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SURFACE CHARGE PROPERTIES OF KAOLINITE

Brian K. SCHROTH AND GARRISON SPOSITO
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Abstract—The surface charge components of 2 Georgia kaolinites of differing degrees of crystallinity
(KGa-1 and KGa-2) were determined using procedures based on charge balance concepts. Permanent
structural charge density (0,) was determined by measuring the surface excess of Cs, which is highly
selective to permanent charge sites. The values of ¢, determined were —6.3 * 0.1 and —13.6 = 0.5 mmol
kg~! for kaolinites KGa-1 and KGa-2, respectively. The net proton surface charge density (og) was
determined as a function of pH by potentiometric titration in 0.01 mol dm= LiCl. Correction from
apparent to absolute values of ¢, was made by accounting for Al release during dissolution, background
ion adsorption and charge balance. Lithium and Cl adsorption accounted for the remainder of the surface
charge components. Changes in surface charge properties with time were measured after mixing times of
1, 3 and 15 h, the latter representing “equilibrium”. Time-dependent behavior is believed to be caused
by mineral dissolution followed by readsorption or precipitation of Al on the mineral surface. Both the
point of zero net charge (p.z.n.c.) and the point of zero net proton charge (p.z.n.p.c.) changed with mixing
time, generally increasing. The “equilibrium” p.z.n.c. values were approximately 3.6 for KGa-1 and 3.5
for KGa-2, whereas the corresponding p.z.n.p.c. values were about 5.0 and 5.4. The p.z.n.c. results were
in good agreement with previous studies, but the values of p.z.n.p.c. were higher than most other values
reported for specimen kaolinite.

Key Words—Dissolution, Kaolinite, Point of Zero Charge, Potentiometric Titration, Proton Surface
Charge, Structural Charge, Surface Charge, Surface Chemistry.

INTRODUCTION vary from 3.0 to above 7. Some of the disagreement
can be attributed to differences in sample preparation
and to the use of different models to interpret data, but
the breadth of the distribution of pH values in Table
1 is much larger than what is typical for specimen
oxide minerals. Examples are i.e.p. = 9.2 £ 0.6 and
p-z.n.p.c. = 8.5 * 0.2 for y-Al,O;, based on data com-
piled by Goldberg et al. (1996).

Recently Chorover and Sposito (1993, 1995a),

Knowledge of the surface charge characteristics of
kaolinite is essential to deciphering the mechanisms of
its reactions with xenobiotic compounds (Haderlein
and Schwarzenbach 1993) and mapping the pathways
of its weathering reactions in sediments and soils
(Stumm 1992; Chorover and Sposito 1995b). Promi-
nent among these characteristics are the density of sur-

face charge created by isomorphic substitutions in a
mineral structure (denoted g,) and that created by pro-
ton adsorption and desorption reactions with a contig-
uous aqueous solution (denoted o). The sign of g, is
always negative for kaolinite, arising either directly
from A1(II) substitution for Si(IV) in the tetrahedral
sheet of the mineral (Bolland et al. 1976), or indirectly
from isomorphic substitutions in 2:1 layer type clay
mineral inclusions (Lim et al. 1980; Jepson 1984; Kim
et al. 1996). The sign of oy varies with aqueous so-
lution pH, taking on a zero value at the p.z.n.p.c.
(Sposito 1992) and becoming negative at higher pH
values.

Significant variability exists among published ex-
perimental studies of the surface charge behavior of
specimen kaolinites. Its points of zero charge (Sposito
1992) offer a prototypical example, as shown in Table
1. The data in Table 1 are not intended to be compre-
hensive, but only to illustrate the wide range of pH
values in the published literature. Isoelectric points
(i.e.p.; pH value at which the electrophoretic mobility
is zero) range from 3.0 to 5.0, while p.z.n.p.c. values
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building on work by Charlet and Sposito (1987) and
Anderson and Sposito (1991, 1992), have developed
and applied an experimental methodology for measur-
ing surface charge components and testing the result-
ing data for consistency with the law of surface charge
balance:

oy toy+Ag =0 [1]
where Ag is the net adsorbed ion surface charge den-
sity, the difference of adsorbed cation and anion
charge, exclusive of that contributed by adsorbed pro-
tons and hydroxide ions (Sposito 1992). In this paper,
we present the first application of this new method-
ology to specimen kaolinites of varying crystallinity.
The primary objectives of our research were to deter-
mine the surface charge characteristics of specimen
kaolinite unambiguously and to ascertain the nominal
effects of degree of crystallinity.

