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Abstract

In this study, a micromechanics interaction model has been developed for kaolinite particles, and experiments have
been performed on attachment and detachment of particles in porous media columns. The experimental results are
discussed and interpreted in terms of microscopic forces, in contrast to conventional computations in the colloid
literature which are based on energy terms. The force calculations are done using expressions developed for the
natural shape (hexagonal platelets) of the kaolinite particles without making use of unrealistic assumptions of particle
sphericity. The forces considered are van der Waals forces, electrical double layer forces, hydration forces and Born
repulsion. Under constant chemical conditions, the three likely modes of interaction of kaolinite platelets showed
significantly different total force curves. The microscopic force analysis was found to be consistent with experimental
results. © 2001 Elsevier Science B.V. All rights reserved.
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1. Introduction of contaminants, in current theories of deep-bed
filtration, and in backwashing of filters. Unfortu-
nately, analysis of interaction of asymmetric col-

loidal particles has received inadequate attention

Particle detachment is a physico-chemical pro-
cess, which occurs when hydrodynamic forces or

physico-chemical forces or both overcome adhe-
sive interparticle forces. A mechanistic under-
standing of the detachment phenomenon has
implications in various fields of environmental
engineering such as floc break up in solid-liquid
separation processes, colloid-facilitated transport
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in the past despite the fact that most of the
naturally occurring particles are asymmetric. The
focus of this research is on the development and
experimental validation of theoretical formulae,
which could be used to better analyze the interac-
tions between naturally occurring asymmetric par-
ticles without making use of oversimplifying
assumptions of particle sphericity.

Colloid scientists have generally analyzed parti-
cle interactions using energies of interaction
rather than forces experienced by the particles
because it is easier to deal with the potential
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energy of interaction between particles than the
interparticle forces [1]. However, it is the forces
between the macroscopic bodies that are often
easier to measure, and of greater interest, rather
than their interaction energies [2]. [3] showed that
force and energy calculations provided different
results for the DLVO model at short distances of
separation (below 10 nm); and the force calcula-
tions provided a better understanding of the parti-
cle attachment and detachment phenomena.
Therefore, in order to develop a satisfactory
model for particle detachment, the interparticle
interactions have to be quantified in terms of
forces instead of conventional energy terms [3]. [3]
analyzed detachment of spherical particles from
flat surfaces and large spheres. Analysis in force
terms will allow synthesis of macroscopic forces
(DLVO and non-DLVO forces) to make compari-
sons with macroscopic parameters such as hydro-
dynamic forces.

Kaolinite particles exist in nature as thin hexag-
onal platelets having two large flat faces and
approximately rounded edges. The electrochemi-
cal properties of a face are markedly different
from those of an edge. The cleavage planes (faces)
of the platelets are negatively charged while the
edges are positively charged under acidic condi-
tions and the edge charge is pH dependent. With
a hexagonal platelet representation, kaolinite
platelets may associate in three possible modes of
interaction; namely, face—face (F—F), edge—face
(E—F), edge—edge (E—E). [4] developed an energy
interaction model for kaolinite particles wherein
the face surface was represented by a flat plate
and the edges as a sphere. However, there exists
microscopic evidence [5] that edges of the kaolin-
ite platelets are not flat but rounded like a half
cylinder. [6] criticized the approach of [4] and
used DLVO theory alone to formulate an energy
interaction model for kaolinite particles in which
the platelet edges were represented by cylinders
rather than spheres. The DLVO theory-based en-
ergy models of both [4,6] fail to obtain primary
minima of finite depths, and incorrectly predict
infinite attraction energy as the separation dis-
tance approaches zero at all ionic strength and pH
values, which necessitates an assumption of equi-
librium separation distance. The absence of finite

primary minima prevents these models from being
used to compare net adhesive forces under varied
solution compositions. In particular, these models
become extremely unreliable in predicting particle
detachment since the attached particles are lo-
cated at the primary minima, prior to detachment.
The theory presented in this paper provides a
rational approach to this problem by combining
hydration forces and Born repulsion with DLVO
forces. It determines the location and makes the
depths of the primary minima finite, and therefore
allows computation of net adhesive forces under
various solution chemistries.

