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Abstract

The electroacoustic and shear yield stress response of concentrated alumina and kaolin suspensions have been
measured across a range of pH conditions and volume fractions. The inter-relationship between the surface properties
as measured electrokinetically and the shear yield stress is shown to scale in a straight forward manner for alumina
particles and a qualitative description has been developed from kaolin suspensions. The pair-wise interaction between
particles over the range of volume fractions has been demonstrated to remain constant. The use of a semi-empirical
electroacoustic volume fraction correction to the zeta potential, integral to the electroacoustic technique, appears
reasonable on the basis of the results presented herein. © 1998 Elsevier Science B.V.
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1. Introduction the quantification of the surface chemistry-rheol-

ogy association has remained largely unresolved.

The interrelationship between surface chemistry
and the corresponding bulk rheological properties
is of importance to the processing of many colloi-
dal suspensions. In particular, an understanding
of this link allows manipulation of the compres-
sion, flow, filtration and dewatering behaviour of
particulate systems to suit a wide variety of appli-
cations. An ideal circumstance would be one in
which the rheological properties of a given system
could be accurately determined from the measure-
ment of its electrokinetic and particle size charac-
teristics, or vice versa. Unfortunately, despite the
attentions of a number of workers in recent years,
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Of those treatments currently available, many
require the estimation of parameters whose form
is neither physically obvious nor experimentally
determinable, or else invoke the use of materially
meaningless empirical fitting constants whose pres-
ence undermine the integrity of the modelling
process.

The model of Scales et al. [1] recently developed
from that of Kapur et al. [2] represents a fresh
approach in attempting to describe the static shear
rheological behaviour of simple particulate suspen-
sions across the pH range solely from experimen-
tally ascertainable parameters. For a polydisperse
suspension of spherical particles, a general expres-
sion for the shear yield stress, 1, is [2]

1
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X; and X; are the mean diameters of particles
residing in the i-th and j-th size intervals. S; and
S; are the fractions of the total surface area
contributed by particles of diameter X; and X
respectively. K;; and K(¢) are the mean coordina-
tion numbers of spherical particles comprising a
monodisperse and a polydisperse suspension,
respectively. H;; is the mean interaction force
between two particles of diameters X; and X;.

In defining H;;, the mean interaction force was
assumed to be given by the sum of the attractive
van der Waals and repulsive electrical double layer
forces (DLVO theory [3]). The van der Waals’
interaction between two particles of size X; and
X; may be calculated from

Ay [ XX
Hij= s (5)
1272 | X, + X;

where Ay is the Hamaker constant of the colloidal
material and 4, is the inter-particle separation for
particles flocculated to a primary minimum.

Assuming both that the electrical double layer
potentials satisfy the Debye—Hiickel condition and
that the particles follow constant surface potential
behaviour as a function of inter-particle separa-
tion, the Hogg-Healy—Fuerstenau (HHF) [4]
expression for the electrical double layer inter-
action is applicable. For the interaction of two
particles of size X; and X, this is

" 4neeok(? [ X X; }
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(6)

where ( is the electrokinetic zeta potential, x ! is

the characteristic Debye length, € is the dielectric
constant of the bulk suspending medium, and ¢,
is the permittivity of a vacuum.

Combining Eqgs. (1)-(6) allows derivation of the
expression [2]
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For a monodisperse particle system, this reduces
to the simple form