MATERIALS AND METHODS
Stock Suspensions

Samples (0.2 kg) of 2 specimen kaolinites, KGa-1
and KGa-2, described as ‘““well crystallized” and
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Table 1. Points of zero charget reported for kaolinite.

Value Reference
Isoelectric point 3.3, 4.6 Parks (1967)
Gi.e.p) 5.0 Ferris and Jepson (1975)
4.25 Carroll-Webb and Wal-

ther (1988)
3 Braggs et al. (1994)

Point of zero net <4 Schindler et al. (1987)
proton charge 4.5 Motta and Miranda
(p.z.n.p.c.) (1989)

4.5 Xie and Walther (1992)

5.0 Zhou and Gunter (1992)

7.5 Wieland and Stumm
(1992)

3.0 Braggs et al. (1994)

4.66 Sverjensky (1994)

Point of zero net 4.8 Ferris and Jepson (1975)
charge (p.z.n.c.) <4 Bolland et al. (1976)

4 Zhou and Gunter (1992)

t1i.e.p. = pH value at which electrophoretic mobility = 0.
p-zn.p.c. = pH value at which ¢, = 0. p.z.n.c. = pH value
at which Aq = 0.

“poorly crystallized” by van Olphen and Fripiat
(1979), were obtained from the Source Clays Reposi-
tory of the Clay Minerals Society. The samples were
suspended repeatedly in 1 mol dm=—3 NaCl/HC! or
LiCIVHCI solution at pH 3. After centrifugation of the
suspension at 10,000 RCE the supernatant solution
was discarded and replaced with fresh solution. After
the supernatant solution pH value had dropped to 3,
the samples were suspended in non-acidified LiCl so-
lution and centrifuged again. As the supernatant so-
lution pH value approached 5, the ionic strength was
progressively lowered to that used in the titration ex-
periments (0.01 mol dm~3). The Li-saturated kaolinite
stock suspensions were stored at pH 5.0-5.5 in sealed
0.25-L centrifuge bottles.

Permanent Structural Charge Density (o)

The method of Chorover and Sposito (1993) was
followed to determine o, for each kaolinite sample.
Briefly, a portion of kaolinite stock suspension was
saturated with Cs by repeated washing in CsCl, with
a final supernatant solution ionic strength of 0.05
moles per kilogram of solution (molinity, rh). Tripli-
cate samples were prepared containing 10 g dry ka-
olinite per kg solution in 0.05 i CsCl at pH 5.5-6.0.
Following centrifugation, the supernatant solution was
discarded and the remaining entrained CsCl solution
was removed by washing with ethanol. The samples
were then dried at 65 °C for 48 h to enhance formation
of inner-sphere Cs surface complexes. Next, the sam-
ples were washed in 0.01 rh LiCl solution to remove
outer-sphere surface complexes of Cs. The clay sus-
pensions were centrifuged, and the supernatant LiCl
solution was removed for analysis, leaving only the
kaolinite sample and entrained LiCl solution. Finally,
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Cs was twice-extracted with 1 th ammonium acetate
(NH,OAc). The LiCl and NH,OAc solutions were an-
alyzed for Cs by atomic emission spectroscopy (Perkin
Elmer Model 2380). Permanent structural charge den-
sity, g, was calculated as minus the difference be-
tween moles Cs in the NH,OAc extract and moles Cs
in the entrained LiCl solution, per kg of dry kaolinite.

Proton Titration and Ton Adsorption Measurements

Samples of the stock suspension containing 350 mg
of dry kaolinite were placed in 35-mL centrifuge
tubes. To each tube, 0.01 h LiCl containing a prede-
termined amount of 0.01 th HCI or LiOH was added
so that the total mass of solution was 35 g. A given
LiCI/HCI (or LiClVLiOH) electrolyte solution mixed
with kaolinite represents a single point in a discontin-
uous proton titration. Each mixture was replicated
once, with a kaolinite-free blank prepared for each
replicate. An Orion model 8102BN combination pH
electrode was calibrated by Gran titration (Gran 1952;
Chorover and Sposito 1993), so that electrode output
could be converted directly to hydrogen ion concen-
tration ([H*]). Proton concentration instead of activity
was determined in order to avoid the use of activity-
coefficient models (Chorover and Sposito 1995a).

