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THE NATURE OF THE SURFACE CHARGE OF KAOLINITE 
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It is well known that kaolinite has a heterogeneous 
surface charge. The basal surface of kaolinite is be
lieved to carry a constant structural charge which is 
attributed to the isomorphous substitution of Si4 + by 
AP+. The charge on the edges is due to the protonation/ 
deprotonation of surface hydroxyl groups and therefore 
depends on the solution pH. This view was originally 
presented by van Olphen (1951) and supported by many 
other researchers in this field (Schofield and Samson, 
1954; Flegmann et aI., 1969; Rand and Melton, 1977; 
van Olphen, 1977; Williams and Williams, 1978). For 
the convenience of discussion, we will call this model 
CBSC-Qmstant ~asal ~urface ~harge in the following 
text. However, in their isotopically labelled ion ex
change experiments, Ferris and Jepson (1975) found 
that the cation uptake by the kaolinite surface depends 
upon the cation chosen, the electrolyte concentration, 
and the solution pH. They concluded that a structural 
charge does not exist on the basal surface of their sam
ples. In a later study, Bolland et al. (1976) showed that 
dissolved AP+ may compete with index cations (Na+, 
K+, etc.) and account for most of the cation exchange 
capacity at low pH. They concluded that "most of the 
negative surface charge on the kaolinites is pH inde
pendent and is likely to be due to isomorphous sub-
stitution. " 

With respect to the current interests in the modelling 
of the electrophoretic behaviors (Fair and Anderson, 
1989), the particle interactions (Chow, 1991; James 
and Williams, 1982), and the transport (Cerda, 1987) 
ofkaolinite, the fundamental issue ofthe origin of the 
surface charge of kaolinite deserves more attention. 
Any attempt to model the behaviors of kaolinite, 
whether particle interaction or its transport in hydro
carbon reservoirs, requires a physical model to describe 
the charge distribution on the kaolinite surfaces. Thus, 
the nature of the charge on the basal surface ofkaolinite 
becomes very important to each and all of the mod
elling efforts. In this note, the origin of the surface 
charge ofkaolinite is discussed in the light of the surface 
charge density. We will show that the CBSC model can 
not account for the data on the cation exchange ca
pacity (CEC) and net proton charge density ofkaolinite. 

CHARGE DENSITY OF EDGE: CEC DATA 

CEC of KGa-l was measured using a method similar 
to that of Flegmann et al. (1969) and Bolland et al. 
(1976). In our method, a homoionic Na-kaolinite was 
first prepared using the method ofSchofield and Sam
son (1954). For each desired pH, the kaolinite was 
brought to equilibrium with a NaCl solution of that 
pH through successive washings. Adsorbed cations 
(Na+, and a tiny amount of AP+) were then displaced 
with a 1.0 N Mg(N03h solution, and their concentra
tions were analyzed to determine the CEC. This pro
cedure was repeated a number of times to determine 
the dependence of CEC on pH. The CEC of kaolinite 
tends to be lowest (CECm ) in acidic solutions. In the 
concept of the CBSC model, CECm represents the per
manent structural charge ofkaolinite (Flegmann et al., 
1969). Logically, if we define 

~CEC = CEC - CECm (1) 

the ~CEC should represent the contribution from the 
edges under the experimental conditions. This was 
graphically illustrated by Flegmann et al. (1969). The 
negative charge density on the edges can be calculated: 

(T. = ~CEC x FI Ae (2) 

where F is the Faraday constant (96,485 C mol-I), A. 
is the specific surface area of the edges (m2g-I), ~CEC 
is in equivalents per gram (eq g-I), and (T. has units of 
Coulombs per square meter (C m-2). 

The specific edge area of kaolinite is usually not 
known and has to be estimated. Morphologically, ka
olinites exist as thin platelets whose edge area is small 
compared with their basal surfaces. The surface area 
of the edges was measured by Ferris and Jepson (1975) 
and found to be 12% of the total surface area. The edge 
area, calculated by using the dimensions of a kaolinite 
particle given by Sposito (1984) and James and Wil
liams (1982), is 7% and 14%, respectively, of the total 
surface area. We assume an A., most favorable to the 
CBSC model, of 14% of the total surface area in our 
calculations when the edge area is not known. 