2. Theoretical developments

A representative kaolinite platelet with two
hexagonal flat faces and rounded edges is shown
in Fig. 1. Because of the electrokinetic properties
of kaolinite platelets, three modes of interparticle
interaction, F-F, E-F, and E-E, are possible
depending upon the physico-chemical environ-
ment. In this research, expressions have been de-
veloped for electrical double layer forces,
hydration forces, and Born repulsion for the three
likely modes of interaction of these asymmetric
particles.
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Fig. 1. A representative kaolinite platelet.
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In most natural systems coarse particles are
covered with layers of small deposited particles.
The detachment process does not release all of the
attached particles on surfaces [7]. Therefore, in
the development of a realistic conceptual model
for particle detachment, it is necessary to analyze
the interaction between a single particle and a
larger grain coated with a deposited layer of
particles [3]. In the following theoretical treat-
ment, the surface of the grains (glass beads) is
assumed to be masked by the attached kaolinite
platelets, and therefore, only kaolinite—kaolinite
interactions are considered during detachment. In
the force calculations to follow, it has been as-
sumed that (1) the cleavage surfaces of the kaolin-
ite platelets are flat and they can be represented
by flat plates; (2) platelet edges are rounded and
their interaction is represented by half cylinders of
radii equal to half the thickness of the platelet; (3)
the F-F interaction is represented by the flat
plate—flat plate interaction; (4) the E—F interac-
tion is represented by the interaction between a
flat plate and a half cylinder parallel to it; and (5)
the E—E interaction is modeled as the interaction
between two similar parallel half cylinders. Simi-
lar assumptions were made by [6] in their develop-
ments using DLVO theory.

2.1. Hydration force

2.1.1. Face—face hydration force

[8] reported the structural component of the
interaction energy per unit area between two par-
allel plates at a distance z apart to be given by

E,=Kh exp<hz> (1)
where K is the constant of the structural forces
and / is the characteristic length of the structural
forces. The hydration repulsion energy per unit
surface area between two parallel flat surfaces can
be transformed to force terms by differentiating
Eq. (1) with respect to separation distance z to
yield

ET—K exp<_hz> )

Fig. 2. Geometry of a flat plate—cylinder interaction.

2.1.2. Edge—face hydration force

The edge-face interaction has been modeled as
the interaction between a flat plate and a half
cylinder parallel to it as shown in Fig. 2. Interac-
tion energy between a flat plate and a half cylin-
der of radius, r, is determined using Derjaguin’s
integration procedure [9]. In this method, the
surface of the cylinder is thought to be divided
into ‘ribbons’ of length, /, and width, rd@ where /
is the length and r is radius of the cylinder, and
the angle ¢ has been shown in Fig. 2. If the radius
of the cylinder is much larger than the separation
distance, z, then the total interaction energy be-
tween the two surfaces could be found by integra-
tion of a series of separate interactions between
the flat plate and the individual strips of width
rd@. The area of a small ‘ribbon’ d4 is given by
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dd =Ir d6 (3)

If the distance of closest approach between the
cylinder and the plate is given by z, then the
variable distance Z between a small strip and the
plate surface as a function of angle 0 is given by

Z=z+r—rcosl 4)

Egs. (1), (3) and (4) can be obtained to get the
hydration energy (dEy) between a small strip of
area d4 and the flat plate as given by

_(z+r;rcos0)}lrd0

The total interaction energy is the sum of inter-
actions of all small strips of area d4 with the flat
surface.

—z\ [7? —r
ES$t = 2Khir exp<h>J exp{h(l — cos 6)}
0

x d6 (6)

dEy =kh exp{ %)

Eq. (6) 1s multiplied by a factor of 2 in order to
account for the interaction energy from the lower
half of the cylinder (i.e. —7/2 <60 <0).

When the radius, r, is large compared with the
separation distance, the hydration energy de-
creases rapidly with an increase in 6. Under these
circumstances, [10] proposed the following ap-
proximate expression

(92
cos =1 7 7

The error caused by the use of this expression
in the case of electrostatic interaction between two
parallel cylinders was found to be less than 1% for
xr>2.5, where x is Debye—Huckel parameter
[11]. The error in the hydration energy expressions
is expected to be even smaller than that because of
the short-range nature of the hydration force. On
substitution,

_ 2\ ("2 02
ESt = 2Khir exp<h>J exp( > >d<9 (8)
0

and integration of Eq. (8),

onh [ —
ESt = 2Khir /% exp<hz>{®<§ ﬁ) - CD(O)}

©)

where ®(x) is the error function, erf(x).