The samples were mixed by slow rotation (about 7
revolutions per min) for periods of 1, 3 or 14-16 h.
Following centrifugation, the supernatant solution was
carefully transferred to 60-mL high density polyeth-
ylene (HDPE) bottles. Electrode output was read on
an aliquot of each solution (sample and blank), then
converted to [H*].

The samples were equilibrated with 1 1 NH,NO,
on a reciprocal shaker for at least 30 min to extract
adsorbed ions. Following centrifugation, the superna-
tant solution for each sample was transferred to a tared
60-mL HDPE bottle. This procedure was repeated,
with the second supernatant solution added to the first.
The NH,NO, and LiCl solutions were analyzed for Li,
Al and Si by inductively coupled argon plasma spec-
troscopy (ICP, Perkin Elmer Model P-40). Selected
samples were also analyzed by ICP for Fe, but the
resultant surface excess of Fe was negligible compared
to those for the other ions, so these data are not re-
ported. The solutions were analyzed for Cl using a
Buchler model 442-5000 digital chloridometer.

DATA ANALYSIS

The apparent proton surface charge density, 0y,
was calculated as (Chorover and Sposito 1993):

K K
Ulitiu = Msoln{([H+]b - [H+]s) B ([Hr’] N [H:V] )}
b s
[2]

where M., is the mass of electrolyte solution (per unit
dry mass) equilibrated with kaolinite, [H*] is the so-
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lution proton concentration, K, is the dissociation
product of water (10-'%), and the subscripts s and b
refer to sample and blank solutions, respectively. For
highly acidic samples in which there was significant
Al release caused by kaolinite dissolution (generally
at pH 3-4), oy, was corrected for Al in solution by
the equation (Schindler et al. 1987; Wieland and
Stumm 1992):

- M, {3[AP*] + 2[AIOH*]

OgiiwAl — Ohie

+ [AL(OH),"]} [3]

where the concentrations of the 3 Al species were cal-
culated using the total Al concentration in solution, the
pH value and published Al hydrolysis constants
(Nordstrom and May 1996). This correction accounts
for protons that would be consumed in Al release and
generated by Al hydrolysis at pH = 6.

The apparent proton surface charge density in Equa-
tion 2 or 3 is corrected relative to the blank solution
only, and thus does not include a correction for the
unknown value of oy at the beginning of titration
(Lyklema 1987; Sposito 1992), which cannot be mea-
sured using proton balance on the aqueous solution
phase only. One way to make this correction is to note
the definition (Charlet and Sposito 1987):

(4]

where the second term on the right side is the value
of the apparent proton surface charge density (with Al
hydrolysis correction as in Equation 3) at the
p.z.n.p.c., a constant independent of pH. The combi-
nation of Equations 1 and 4 yields the charge balance
expression (Anderson and Sposito 1992):

Oy = Oyucal — Ongwar (P-Z.0.P.C.)

[5]

at any pH value. By averaging oy . (p.z.n.p.c.) val-
ues determined at all points of a titration curve, we
may calculate ¢, with the expression:

Ohscal (P-Z.DP-C) = Oyea + 0 + Ag

[6]

The surface excess of a given ion i, n, (mol kg1),
was calculated by the equation (Chorover and Sposito
1993):

Oy = Opual — (Orggar (P-Z10LP.CY)e

- M entr!ti

7]

where N, is moles of species i, per unit mass of dry
kaolinite, extracted in the NH,NO; step; M., is the
mass of entrained LiCl solution per unit kaolinite mass
prior to the NH,NO; step; and #; is the molinity of
species i in the LiCl solution. The adsorbed ion charge
density, ¢; (mol, kg~"), is the product, n;|z|, where z
is the valence of species i. Lithium and Cl surface
excesses were expressed as g values and subtracted to
estimate Ag in Equation 1.

The p.z.n.p.c. was calculated in 2 ways (Anderson
and Sposito 1992). One was linear regression of oy

n, = N, i,NHy;NO3
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(Equation 6) against —log[H*] to find its value when
oy = 0 (x-intercept). The other was by plotting the
sum (Ag + o,) against —log[H*] and determining, by
linear regression, its value when the sum equals zero
(x-intercept). By charge balance (Equation 1), this
—~log[H*] value should equal p.z.n.p.c., thus providing
a test of mutual consistency between titration and ion
adsorption data, because (Ag + o) is also used in the
calculation of o (p.z.n.p.c.) (Equations 5 and 6). The
p-z.n.p.c. was calculated by fitting Ag to a linear func-
tion of —log[H*] with regression analysis, then solving
the resultant function for the condition Ag = 0 (x-
intercept).