0022(15 X [A 24neeoxcz] 0
B (14ehoy | (

As the van der Waals and electrical double layer
force expressions were originally derived for inter-
actions between two particles, Egs. (7) and (8) are
based on the supposition that the shear yield stress
is simply equivalent to the pair-wise summation of
all interactions between the primary particles
within the suspension. Such an assumption is
questionable, however, in view of recent develop-
ments involving the fractal type analysis of Potanin
et al. [5,6]. Under this treatment, the aggregate
structure of weakly flocculated colloidal disper-
sions is envisaged as a series of networked chains
of varying elasticity and rigidity. The result is a
series of weak links which will inelastically deform
under less strain than those associated with the
rigid networks. An alternative analysis is to view
the system as a series of weakly interconnected
aggregate structures compromising strongly inter-
acting primary particles. Clearly in such a system
the weak inter-floc links would yield under a lower
strain than those within the aggregate. The result
is an experimental yield stress that is lower than
that predicted by Eqgs.(7) and (8) unless the
volume fraction is such that the ratio of weak to
strong links is low. This has been shown to occur
at high volume fractions, with the required volume
fraction decreasing with decreasing particle size
[7]. The average coordination number under such
conditions should be only weakly compromised by
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the floc structure, and a number of theoretical
forms have been hypothesized [8,9].

In order to move away from the complicating
structural factors outlined above, Eqs. (7) and (8)
may be normalized against the result at the electro-
kinetic isoelectric point; that is, when the {-poten-
tial is zero and the static shear yield stress is at its

maximum, Tyy,.,. The resulting expression is [2]
T 24neeak(*hd

vy Mo b (9)
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Eq. (9) allows prediction of the form, but not
the absolute value, of the static shear yield stress
independently of the structural properties of the
suspension, i.e. the particle size and coordination
number. Preliminary studies [2] on a simple model
alumina suspension have yielded promising results.
In that case, the normalized shear yield stress
curves were found to be identical across the range
of volume fractions studied. In addition, A4, was
found to be independent of both volume fraction
and {-potential across the pH region where the
yield stress was non-zero. The method used to
determine /4, in the previous study was, however,
relatively insensitive, and prone to some degree of
subjectivity on behalf of the analyser.

The purpose of this work is to revisit the original
alumina data and demonstrate a more objective
method of determining /,. The more complex case
of a kaolin system is then considered, with the aim
of comparing the relationship between surface
chemistry and rheology for a heterogeneously
charged plate-like as distinct from a homoge-
neously charged spherical particulate system. The
results provide a unique insight into the surface
chemistry—shear rheology interrelationship for
non-spherical particle suspensions.

2. Experimental section

High purity AKP-30 alumina was obtained from
Sumitomo Chemical Co., Japan. It had a BET
surface area of 7 m? g~ !, a mean primary particle
diameter of ca. 0.3 pm, and was shown by trans-
mission electron microscopy to consist more of
oblong than spherical shaped particles with an

aspect ratio less than 2:1. Acid-washed kaolin was
obtained from Ajax Chemicals. Transmission
electron microscopy confirmed the presence of
hexagonal plate-like particles with a mean face
diameter of ca. 1 um. The BET surface arca was
found to be 14m? g~ !. Water used in this study
was distilled before ultra-purification with charcoal
and ion-exchange resins (Milli-Q: conductivity
<1x10° Q7 'cm™' at 20°C). A background
electrolyte concentration of 0.01M KNO; was
employed in all cases. The suspension pH was
adjusted using analytical grade HNO; and KOH.

For all experiments, samples were prepared by
sonicating a suspension of the desired volume
fraction under dispersed conditions for 1 min with
a Branson B-30 sonifier. The sonifier was operated
at a frequency of 20 kHz and with the power
output between 50 and 60% of the maximum
power (350 W). The samples were allowed to
stand for at least 2 h prior to measurement. All
experiments were conducted with the pH pro-
gressing from acidic to basic solution conditions.

The electrophoretic mobility was determined
using both a Rank Brothers Mark 11 and a Coulter
Delsa 440 electrophoresis apparatus. The electro-
phoretic zeta potential was then calculated using
the algorithm of O’Brien and White [10]. The
electroacoustic dynamic mobility and zeta poten-
tial was determined using an Acoustosizer instru-
ment (Matec Applied Sciences). This instrument
applies a high frequency alternating voltage to the
colloidal suspension, causing the particles to oscil-
late at a velocity that is dependent upon their size
and zeta potential. The resulting pressure forces
that arise at the suspension boundaries produce
pulses of sound waves in a phenomenon known
as the electrokinetic sonic amplitude (ESA) effect.
For an isotropic colloidal suspension of volume
fraction ¢ <0.02, the ESA signal is related to the
particle-averaged dynamic mobility, {up», by the
expression [11]

4p
ESA(w)=F(w)$ 7<MD>, (10)

where o is the angular frequency of the applied
field, F'is an instrument constant, p is the suspend-
ing medium density, and Ap is the density differ-
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ence between the colloidal component and the
suspending medium.