With typical dimensions of kaolinite, the radius
of the kaolinite edge is taken as 82 nm, and the
maximum value of /4 is around 2 nm for divalent
ions as reported in the literature so that the value
of n/2./r/h is found to be 10. The function
®(n/2,/r/h) approaches unity for the values of
n/2./r/h greater than around 4. Therefore, with
an error of less than 0.003%, Eq. (9) simplifies to

Est = \/EKhl\ / mthr exp<_hz> (10)

The interaction in force terms is then given by
F = /2K /mhr exp<_hz> (11)

2.1.3. Edge—edge hydration force
The E—E interaction of kaolinite platelets is
represented by the interaction between two paral-
lel cylinders of equal radii. If the distance of
closest approach between the two parallel cylin-
ders is given by z, then the variable distance Z
between the cylinders as a function of angle 6 is
given by
Z=z+2r(1 —cos @) (12)
Combining Egs. (1), (3) and (12), and using the
procedure described in the previous section, the

hydration force between two interacting edges of
the kaolinite platelets is obtained as

—Z

Fst = Kl /mhr exp<h> (13)

2.2. Born repulsion

2.2.1. Face—face Born repulsion force

A realistic formulation for Born repulsion, at
least at the approximation level of the DLVO
theory, would be the Hamaker-type integration of
all molecules in the system [12]. Using this ap-
proach [13] developed a formula for sphere-plate

Born repulsion
Ac® r &r+z br—:z

= 14

BT 7560\ 2r 1 2) T 27 (14)
in which the collision diameter ¢ is treated as a
second characteristic property of the solids and
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typically has a value of the order of 0.5 nm. For
r> z, the Born repulsion in force terms between a
sphere and a flat plate can be determined by
differentiating Eq. (14) with respect to separation
distance to give

Arc®

B~ 18028 (15)

[9] expressed the force F(z) between a sphere
and a flat plate, which are distance z apart at their
closest approach, in terms of energy per unit
surface area between two flat parallel plates E(z)
which also are a distance z apart.

F(Z)Sphere—Plate = 27TrE(Z)Plate—Plate (1 6)

In fact, Eq. (16) is valid for any type of force
law, whether attractive, repulsive or oscillatory so
long as the range of interaction and separation
distances are much smaller than the radius of the
sphere [2] or cylinder. Egs. (15) and (16) give the
Born repulsion energy between two flat plates as

0 Ac®
B 360728

(17)

By differentiation, the Born repulsive force be-
tween two parallel flat plates is then given by
Ac®

Fif' = 18
B 45029 (18)

2.2.2. Edge—face Born repulsion force
The following expression is obtained for the
interactive force between an edge and a face sur-
face using Eq. (17) and following the procedure
adopted in the previous section.
Ac®lr Y A0

Fef: 1
B 70057 ,,g‘o {z47r—r cos(nAf)}’ (19)

Eq. (19) is found to be convergent within 5% of
the final value for N equal to 550. The Born
repulsion force for an E—F association could,
therefore, be evaluated precisely using a simple
computer code for larger values of M.

2.2.3. Edge—edge born repulsion force

The Born repulsive force between two interact-
ing edges of kaolinite platelets is obtained using
Egs. (3), (12) and (17) as

Ac®lr ¥ Af
Fes = 20
B 2250 ,,;, {z 4+ 2r —2r cos(nAd)}° (20)

Again, Eq. (20) is convergent for large values of
N, and the Born repulsion could be estimated
conveniently using a simple computer code.