RESULTS AND DISCUSSION
Permanent Structural Charge

The values of g, obtained for kaolinites KGa-1 and
KGa-2 were —6.3 * 0.1 and —13.6 = 0.5 mmol, kg~'.
Bolland et al. (1976) reported a o, value of —15 = 5
mmol, kg-! for kaolinite API-9, a sedimentary refer-
ence clay mineral obtained from American Petroleum
Institute Project No. 9, and —17 = 5 mmol,_ kg=' for
St. Austell kaolinite, a hydrothermal clay mineral to
which Ferris and Jepson (1975) assigned a o, value of
zero. Wieland and Stumm (1992) estimated that o, for
St. Austell kaolinite lies between —20 and —50 mmol,
kg-!. This divergence of results further exemplifies the
variability in published surface charge characteristics
for kaolinite, as discussed in connection with Table 1.

Lim et al. (1980) determined the “Cs retention ca-
pacity”’, defined as the difference between adsorbed
Cs* displaced by NH,* and that displaced by Ca?*, for
7 Georgia kaolinites similar to kaolinites KGa-1 and
KGa-2. This quantity was interpreted by Lim et al.
(1980) as a measure of |oy|. It was found to have a
significant correlation (R* = 0.93) with specific sur-
face area and with the difference between the Cs*™ and
K™ surface excesses, which fact was concluded to re-
flect the influence of weathered micaceous inclusions.
Correlations between estimates of the content of these
inclusions and Cs retention capacity led Lim et al.
(1980) to suggest that g, for kaolinite that is free of
inclusion would lie in the range 0 to —10 mmol_ kg-!.
This range is consistent with the g, values determined
in the present study. The specific surface areas of
KGa-1 and KGa-2 kaolinite are 8.8 and 21.6 m? g/,
(S. Goldberg, personal communication, 1995), in con-
sonance with the positive correlation between |a,| and
specific surface area observed by Lim et al. (1980).
Kim et al. (1996) concluded, on the basis of '33Cs nu-
clear magnetic resonance spectra, X-ray photoelectron
spectra and transmission electron micrographs, that
Cs* strongly adsorbed by KGa-1 kaolinite is present
in a very small quantity of smectite-like interlayers
interstratified with the 1:1 clay mineral layers. This
spectral evidence also supports the interpretation of
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Figure 1. Net proton surface charge density (oy) plotted

against —log[H*] for kaolinite KGa-1. A least-squares linear
regression line is drawn through each data set. Equilibration
times: circle and dotted line = 1 h, square and dashed line =
3 h, star and solid line = 14-16 h. The intersection of the
regression line with the horizontal line g, = O represents the
p.z.np.c.

our Cs adsorption data as a quantitative measure of g,
associated with siloxane surfaces.

Surface Charge Balance

Graphs of g, (Equation 6) and Ag (based on Equa-
tion 7) plotted against —log[H*] are presented in Fig-
ures 1 and 2 for kaolinite KGa-1 and in Figures 3 and
4 for kaolinite KGa-2. It is evident (Figures 1 and 3)
that ¢, is less positive for KGa-1 than KGa-2 at any
aqueous proton concentration in the range investigat-
ed. There is also a noticeable increase in oy with time
of equilibration, as observed also by Wieland and
Stumm (1992), who found no significant change in o
after 10 h equilibration. On the basis of this latter re-
sult, the data for 14-16 h equilibration in the present
study can be interpreted as ‘“‘equilibrinm” values.
There is some tendency for Ag to decrease with equil-
ibration time, and for Ag to be less positive for KGa-1
than KGa-2 at any proton concentration (Figures 2 and
4). These differences in ¢, and Ag between the 2 ka-
olinites correlate with the differences in their specific
surface area.