For the case of a spherical particle with a thin
double layer, negligible surface conductance and
relatively low dielectric permittivity, pup can be
related to the {-potential by the relationship [12]

el
= — G (o), (11)
n

where € and # are the viscosity and permittivity of
the suspending medium respectively. G(x) is a
complex inertial term dependent upon the particle
size and density.

The Acoustosizer instrument measures the
ESA signal over 13 frequencies from 0.30 to
11.15 MHz, with the results being signal averaged.
Measurements were not possible within two pH
units of the isoelectric point (iep) of alumina
suspension above 20 vol.% (v/v%) or for kaolin
suspensions above 18 v/v%. This was presumably
due to incorporation of air pockets into solution,
including around the electrodes, through the action
of the stirrer under highly viscous suspension
conditions.

The static shear yield stress was measured using
the vane technique of Nguyen and Boger [13,14].
Following this method, a four bladed vane was
slowly immersed in the suspension and rotated at
very low shear rate (0.2 rpm). The applied torque
was monitored, and the maximum torque, F,,,,
related to the static shear yield stress by [14]

F nD3 <HV 1> (12)
max — + -
2 \p, 3/)7

where D, and H, are the diameter and height of
the vane respectively.

3. Results and discussion
3.1. Alumina suspensions

For suspensions of arbitrary volume fraction,
Rider and O’Brien [15,16] have defined the
dynamic mobility as

U)=pup{E)+yu (13)

where (E) is the mean applied electric field, <U)
is the mean particle velocity, 7 is the particle sound
wave mobility, related to the acoustic properties
of the suspension, and u is defined as the macro-
scopic momentum per unit mass, created by the
local bulk motion of the suspension. At high solids
concentrations, where particle interactions become
significant, the dynamic mobility is reduced by
interactions between the hydrodynamic and electri-
cal field disturbances around each particle.

The above effect is demonstrated for AKP-30
alumina in Fig. 1(a),(b), where the dynamic mobil-
ity as a function of pH at both low (0.42 MHz)
and high (11.15 MHz) frequencies is observed to
decrease in magnitude as the solids volume fraction
is increased.

The corresponding effect upon the calculated
electrokinetic {-potential is shown in Fig. 2. Again,
the apparent {-potential is seen to decrease signifi-
cantly with increasing solids concentration in the
pH region of interest. Importantly, however, the
position of the electrokinetic isoelectric point
remains constant at pH 9.4, and is in good
agreement with previous findings for alumina-
based systems [17-19].

Unfortunately, the derived corrections to the
dynamic mobility due to y and u are mathemati-
cally complex, and applicable only for suspensions
of monodisperse spherical particles [15,16]. A far
more simplistic approach is therefore to apply an
empirical correction to the zeta potential data
obtained for concentrated suspensions in order to
adjust it to its low volume fraction limit. This
procedure is valid provided one or both of the
following conditions apply:
® the extent of electrical double layer overlap

is low;
® the particles approximate constant surface

potential behaviour as a function of interparticle
separation in the case of significant electrical
double layer overlap.

The Acoustosizer instrument uses a semi-empiri-
cal correction based upon previous measurements
involving metal oxide systems [20]. This correction
is assumed to be applicable in this case. The form
of this correction (R.W. O’Brien, Colloid
Dynamics Ltd, pers. comm.) is

Loorr = Lapp eXP{29[1 + ()]} (14)
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Fig. 1. The dynamic mobilities of AKP-30 alumina suspensions
as a function of both volume fraction and pH. The presented
results were measured at frequency (a) 0.42 MHz and (b)
11.15MHz. @, $=0.020; O, $=0.060; A, ¢=0.120; A, ¢=
0.200; 4, ¢ =0.300.

where

0 [1+<0'1>4]1 (15)
s(g)= — .
)

Capp and (o, are the apparent measured and
corrected {-potentials respectively.