2.3. Electrical double layer force

2.3.1. Face—face electrical double layer force
Using the Linear Superposition Approximation
(LSA), [14] reported the following expression for
the electrical double layer repulsion energy be-
tween two flat plates at potentials ¥, and .,

kT\? evy evy
LSA _ R4 1 2
Et = 328K<ev> tanh<4kT>tanh<4kT>

x exp( — Kz) (21)

where ¢ is the permittivity of the medium; k, the
Boltzmann constant; v, the valence of an ion; x,
the Debye—Hukel parameter; and 7, the absolute
temperature. For two parallel plates with the
same potential (i.e. ¥, = ,) the electrical double
layer interaction in force terms is given by [14] as

kT 2 . 2
Fi = 328K2<€U> {tanh(ilsz) }exp(— kz)  (22)

2.3.2. Edge—face electrical double layer force

Using the principle of LSA and Derjaguin’s
integration procedure, the interactive force be-
tween a flat plate and a cylinder of radius r is
given by,

kTN\? evy, evy,
ef R
Fg= 32\/§gl;c, /mcr< ) tanh<4kT>tanh<4kT

ev

xexp(— kz) (23)

2.3.3. Edge—edge electrical double layer force

Combining Egs. (3), (12) and (21) and using
Derjaguin’s integration procedure gives the fol-
lowing final expression for the interaction between
edges of two kaolinite platelets.

Fs = 32elzcW<Z>Ttanh<j}é§%>}zexp( — KZ)
(24)




104 T. Mahmood et al. / Colloids and Surfaces A: Physicochem. Eng. Aspects 177 (2001) 99—110

2.4. van der Waals forces

2.4.1. Face—face van der Waals force

On the basis of Hamaker’s approach [15], the
attractive energy between two particles may be
calculated by integration of the attractive energies
from all atomic pairs formed by two atoms be-
longing to different particles. Based on the
Hamaker method the potential energy of attrac-
tion per unit area between two flat plates of
thickness, J, is given by [10] as

—A(1 I I
EVZ127I{22+(2+25)2_(2+5)2} 25)

where z is the distance of closest approach be-
tween two flat plates and A is the Hamaker
constant. Since the thickness of the kaolinite
platelets is much larger than the equilibrium sepa-
ration distance between them, the last two terms
of Eq. (25) can be neglected. The force of attrac-
tion in an F—F orientation is, therefore, given by

ff _
Fy=—

(26)

6nz3

2.4.2. Edge—face van der Waals force

Using Hamaker’s summation method, [2] devel-
oped an expression for the non-retarded van der
Waals interaction energy between two parallel
cylinders of radii r,, and r,, and length /, which is
given by,

= AL nn >1/2 27)

a 12ﬁ3/2\r1 + 7

The interaction between a cylinder and a flat
plate is a special case of the interaction between
two parallel cylinders, and it could be obtained in
force terms by setting r, > r,, and equal to r in
Eq. (27) and differentiating it with respect to
separation distance, z.

A [(1\/r\"?
Ff= ———| < | - 28
a0 @

2.4.3. Edge—edge van der Waals force

The following expression is obtained in force
terms for E—E interaction by setting r,=r,=r
and differentiating Eq. (27).

162\

It is important to note that the expressions for
the hydration forces, electrical double layer forces
(except F—F interactive force), and Born repul-
sion are original derivations made in this study,
while expressions for van der Waals forces are
given by others [2,11]. However, the ratios of E-F
to E—E interactive forces among all four forces
considered in this study remained constant with a
multiplying factor of ﬁ for all the expressions
developed in this work as well as the ones re-
ported by others on van der Waals forces. This
consistency also provides an indirect verification
of the expressions derived in this work.

A 52
Fe— — A <r> (29)

3. Experimental investigation

3.1. Materials

A sample of kaolinite clay provided by Dry
Branch Kaolin Company, Georgia, was used in
this study. The purity of the sample was checked
by X-ray diffraction analysis, which showed two
dominant peaks (3.58 and 7 /OX), characterizing the
sample as pure kaolinite with a moderate crys-
tallinity [16]. A portion of the clay was dispersed
in distilled water and the particle size analysis was
performed using a Brinkmann particle size ana-
lyzer. The Brinkmann 2010 employs the time of
transition theory, according to which the time it
takes a laser beam moving at a fixed velocity to
interact with a particle and cause a shadow on the
detector is directly related to the particle diame-
ter. The time period for which the scanning laser
beam is blocked by a particle is multiplied by the
scanning velocity in order to determine the parti-
cle size. The results of size analysis displayed the
polydisperse nature of the sample with a mean
size of 1.64 um and standard deviation (S.D.) of
1.15 um. Solid spherical particles made of soda-
lime silica glass, supplied by Potters Industries
Inc., were used as media grains for particle attach-
ment. More than 90% of the particles were true
spheres having a size range of 0.43—0.6 mm and a
nominal size of 0.5 mm. Prior to their use, the
glass beads were cleaned of adsorbed materials
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using a procedure described by [17], which in-
volved rinsing 700 cc glass beads with distilled
water in a 1-1 beaker and then sonication in 0.01-M
NaOH for 10 min. The glass beads were then
rinsed five times with distilled water followed by
sonication in distilled water and 1-M HNO; for 10
min each. Finally, the glass beads were rinsed ten
times with distilled water and the specific conduc-
tivity of the supernatant was checked. Rinsing with
distilled water was stopped when the specific con-
ductivity of the supernatant approached that of
the distilled water used. Excess rinse water was
drained and the beads were dried overnight in an
oven at a constant temperature of 80°C.