Surface charge balance (Equation 1) implies that a
graph of Ag against ¢ should be a straight line with
slope equal to —1.0 and y-intercept equal to |o,| (Cho-
rover and Sposito 1995a). The results of a linear re-
gression analysis of the (Ag, o)) data obtained for both
kaolinites and the 3 equilibration times are listed in
Table 2. All linear correlations were statistically sig-
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Figure 2. Net adsorbed ion charge (Aq) plotted against
—log[H*] for kaolinite KGa-1. Equilibration times: circle and
dotted line = 1 h, square and dashed line = 3 h, star and
solid line = 14-16 h. The intersection of the regression line
with the horizontal line Ag = O represents the p.z.n.c.; inter-

section with the horizontal line Ag = —o, represents the
p.z.n.p.c.
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Figure 3. Net proton surface charge density (o) plotted

against —log[H*] for kaolinite KGa-2. Equilibration times:
circle and dotted line = 1 h, square and dashed line = 3 h,
star and solid line = 14-16 h. The intersection of the regres-
sion line with the horizontal line o, = O represents the

p.z.n.p.c.
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Figure 4. Net adsorbed ion charge (Ag) plotted against
—log[H*] for kaolinite KGa-2. Equilibration times: circle and
dotted line = 1 h, square and dashed line = 3 h, star and
solid line = 14-16 h. The intersection of the regression line
with the horizontal line Aq = 0 represents the p.z.n.c.; inter-
section with the horizontal line Ag = —o, represents the

p.z.n.p.c.

nificant (p = 0.05). The regression slopes and y-inter-
cepts agreed with their theoretical values within a p =
0.05 confidence interval (Steel and Torrie 1960). Thus,
consistency with surface charge balance, which has
not been demonstrated experimentally in any previous
study of the surface charge characteristics of specimen
kaolinite, was achieved within the precision of our ex-
periments.

Points of Zero Charge

Values of the p.z.n.c. and p.z.n.p.c. determined for
kaolinites KGa-1 and KGa-2 after equilibration times
of 1, 3 and 14-16 h are listed in Table 3. Within the
precision of our experiments, p.z.n.p.c. values calcu-
lated from linear regression of oy on —log[H*] agree
with those calculated from linear regression of (Ag and
o,) on —log[H*], again demonstrating the internal con-
sistency of the titration and ion adsorption data. For
both kaolinites and any equilibration time, p.z.n.c. <
p.z.n.p.c. as required by the law of surface charge bal-
ance whenever g, < O (Sposito 1992).

The “‘equilibrium™ p.z.n.p.c. for kaolinite KGa-1 is
4.99 * 0.03 and that of KGa-2 is 5.36 = 0.02, based
on averaging the estimate pairs in Table 2. The
p.z.n.p.c. for KGa-1 appears to increase with equili-
bration time (Figure 1), from about 4.3 at 1 h to about
5.0 at 14-16 h. This may be the result of alteration of
the kaolinite surface under acidic conditions through
time, in agreement with conclusions reached by Wie-
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Table 2. Slope and intercept parameterst as determined by
linear regression of Ag on oy (test of charge balance).

Equili-
bration
time Intercept
Kaolinite (h) Slope (mmol, kg!)
KGa-1 1 -1.25 £ 0.15 6.36 = 0.40
3 —-0.85 £ 0.28 597 = 1.03
14-16 —0.86 £ 0.26 5.87 = 1.28
Theoretical value: % ~1 6.3 0.1
KGa-2 1 -0.83 £0.19 126 = 14
3 -0.79 £ 0.13 120=*x 1.1
14-16 —1.03 £ 0.25 139 * 24
Theoretical value: 0 -1 136 = 0.5

T Parameter value * confidence interval (p = 0.05).

land and Stumm (1992). The p.z.n.p.c. for KGa-2 ap-
pears to change differently with increasing equilibra-
tion time: upward between 1 and 3 h, then downward
after 14—16 h (Figure 3).

The p.z.n.c. also appears to increase with mixing
time for both clay minerals, with “equilibrium’ values
of 3.56 for KGa-1 and 3.52 for KGa-2 (Figures 2 and
4, and Table 3). The values of ¢,; ranged from 1.8 to
11 mmol, kg=* and 5.0 to 18 mmol, kg™! for KGa-1
and KGa-2 (data not shown), increasing with —log
[H*]. The corresponding ranges for g, were —0.2 to
+5.2 and 2.7 to 8.1 mmol, kg~! (data not shown), de-
creasing with increasing —log[H"]. In general, ¢;; and
gc both decreased with increasing equilibration time
for a given —log[H"], although this trend was more
marked for gy;.