Fig. 3 shows the effect of applying Egs. (14) and
(15) to the zeta potential data presented in Fig. 2.
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Fig. 2. The variation of the apparent (measured) (-potential,
Capp» Of AKP-30 alumina suspensions with both volume fraction
and pH. @, ¢=0.020; O, ¢=0.060; A, ¢=0.120; A, ¢ =0.200;
¢, ¢=0.300.

0T T 7T T " T T T T "~ T 7
80F ]
60F ]
a0F ]

20F .

Cooe (MV)

of
20F & .

40F .

[ Je Xy

-60F AKP-30 ALO,

80
34 5 6 7 8 9 10 11 12 13

pH

Fig. 3. The semi-empirically corrected (-potential, (..., of
AKP-30 alumina suspensions as a function of both volume frac-
tion and pH. The line plot is representative of (-potentials
obtained from d.c. electrophoresis data. @, ¢=0.020; O, ¢=
0.060; A, $=0.120; A, $=0.200; 4, ¢=0.300.

All values of {_,,, are seen to lic within ca. 10 mV
of the low solids concentration (¢ =0.02) data over
the pH range. The corrected {-potentials are also
demonstrated to be in excellent agreement with
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data obtained at extreme dilution via electrophore-
sis (¢=1x1075), as shown by the solid line in
Fig. 3. It is noteworthy, however, that while the
above semi-empirical correction appears reason-
able for metal oxide systems, it is not universally
applicable, having been noted to substantially
overcorrect for near neutrally buoyant colloids
(A.S. Russell, University of Melbourne, unpub-
lished data, and [21]).

The raw and normalized static shear yield
stresses of AKP-30 alumina suspensions as a func-
tion of volume fraction and pH are shown in
Fig. 4(a),(b), respectively. The parabolic nature of
the curves shows good correlation of the maximum
in the yield stress and the isoelectric point as
determined electrokinetically. The shape is consis-
tent with the concept that a maximum in the
rheology occurs for a maximum in the net inter-
particle force. The normalized yield stress data is
observed to collapse onto a single curve, and has
previously been fit to Eq. (9) assuming a Hamaker
constant of 5.3 x1072° [22], a volume—fraction
independent (-potential as provided by Eqgs. (14)
and (15), and a mean inter-particle separation,
h, of 23 A [2].

Quantification of %, may be undertaken in a
more sensitive manner by plotting the normalized
static shear yield stress against {?, as shown in
Fig. 5. The result is a linear relationship whose
gradient is dependent only upon /,. Fig. 5 demon-
strates the data for all volume fractions to fit a
ho value of 23-24 A, in good agreement with that
previously determined. Lines corresponding to
ho=14 A and h,=34 A are also displayed to indi-
cate the sensitivity of this method. The finding of
a linear relationship between the normalized shear
yield stress and (?is in agreement with those earlier
observations of Hunter and Nicol [23] and Firth
[24], the difference being that normalization of the
data allows a quantitative assessment of the inter-
particle spacing and assessment of the uniformity
of the inter-particle force as a function of volume
fraction. The effect of parameters such as surface
roughness on the value of 4, is unknown at this
point in time. It is clear that the particles are in a
primary minimum in a DLVO sense since there is
no barrier to coagulation for potentials of mag-
nitude less than 30 mV. At higher salt con-
centrations, such a separation distance would
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Fig. 4. The (a) measured and (b) normalized static shear yield
stress of AKP-30 alumina suspensions as a function of both
volume fraction and pH. @, ¢=0.200; O, ¢$=0.225; A, ¢=
0.250; A, ¢=0.275; ¢, ¢$=0.300.

constitute the extent of the electrical double layer
and comparison of the value of %, calculated here
with that from studies of macroscopically smooth
surfaces, as for say muscovite mica, is an interes-
ting topic for future research.