3.2. Experimental procedure

Detachment experiments were done in two
steps, an attachment step followed by a detach-
ment step. Particle attachment was accomplished
by preparing a kaolinite suspension using 6 1 of
filtered (through a 0.45-um membrane filter) dis-
tilled water. Ionic strength and pH of the distilled
water were adjusted using sodium chloride and 200
mg of precisely measured kaolinite was added. The
resulting suspension was then stirred overnight. In
order to maintain a constant pH throughout the
attachment step, the pre-cleaned glass beads were
also equilibrated overnight with a solution of the
same chemical composition as that of the influent
kaolinite suspension. The next day, all experimen-
tal apparatus was thoroughly cleaned using dis-
tilled water and a glass column of 27-mm diameter
was packed with 175 g of equilibrated glass beads.
Two liters of electrolyte having the same composi-
tion as that of the influent suspension (without
particles) was prepared and filtered through 0.45-
pm membrane filters. The filtered electrolyte was
used to wash the freshly packed media with
fluidization of the bed with an expansion of
around 40%. This washing step prior to the start
of particle attachment ensured the removal of
contaminating particles from the system. Turbidity
levels of less than 0.02 NTU were achieved at the
end of fluidized washing. The packed column was
tapped thoroughly until no further settlement was
observed and a fixed bed height of around 0.2 m
was achieved.

The kaolinite suspension was then filtered
through the column in a once-through downflow
mode of operation at the rate of 20 ml min ~! for
4 h. Stability of influent and effluent pH was
ensured throughout the course of filtration and
backwashing by frequent pH measurements. Dur-
ing filtration, all effluent was collected for later
mass measurements. Immediately after the particle
attachment was completed, the column was back-
washed under fluidized conditions with a 20% bed
expansion, which corresponded to a flow rate of
170 ml min—! and a velocity of 0.495 c¢cm s~ '.
Particle detachment was completed in 19 min and
all backwash water (3.2 1) was collected for subse-
quent mass measurements. The kinetics of particle
detachment varied from being very high in the
beginning to very low at the end of backwashing.
The total detachment of particles was studied in
these experiments. The backwash water, filter
effluent, and the leftover portion of the influent
suspension were filtered through glass fiber filters
for kaolinite mass measurements. In each case, the
turbidity of the filtrate was found to be at back-
ground levels, which ensured almost complete cap-
ture of the clay platelets on the filter papers. The
percent detachment (as mass) was then determined
by mass balances.