Braggs et al. (1994) found p.z.n.p.c. = 3 for a Geor-
gia kaolinite, far below the values reported in this
study. A possible explanation for this result is that
their equilibration time, although not reported, was
likely on the order of minutes since the authors per-
formed a continuous titration. Table 3 suggests that
there is a decrease in p.z.n.p.c. with decreasing equil-
ibration time. Schindler et al. (1987) observed
p.z.n.p.c. = 4.1 for kaolinite KGa-1 suspended in
NaClQO, at ionic strengths of 0.1 and 1.0 mol dm=3,
but their o, values for 0.01 mol dm~3 were consis-
tently positive down to pH 4 (the experimental limit).

Table 3. Points of zero net proton charge (p.z.n.p.c.) and
points of zero net charge (p.z.n.c.) for kaolinites KGa-1 and
KGa-2.

p.Z.n.p.c.

Equilibration (oo + p-z.n.c.

Kaolinite time (h) Ag = 0) (o4 = 0) (Ag = 0)
KGa-1 1 4.31 4.32 2.72
3 4.81 4.73 2.84

14-16 5.01 4.96 3.56
KGa-2 1 5.52 5.33 2.53
3 595 5.60 2.98
14-16 5.34 5.38 3.52
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The model applied by Schindler et al. (1987) predicted
p.zn.p.c. = 4.8 at the lowest ionic strength, but the
disagreement between the model predictions and ex-
perimental o, data was significant. As with Braggs et
al. (1994), a short equilibration time in the experi-
ments of Schindler et al. (1987) is a possible expla-
nation of a lower p.z.n.p.c. Zhou and Gunter (1992)
did not report an equilibration time but their titration
data indicate p.z.n.p.c. = 5 for kaolinite KGa-1, sim-
ilar to the results in the present study. Sverjensky
(1994) predicted p.z.n.p.c. = 4.66 for well crystallized
kaolinite, based on a theoretical model involving crys-
tal chemistry, solvation effects and electrostatic inter-
actions.

Wieland and Stumm (1992) performed proton titra-
.tion experiments on time scales similar to those in the
present study. However, these authors assigned an
“edge surface” p.z.n.p.c. equal to 7.5 on the basis of
prior model dependent concepts of kaolinite acid-base
chemistry. This ansatz was, in effect, the same as ref-
erencing ¢, to its measured value at pH 7.5 (see
Equation 4). Thus, Wieland and Stumm (1992) deter-
mined a value for o, (p.z.n.p.c.) by selecting the
value of p.z.n.p.c. on purely theoretical grounds. All
of the other authors whose experimental p.z.n.p.c. val-
ues for kaolinite are given in Table 1 also have se-
lected an a priori value for o4, (p.z.n.p.c.), since they
simply equated o, with the right side of Equation 2.
If oy 4 (p.z.n.p.c.) is indeed equal to zero, as this prac-
tice assumes, experimental measurements of the right
side of Equation 5 will show this unambiguously, by
charge balance.

Dissolution Effects

The release of Si and Al into the aqueous solution
phase was an increasing function of equilibration time
in our experiments, but did not change significantly
with pH. The concentration of Si released by kaolinite
KGa-2 (11-21 prh) was consistently higher than that
released by kaolinite KGa-1 (5-14 prh), whereas Al
concentrations for both kaolinites tended to be at or
below 3 uif, close to the ICP detection limit. The val-
ues of n,, and ng measured were highly variable. It is
likely that NH,* used in the extraction procedure re-
moved structural Al and Si near the clay mineral sur-
face, in addition to the Al and Si actually adsorbed to
the surface; therefore, true Si and Al surface excesses
could not be accurately estimated by our procedures.

The dominance of dissolved Si over Al during
short-term kaolinite dissolution is contrary to the ob-
servations of Carroll-Webb and Walther (1988), who
found the opposite relationship at pH < 6 for disso-
lution times less than 200 h. Our results do agree,
however, with those of Wieland and Stumm (1992),
who commented that the difference with Carroll-Webb
and Walther (1988) may lie in the fact that the latter
did not treat their KGa-1 sample with strong acid dur-
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ing preparation (see, for example, Buchanan and Op-
penheim 1968). Carroll-Webb and Walther (1988)
eventually did observe a shift into Si dominance after
steady-state conditions were reached, in agreement
with Wieland and Stumm (1992). The release of Si
over Al may be related to Al adsorption by and/or Al
hydroxide precipitation onto the kaolinite surface.
Wieland and Stumm (1992) described their Al release
data quantitatively with a model involving Al adsorp-
tion at pH < 4.5 and amorphous Al hydroxide precip-
itation above pH 4.5. Charlet et al. (1993) have pre-
sented experimental data to demonstrate the ubiquity
of Al adsorption on clay minerals and oxides at low
pH and ionic strength. Dissolution followed by struc-
tural ion adsorption (and/or precipitation) onto the ka-
olinite surface would clearly alter the surface charge
properties of the mineral and at least partially cause
the observed migration of p.z.n.c. and p.z.n.p.c. with
equilibration time (Table 3).