3.2. Kaolin suspensions

Understanding the surface chemistry and rheol-
ogy of kaolin suspensions is complicated greatly
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Fig. 5. The normalized static shear yield stress as a function of
{? for several AKP-30 alumina suspensions. The two central
line plots correspond to /iy=23 A (---) and hy=24 A (—)
respectively, as calculated using Eq. (9). Line plots correspond-
ing to 110=24A and 110=34A are additionally given to show
the sensitivity of the gradient to the inter-particle separation.
®, $=0.200; O, ¢$=0.225; A, ¢$=0.250; A, $=0275; ¥,
$=0.300.

both by the presence of heterogeneously charged
edges and faces on each particle, and by the plate-
like particle nature. The kaolin edges contain both
silica and alumina-like sites. They are positively
charged at low pH, but progress through an iso-
electric point at ca. pH 7 [25,26] to possess a
negative charge at high pH. By contrast, the kaolin
face contains only silica-like charge sites, and
remains negatively charged across the pH range.
A substantial proportion of the overall face nega-
tive charge is believed to originate from isomor-
phous ion substitution of Mg?* for AI** in the
alumina octahedral layer and, to a lesser extent,
AI** for Si** in the silica tetrahedral layer of the
lattice [27].

In practice, the electrokinetic characteristics of
kaolin suspensions are anticipated to be dominated
by the charge properties of the crystal face due to
the large face-to-edge surface area ratio. This
expectation is borne out by the data of Fig. 6,
which demonstrates the electroacoustic dynamic
mobilities to be negative across the pH range of
interest for all volume fractions investigated. As
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Fig. 6. The dynamic mobilities of Ajax kaolin suspensions as a
function of both volume fraction and pH. The results displayed
were measured at frequency (a) 0.42 MHz and (b) 11.15 MHz,
respectively. @, $=0.200; O, ¢=0.060; A, $=0.090; A, ¢=
0.130; 4, ¢=0.180.

was the case for the alumina data, failure to take
account of the acoustic and macroscopic momen-
tum properties of the suspension at volume frac-
tions where particle interactions are significant
results in a marked decrease in the magnitude of
the dynamic mobilities and (-potentials as the
solids volume fraction increases (Figs. 6 and 7).
Fig. 8 shows the {-potentials obtained after cor-
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Fig. 7. The variation of the apparent (measured) (-potential,
app» Of Ajax kaolin suspensions with both volume fraction and
pH. @, $=0.200; O, $=0.060; A, $=0.090; A, $=0.130; ¢,
$¢=0.180.
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Fig. 8. The semi-empirically corrected {-potential, (.., of Ajax
kaolin suspensions as a function of both volume fraction and
pH. The line plot is representative of {-potentials obtained from
d.c. electrophoresis data. @, ¢=0.200; O, ¢=0.060; A, ¢=
0.090; A, ¢$=0.130; 4, $=0.180.

rection using the semi-empirical approach set out
in Eq. (15). All values of (., are seen to be in
reasonable agreement with the low volume fraction
data until ca. pH 9. A similar agreement is noted

with the zeta potentials from electrophoresis data
(solid line) until this point. Beyond pH 9, signifi-
cant deviations of the low volume fraction (¢ =
0.02) data from that of both the more concentrated
systems and the electrophoresis results are
observed. The reasons for this discrepancy is
unknown at this stage. For the purposes of further
discussion in this paper, the intermediate ¢ =0.12
data will be used due to its greater consistency
with the electrophoretic zeta potentials given in
Fig. 8.

The shear yield stress and normalized shear yield
stress of the kaolin suspension as a function of pH
and volume fraction is shown in Fig. 9(a),(b). The
normalized data collapse onto a single curve as
for the alumina case. However, the observed yield
stress maxima show no obvious correlation with
the electrokinetic zeta potential data. In addition,
the relationship of the normalized static shear yield
stress with (2 is clearly non-linear (Fig. 10).