4. Results and discussion

Depending upon the chemistry of the suspend-
ing medium, kaolinite platelets may flocculate in
E-E, E-F, or F-F modes of interaction. Ad-
sorbed organic coatings have also been reported to
influence the predominant mode of interaction
[18]. Variations in the modes of association in
response to changes in the chemistry of the sus-
pending medium may determine the nature of the
resulting deposits during particle attachment. It
has been hypothesized that the detachment of
particles of deposited in a porous media may be
affected by the nature of the deposit undergoing
erosion [19]. A knowledge of the dominant modes
of interaction of kaolinite platelets as a function of
solution pH would, therefore, be helpful in mech-
anistic understanding of the phenomenon of de-
tachment of asymmetric particles.
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Theoretical expressions for the F—F, E-F and
E-E modes of association in kaolinite platelets,
which were developed in the previous section,
have been used to explain the experimental results
semi-quantitatively. In the theoretical force calcu-
lations, a value of 2.6 x 10 ~2° J, as measured by
[20] for kaolinite, has been used for Hamaker
constant, whereas Born repulsion is estimated us-
ing a collision diameter of 0.5 nm, which is a
typical value and has frequently been used in the
literature [13,3]. Born repulsion is very short
range in nature and it decays so steeply with
distance, that some researchers consider it to be
most reasonable to depict Born repulsion in total
interaction energy plots as a vertical straight line,
located around 0.136 nm from the origin [21]. A
sensitivity analysis showed that significant effects
of variations in the value of collision diameter
could only be seen at distances of separation
much less than 1 nm. The value of the collision
diameter was found to change the location of
primary minima only slightly and did not affect
the rest of the total force curves significantly. In
quantification of the hydration force, a character-
istic decay length of 0.9 nm has been used in
conjunction with a value of 1.6 x 10° N m ~?2 for
the hydration force constant. The force constants
have been selected from the literature-reported
values, a summary of which has been presented in
[22]. The adopted value of 0.9 nm for the charac-
teristic decay length lies well within the already
narrow range (0.85—1 nm) of literature-reported
values. The adopted value of 1.6 x 10° N m ~ 2 for
the hydration force constant matches well with
the values 1.5 x 10° and 2 x 10° N m ~2 reported
for glass and montmorillonite, respectively
[23,24]. In fact, selection of all force constants was
based on sensitivity analysis for the force con-
stants performed by [25]. In the quantification of
electrical double layer forces, zeta potential values
for the edge and face of a platelet, as a function of
pH and ionic strength, measured by [26,27,6] were
adopted.

The ‘Total interactive force’, that is plotted on
the Y-axis of the Figs. 3—6, represents the sum of
all four forces considered in this study. Fig. 3
shows the total interactive force in nanoNewtons
(nN) between kaolinite platelets held in F-F,
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Fig. 3. Total interactive force between kaolinite platelets as
predicted by the model at pH 3 (IS = 0.004 M; edge charge =
+ 22 mV, face charge = —42 mV).

E-F, and E—E modes of association as a function
of separation distance at pH 3. The two ap-
proaching clay platelets will only attach in the
E—E mode of association if they surmount the
repulsive force barrier and fall into the primary
force minimum. At the primary force minimum,
the attractive forces balance the repulsive forces
and the platelets remain in equilibrium. Any un-
balance in the equilibrium of the microscopic
forces in favor of particle pull-off, as caused by
hydrodynamic and/or chemical and colloidal
forces, may lead to detachment of the platelets.
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Fig. 4. Adhesive forces for E-F and E—E modes of interaction

as predicted by the model at pH 3 (IS=0.004 M; edge
charge = + 22 mV; face charge = — 42 mV).
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Fig. 5. Total interactive force between kaolinite platelets as
predicted by the model at pH 7 (IS = 0.004 M; edge charge =
+2 mV, face charge = —42 mV).

Force calculations show that all three modes of
interaction have finite depths of primary minima.
The depth of the primary minimum is the least (30
nN) for an E—E mode of interaction, whereas a
relatively deeper primary minimum (45 Nan) is
observed in the case of an E—F interaction as
depicted by Fig. 4. At the same pH and ionic
strength, the F—F interaction displayed a very
deep primary minimum of around 12 000 nN (not
shown in Fig. 4). The depth of the primary min-
ima, and therefore, the magnitude of the adhesive
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Fig. 6. Total interactive force between kaolinite platelets as
predicted by the model at pH 9 (IS = 0.004 M; edge charge =
— 22 mV; face charge = —42 mV).

force follows the sequence FF > EF > EE. In an
F-F interaction, a very deep primary minimum
indicates a very strong association, but a large
force barrier that extends to a separation distance
of around 35 nm (Fig. 3) limits interparticle ap-
proach and hence attachment. At this pH, a rela-
tively small fraction of the particles colliding in an
F-F mode could, therefore, be expected to sur-
mount this barrier. The E-E mode of interaction
in Fig. 3 also shows a repulsive force barrier at
close approach that extends up to a separation
distance of around 15 nm and makes this mode of
association less likely too. The E—F orientation
shows an attractive force between the two
platelets at all separation distances. The E-F
attractive force becomes prominent at a consider-
ably large separation distance of greater than 20
nm and then continues to increase monotonically
until the equilibrium separation distance (primary
force minimum) is reached. Force calculations
presented in Fig. 3 suggest clearly that the most
likely mode of association at pH 3 is E-F.