CONCLUSIONS

The calculated values of permanent structural
charge density, o, were —6.3 = 0.1 and —13.6 = 0.5
mmol kg~! for kaolinites KGa-1 and KGa-2. Typical
literature values are larger in absolute value, but may
exceed those of pure kaolinite (Lim et al. 1980; Kim
et al. 1996). The present data are believed to be the
more accurate, because of the high selectivity of the
index cation (Cs) for permanent charge sites and the
relative quality of the kaolinite samples.

The values of p.z.n.c. and p.z.n.p.c. generally ap-
peared to increase with equilibration time for both ka-
olinites (p.z.n.p.c. for KGa-2 was the exception). This
variation is likely a result of dissolution and readsorp-
tion reactions at the kaolinite surface, thus creating a
less-ordered peripheral layer having altered adsorption
properties. Surface charge and adsorption studies in
the future should include consideration of surface
equilibration time. It is assumed in this study that the
properties measured for the 14—16 h mixing time rep-
resented the “equilibrium” condition (see also Wie-
land and Stumm 1992).

The equilibrium p.z.n.c. was approximately 3.6 for
KGa-1 and 3.5 for KGa-2. These results are in general
agreement with values determined in previous studies.
The equilibrium p.z.n.p.c. values were approximately
5.0 (KGa-1) and 5.4 (KGa-2). Direct comparison of
these values with previous results, however, is com-
plicated by differences in experimental procedure and
in methods of data analysis. This issue aside, the
p.z.n.p.c. values found in the present study are gen-
erally higher than those found in previously reported
experiments.

Silicon concentrations in the LiCl electrolyte solu-
tion increased with mixing time and were consistently
greater than corresponding values for Al. This differ-
ence may be from Al readsorption and/or precipitation
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reactions on the kaolinite surface, a process that would
alter the surface charge properties of the mineral and
contribute to the changes observed in p.z.n.c. and
p-z.n.p.c. with equilibration time.

ACKNOWLEDGMENTS

The research reported in this paper was supported in part
by a faculty research grant from the College of Natural Re-
sources, University of California at Berkeley, and in part by
USDA-CSRS Regional Research Project W-82, “‘Pesticides
and Other Toxic Organics in Soil and Their Potential for
Ground and Surface Water Contamination.” The first author
expresses gratitude for a predoctoral Fellowship from the
Kearney Foundation of Soil Science. Thanks to T. DeLuca
for excellent preparation of the typescript. Personal commu-
nication Goldberg (1995) originated from the USDA-
ARS-US Salinity Laboratory, 450 West Big Springs Rd, Riv-
erside, California 92507-4617.

REFERENCES

Anderson SJ, Sposito G. 1991. Cesium adsorption method
for measuring accessible structural surface charge. Soil Sci
Soc Am J 55:1569-1576.

Anderson SJ, Sposito, G. 1992. Proton surface charge den-
sity in soils with structural and pH dependent charge. Soil
Sci Soc Am J 56:1437-1443.

Bolland MDA, Posner AM, Quirk JP. 1976. Surface charge
on kaolinites in aqueous suspension. Aust J Soil Res 14:
197-216.

Braggs B, Fornasiero D, Ralston J, St Smart R. 1994, The
effect of surface modification by an organosilane on the
electrochemical properties of kaolinite. Clays Clay Miner
42:123-136.

Buchanan AS, Oppenheim RC. 1968. The surface chemistry
of kaolinite. I. Surface leaching: Aust J Chem 21:2367-
2371.

Carroll-Webb SA, Walther JV. 1988. A surface complex re-
action model for the pH-dependence of corundum and ka-
olinite dissolution rates. Geochim Cosmochim Acta 52:
2609-2623.

Charlet L, Sposito G. 1987. Monovalent ion adsorption by
an Oxisol. Soil Sci Soc Am J 51:1155-1160.