A mathematical description of the static shear
yield stress behaviour of kaolin requires major
modifications to the previously espoused model.
These include consideration of interactions
between planar surfaces of finite thickness as
opposed to spherical interfaces. In addition, the
treatment must be able to take account of edge-
edge, face-face and edge-face interactions. In the
latter case, this involves modifying the electrical
double layer treatment to allow for interaction of
dissimilarly charged surfaces.

An appropriate form for the van der Waals
force between two planar surfaces of thickness ¢
is [28]

A, 1 1 2
=Tl —4 - (16)
121 Ui (hg+28)%  (hy+3)?

The electrical double layer force between two
planar surfaces with zeta potentials {; and (, is
given by the HHF expression for dissimilarly
charged surfaces, namely [4]

ho)

2 (K 2 2
H= —eeyk?* cosech 5 [({f 4+ £3) cosech(khy)

—20, ¢, coth(xchy)]. (17)
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In cases where {; and {, are identical, as for
face-face and edge-edge interactions, Eq.(17)
reduces to

H=ce x> * cosech(ichy)[cosech(xchy ) —coth(rchy)].
(18)

In order for the above treatment to be useful,
resolution of the net kaolin electrokinetic behavi-
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Fig. 10. The normalized static shear yield stress as a function
of ¢{* for Ajax kaolin suspensions. @, ¢=0.180; O, ¢=0.200;
A, $=0.220; A, $=0.240; ¢, $=0.260.

our into its edge and face components is required.
One experimental method by which this may be
achieved is to negate either the edge or face charge
by adsorption of an appropriate surface active
species. The measured electrokinetic behaviour is
then governed solely by the remaining charged
surface. Unfortunately this process proves to be
extremely difficult in practice due to the presence
of both positive (alumina-like) and negative (silica-
like) sites on the kaolin edge surface. Attempts to
negate the face charge by adsorption of positively
charged species will therefore affect the negative
edge charge sites, while adsorption of an anioni-
cally charged species to the edge will leave a
residual negative edge charge. This problem was
considered by Williams and Williams [25], who
approximated the edge potential in the presence
of a number of 1:1 electrolyte concentrations by
addition of a-alumina and quartz data. Given an
aspect ratio of ca. 10:1 for the kaolin particles,
correction of the overall zeta potential (Fig. 8)
with the data of Williams and Williams allows
determination of the likely face potential. The
result is given in Fig. 11.

Fig. 12 shows the relative net force of interaction
for edge-face, face-face and edge-edge inter-
particle orientations, where the force has been
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Fig. 11. The electrokinetic behaviour of the kaolin edge and
face respectively in the presence of 10~2 M background electro-
lyte. Edge data was taken from [25]. Face {-potentials were
determined by correcting the combined experimental data
(Fig. 9) for the effect of the edge {-potential.
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Fig. 12. The predicted kaolin edge-face, face-face and edge-edge
interaction forces scaled relative to the maximum attractive
edge-face force, and multiplied by the effective interaction area
to simulate the rheological response. Hamaker constants of
8.5x 10721, 1.8 x 107 2% and 1.3 x 10~ 2° were used in calculation
of face-face, edge-edge and edge-face interaction forces respec-
tively. An inter-particle separation of /,=20 A was used in all
calculations.

multiplied by the predicted interaction area ratio
of 18:81:1. The forces are scaled against the maxi-
mum predicted edge-face interaction force, H,,,.
A silica—silica Hamaker constant of 8.5x 10!
[22] was used in calculation of face-face interaction
forces. The Hamaker constant of 1.8 x 102 calcu-
lated by Larson et al. [29] for alumina-silica
interactions was considered suitable for treatment
of edge-edge interactions. A value of Ay applicable
to edge-face interactions was approximated by the
average of the face-face and edge-edge Hamaker
constants. For simplicity, a single value of
h0=20A was used in all calculations, this being
in reasonable agreement with data from X-ray
diffraction studies of aqueous clay platelet suspen-
sions [30,31].