At pH 5, force calculations for the F—F interac-
tion showed no change, which is consistent with
the nature of charge on platelet faces. The origin
of charge on platelet faces is isomorphous replace-
ment, and there is no evidence for a pH depen-
dent charge density at the basal surfaces of
kaolinite particles [28]. Under these circum-
stances, an F—F interaction should be indepen-
dent of solution pH. A repulsive force barrier in
the case of an E—E mode of interaction was still
evidenced at pH 5, although its height and extent
had decreased. The E—F orientation showed and
attractive force at all separation distances suggest-
ing that E-F is also the preferred mode of inter-
action at pH 5.

At pH 7, which is close to the isoelectric point
of the edge surface [26], both E-F and E-E
interactions produced almost identical force
curves as shown in Fig. 5, although the depth of
the primary minimum (and therefore, the adhesive
force) for an E—F interaction is still larger than
that of an E—E interaction. Particle associations
in both E—E and E—F modes of interaction are,
therefore, likely to occur at this pH.

Total force calculations at pH 9 are presented
in Fig. 6, where all three modes of interaction
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Fig. 7. Filtration of kaolinite at constant ionic strength.

display repulsive force barriers. The heights of the
force barriers decrease in the order F—F > E-
F > E-E. The repulsive force barriers present in
all three modes of interaction will not only keep
platelets from flocculation in any of the F-F,
E-F, or E-E modes of interaction but also from
attachment to other negatively charged surfaces.
This hypothesis was validated experimentally by
depositing kaolinite platelets in porous media
columns. A sample of experimental results on
kaolinite particle attachment at pH 4.02 and 8.05
is shown in Fig. 7, where C and Co represent
effluent and influent suspension turbidities, re-
spectively. The normalized filter effluent turbidity
(C/Co) at pH 8.05 was found to be greater than
0.8 as compared with a value of less than 0.1 at
pH 4.02, which demonstrates highly dispersive
characteristics of the kaolinite platelets at pH
8.05. Also, in rheological studies of aqueous clay
suspensions [28] found kaolinite platelets to be
very dispersed at pH above around 8.

F-F associations are expected to be indepen-
dent of solution pH since the negative charge on
the basal planes of the kaolinite platelets origi-
nates due to isomorphous substitutions. The ex-
tent of F—F associations may, therefore, be the
same at all pH values under constant ionic
strength conditions. The edge charge, on the other
hand, originates as a result of broken bonds at the
edges and it is a function of pH. Therefore, the
extent of E-F and E—E associations should es-

sentially be dependent on pH. At low value of
pH, the E—F interactions are highly favorable
(Fig. 3); however, platelets approaching in E-E
and F-F orientations may also cause flocculation
if the driving force is sufficiently large to sur-
mount the repulsive force barrier. The relative
abundance of F—F interactions may be small at
low values of pH because the total number of
E-F associations is very large. An increase in pH
affects both E—F and E—E associations adversely
while keeping the colloidal forces unaltered for
the F—F associations (Figs. 3, 5 and 6). It is,
therefore, expected that the relative abundance of
F-F associations increases gradually as the pH is
increased.

It is important to note that the quantification,
and therefore comparison, of net adhesive forces
among the three modes of interaction was made
possible only after inclusion of short range effects
into DLVO theory. The extended DLVO theory
presented in this publication predicts finite depths
and locations of primary minima, as shown in
Fig. 4, in contrast to unrealistic infinitely deep
primary minima obtained by others [4,6,29] con-
sidering DLVO interaction energies alone. This
obviates the necessity for assuming a separation
distance as in DLVO theory alone.