Charlet L, Schindler PW, Spadini L, Furrer G, Zysset M.
1993. Cation adsorption on oxides and clays: The alumi-
num case. Aquatic Sci 55:291-303.

Chorover J, Sposito G. 1993. Measurement of soil surface
charge components. Technical report, NSF grant
EAR9221258. Berkeley: Univ of California. 48 p.

Chorover J, Sposito G. 1995a. Surface charge characteristics
of kaolinitic tropical soils. Geochim Cosmochim Acta 59:
875-884.

Chorover J, Sposito G. 1995b. Dissolution behavior of ka-
olinitic tropical soils. Geochim Cosmochim Acta 59:3109—
3121.

Ferris AP, Jepson WB. 1975. The exchange capacities of
kaolinite and the preparation of homoionic clays. J Colloid
Interface Sci 51:245-259.

https://doi.org/10.1346/CCMN.1997.0450110 Published online by Cambridge University Press

Surface charge properties of kaolinite

91

Goldberg S, Davis JA, Hem JD. 1996. The surface chemistry
of aluminum oxides and hydroxides. In: Sposito G, editor.
The environmental chemistry of aluminum, 2nd ed. Boca
Raton, FL: CRC Pr. p 271-331.

Gran G. 1952. Determination of the equivalence point in
potentiometric titrations. Part II. Analyst 77:661-671.

Haderlein SB, Schwarzenbach RP. 1993. Adsorption of sub-
stituted nitrobenzenes and nitrophenols to mineral surfaces.
Environ Sci Technol 27:316-326.

Jepson WB. 1984, Kaolins: Their properties and uses. Phil
Trans R Soc Lond A311:411-432,

Kim Y, Cygan RT, Kirkpatrick RJ. 1996. '3Cs NMR and
XPS investigation of cesium adsorbed on clay minerals and
related phases. Geochim Cosmochim Acta 60:1041-1052.

Lim CH, Jackson ML, Koons RD, Helmke PA. 1980. Kao-
lins: Sources of differences in cation-exchange capacities
and cesium retention. Clays Clay Miner 28:223-229.

Lyklema J. 1987. Electrical double layers on oxides: Dis-
parate observations and unifying principles. Chem Ind 65:
741-747.

Motta MM, Miranda CE 1989. Molybdate adsorption on ka-
olinite, montmorillonite, and illite: Constant capacitance
modeling. Soil Sci Soc Am J 53:380-385.

Nordstrom DK, May HM. 1996. Aqueous equilibrium data
for mononuclear aluminum species. In: Sposito G, editor.
The environmental chemistry of aluminum, 2nd ed. Boca
Raton, FL: CRC Pr. p 39-80.

Olphen H van, Fripiat JJ. 1979. Data handbook for clay ma-
terials and other non-metallic minerals. NY: Pergamon Pr.
p 13-18.

Parks GA. 1967. Aqueous surface chemistry of oxides and
complex oxide minerals. In: Equilibrium concepts in nat-
ural water systems. Washington, DC: Am Chem Soc. p
121-160.

Schindler PW, Liechti B, Westall JC. 1987. Adsorption of
copper, cadmium and lead from aqueous solution to the
kaolinite/water interface. Neth J Agric Sci 35:219-230.

Sposito G. 1992. Characterization of particle surface charge.
In: Buffle J, van Leeuwen, editors. Environmental particles.
Chelsea, MI: Lewis Publ. p 291-314.

Steel RGD, Torrie JH. 1960. Principles and procedures of
statistics, with special reference to the biological sciences.
NY: McGraw-Hill. 481 p.

Stumm W. 1992. Chemistry of the solid-water interface. NY:
J Wiley. 428 p.

Sverjensky DA. 1994. Zero-point-of-charge prediction from
crystal chemistry and solvation theory. Geochim Cosmo-
chim Acta 58:3123-3129.

Wieland E, Stumm W. 1992, Dissolution kinetics of kaolinite
in acidic aqueous solutions at 25 °C. Geochim Cosmochim
Acta 56:3339-3355.

Xie Z, Walther JV. 1992. Incongruent dissolution and surface
area of kaolinite. Geochim Cosmochim Acta 56:3357-
3363.

Zhou Z, Gunter WD. 1992. The nature of the surface charge
of kaolinite. Clays Clay Miner 40:365-368.

(Received 28 December 1995; accepted 13 April 1996; Ms.
2724)


https://doi.org/10.1346/CCMN.1997.0450110