Below pH 7, Fig. 12 predicts all interaction
forces to be attractive. The attractive edge-face
force is demonstrated to be greater in magnitude
than either the face-face or edge-edge interactions
between pH 4.5 and pH 9, passing through a maxi-
mum at ca. pH 6 and not approaching zero until
well beyond pH 10. The face-face interaction force
passes from negative to positive at pH 7, and
increases dramatically with decreasing pH. By
contrast, the edge-edge interaction force is pre-
dicted to increase slightly until pH 7-8, beyond
which it is observed to diminish in magnitude. The
form and magnitude of the edge—edge interaction
is, however, inconsequential on an interaction
area basis.

A complete shear yield stress model additionally
requires quantification of the structural properties
of the kaolin suspension, namely the particle size
and shape, coordination number and net orienta-
tion. The latter term is particularly important in
determining the extent to which edge—face, face—
face and edge—edge interactions occur as a function
of suspension pH. Unfortunately, the mathemati-
cal form of the particle orientation is not obvious.
The following discussion will therefore follow the
qualitative assessment of Rand et al. [26]. In broad
terms, at the lowest pH conditions considered in
this study, most particles are anticipated to interact
in an edge-face manner. However, interactions
between faces will also be significant due to the
large (ca. 10:1) ratio of the face to edge surface
area. Face—face association has previously been
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noted to drive formation of lamellar structured
tactoids in kaolin suspensions. The result is a
decrease in the suspension shear yield stress [32].
As the pH rises, the attractive face—face force is
expected to diminish in magnitude (Fig. 12) and
the particles will reorientate in order to allow
further edge—face association to occur. The pre-
dicted result is an increase in the net interparticle
attraction, and so the shear yield stress. The maxi-
mum in the edge—face interaction force at pH 6 is
in good agreement with the experimental data
given in Fig. 9. As the edge-face attractive force
diminishes and repulsion between the kaolin faces
grows, the net force is predicted to decrease
rapidly. Edge-edge association is predicted to
increase, but will not represent a significant force.
At high pH, both the edge—face and edge—edge
interaction forces approach zero. Under these cir-
cumstances, a completely dispersed (t,=0) suspen-
sion will result. Fig. 9 shows the onset of dispersion
to occur at pH 9.5-10 for the kaolin suspensions
considered in this study.

Obviously the scaled force data presented in
Fig. 12 is at best a close estimate due to the
approximate method of predicting the edge zeta
potential behaviour as a function of pH. In the
above discussion, we have considered the case of
a relatively low edge charge density. For higher
magnitude edge potentials, Eqgs. (16)-(18) predict
the edge—face interaction force to increase in mag-
nitude relative to both the face—face and edge—edge
forces. In addition, both the edge-face and
edge—edge interaction forces are found to diminish
more rapidly from their maximum values, indica-
tive of the onset of dispersion at a slightly lower
pH condition. Nevertheless, the net effect on the
general orientation behaviour discussed previously
should be small. The calculation of force data as
presented in Fig. 12 is, therefore, a useful means
by which to gauge the trends, but not absolute
values, of the shear rheology of kaolin suspensions
as a function of the suspension pH.

4. Conclusions

The approach of Hunter and others [23,24] of
plotting the shear yield stress of flocculated suspen-

sions against {? has been extended to provide
information on inter-particle spacing and demon-
strate the role of pair-wise interactions in con-
trolling the rheology of spherical particulate
systems. The non-linearity of the normalized
kaolin yield stress versus {* data is indicative of
the significant role played by particle orientation
as driven by edge—face, edge—edge and face-face
interaction forces. The force curves derived from
consideration of electrokinetic data using the HHF
treatment are of use in assessing the comparative
strengths and behaviours of the kaolin edge—face,
face—face and edge—edge interactions, and so allow
qualitative assessment of the shear yield stress.
The collapse of both the kaolin and alumina shear
yield stress data to a single normalized curve
demonstrates that the pair-wise interaction
between particles is constant over the volume
fraction range of interest. Under such circum-
stances, use of the semi-empirical electroacoustic
volume fraction correction to the zeta potential
developed by O’Brien appears reasonable.
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