The results of detachment experiments are
shown in Fig. 8. The release of kaolinite platelets
was found to be dependent on pH of the influent
suspension during attachment, and a maximum in
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Fig. 8. Effect of attachment pH on detachment of kaolinite
platelets.
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percent mass detachment was observed at a pH
value around 5. A similar trend of kaolinite ero-
sion from a bed simulating a stream was observed
in a subsequent study using a tilting flume under
uniform flow conditions [30]. The observed behav-
ior of kaolinite detachment can be explained using
the theoretical micromechanics model developed
in this study. The most likely association at pH 3
is E-F, where the electrostatic attraction in con-
junction with van der Waals forces creates rela-
tively stronger and longer range attraction
between an edge and a face of two interacting
platelets. It is worthwhile to emphasize that when
the two surfaces are oppositely charged, the elec-
trical forces become attractive, and instead of
countering the van der Waals forces (as they do in
the case of similarly charged surfaces), they rein-
force them instead of giving rise to a long-range,
strong net attraction. Force calculations show
that in the case of E-F interactions, the depth of
the primary minima decreases with an increase in
pH. Therefore, as the pH is raised above 3, the
adhesive forces holding the clay platelets in an
E—F mode of interaction become weaker, which
allows particle release to occur more easily and
causes percent detachment to increase as observed
in Fig. 8. An E-F association is inherently
stronger than an E—E association by a factor of
ﬁ, which is evident from the expressions devel-
oped for the hydration forces, electrical double
layer forces, Born repulsion, and van der Waals
forces. Total force calculations show that the
depth of the primary minimum for an E—E orien-
tation is 31 nN as compared with a depth of 44
nN in the case of an E-F association at pH 5.
The greater depth of primary minimum for an
E—F interaction than that of an E—E association
suggests that the particles which attach in an E-E
orientation could be detached more easily as com-
pared with those attached in an E-F mode. The
force calculations also reveal that as the pH is
increased from 3, the fraction of attached platelets
held in an E—E mode of association increases.
This gradual increase in contributions of the week
E—E associations contributes further to the in-
crease in percent detachment up to pH around 5
as shown in Fig. 8.

At higher values of pH (above 7), the relative
contribution of F-F associations to the total
interparticle associations may be expected to in-
crease. The predominance of F—F structures at
higher pH values has also been suggested in the
literature. Based on the dense and compact nature
of settled kaolinite deposits in conjunction with
their low water content, [31] suggested that the
associations at high pH (> 7) are predominantly
F-F. As shown by the force calculations, F—F
associations, F—F associations are very strong
and give rise to card-pack structures. Particles
held in this mode of association will resist the
eroding forces much more than those held by
other modes of association. The observed de-
crease in percent mass detachment at high pH
values in Fig. 8 could, therefore, be attributed to
the increased fraction of F—F associations. Also,
the F—F associations give rise to dense, tightly
packed flake-like structures [28,32], whereas E—E
and E—F interactions result in voluminous, three-
dimensional, cardhouse-like structures of high
void ratio [32]. It is hypothesized that the dense,
flake-like structures attached to a surface will
protrude less into the fluid boundary layer as
compared with voluminous, cardhouse-like struc-
tures. Under conditions of constants fluid shear
stress, the compact F—F structures may experi-
ence relatively smaller hydrodynamic forces than
those experienced by the cardhouse-like volumi-
nous E—E and E-F structures and hence will
detach less as shown in Fig. 8.

5. Conclusions

It is realistic and reasonable to analyze interac-
tions between kaolinite particles considering their
actual platelet-like shape instead of making use of
oversimplifying assumptions of particle sphericity.
The microscopic force model developed on the
basis of hexagonal platelet-like shape of kaolinite
particles was found to be consistent with experi-
mental observations on attachment and detach-
ment of kaolinite particles.

The microscopic force analysis showed that the
total interactive force between the two interacting
particles varies drastically with their geometric
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shape. Under constant chemical conditions, the
three geometric modes of interaction (E-E, E-F,
and F-F) of the kaolinite platelets showed signifi-
cantly different total force curves. The depth of
the primary minima and, therefore, the magnitude
of the adhesive force followed the sequence F—
F>E-F>E-E. The expressions developed for
the E-F mode of interaction for hydration forces,
Born repulsion, electrical double layer forces, and
van der Waals forces showed stronger interactive
forces than those for E-E mode of association by
a factor of ﬁ

The release of kaolinite platelets under constant
chemical conditions during particle detachment
was found to be dependent on the pH of the
suspension used during particle attachment.
Kaolinite platelets showed a maximum in the
percent detachment at an attachment pH around
5. The variations in the interparticle adhesive
forces, both within a specific mode of interaction
and due to changes in the predominant modes of
interaction with pH, were found to explain the
maximum percent detachment observed experi-
mentally at a pH value around 5.
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