.
The iron was precipitated as the hydréxide and determined gravimetrically

cr volumetrically by redox titration.

Traces of sodium chloride were washed from the mixtures before
sevaraticn and the sodium content determined by flame cmmission

techniques.
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