Figure IB shows the (T. calculated from the CEC data 
in Figure lA using Equation 2. Actual values of A. 
used in the calculation are listed in Table 1. The charge 
densities of alum in a (Sprycha, 1989b) and silica (Aben-

The charge density on the edges ofkaolinite particles droth, 1970), as determined by cation exchange meth
can be evaluated using the published and our own CEC ods, are also shown in Figure 1 B for comparison. The 
data on kaolinite and the CBSC concept. Figure lA surface charge density of the edges ofkaolinite is one 
shows the CEC of kaolinites as a function of pH. The of order magnitude greater than that of either alumina 
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Table I. Surface charge densities on kaolinite edges. 

Solution 
A, u' u' u' 

Na-kaolinitc (m'/g) pH mM mC/m 2 mC/m2 mC/m2 Reference 

Comwell 1.30 12 7 -2250 -290 -386 Ferris and Jepson (1975) 
Greenbushes 3.364 9.5 10 -950 -51 -61 Bolland et al. (1976) 
KGa-l, CEC 1.684 8.8 10 -689 -27 -30 this study 
KGa-l, titration 1.684 9.0 10 -996 -33 -38 this study 

I Charge densities, based on CBSC's interpretation of the experimental data. 
2 Charge densities for an amphoteric site (pK, = 5.7, pK2 = 8.7, N, = 5.0 x lO,s/m2). 
3 Charge densities for an amphoteric site (pK, = 5.7, pK2 = 8.7, N, = 10.0 x 10,s/m2. 
4 Estimated from total surface area: Ac = 0.14AT' 

or silica in the same solution conditions. As will be 
shown later, this charge density is not realistic. 

NET SURFACE PROTON CHARGE DENSITY 

Figure 2 shows the results of the potentiometric ti
tration ofNa-kaolinite. The Na-kaolinite sample (KGa-
1) was prepared following the procedures of Schofield 
and Samson (1954). The resolution ofthe titration curve 
is not sensitive enough to distinguish multiple end 
points as would be expected for a multiple site surface. 
However, our main concern is the surface charge den
sity itself, and consequently the shape of the titration 

o Gnenbulhes kaolln/C.OOI M. Bolland et 81.. 1976 
• Greenbu.bu kaolin/C.Ot W. Bolland et aI., 1976 

6 V Cornwall kaolin/O.OO? M, Ferrls &: Jepaon, 1975 
hO .... KGa-l/O.Ot W. thl, sludy .. 
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Figure 1. A: Cation exchange capacity (CEC) of various types 
ofkaolinite. B: Charge densities ofkaolinite edges, calculated 
by Equation (2). Symbols are the same as in Figure lA. The 
solid curve is the charge density of alumina in 0.0 I M CsCI 
solution (Sprycha, 1989b), and the dashed line is the charge 
density of silica in 0.0 I M KCI solution (Abendroth, 1970). 
The arrows point to the ordinate at the right hand side for 
alumina and silica. 

curve need not be analyzed for this purpose. The net 
surface proton charge density (uH ) can be calculated by 
(Stumm and Morgan, 1981): 

U H = (Ca - Cb - [H+] + [OH-]) x F/ Act> (3) 

where Ca and Cb are the equivalent acid and base added 
during titration; [H+] and [OH-] are the concentrations 
of H+ and OH- in the bulk solution; F is the Faraday 
constant; A is the surface area; and ct> is the solid con
centration in grams per liter (g L-'). In the context of 
the CBSC model, only the kaolinite edges are ionizable. 
Thus, the surface area A in Equation 3 may be replaced 
by the surface area of the edge, Ae. 

The net surface proton charge density of the edges 
of kaolinite, calculated using Equation 3, is shown in 
Figure 3. For comparison, the net surface proton charge 
densities of silica (Bolt, 1957) and alumina (Sprycha, 
1989a) are also shown in Figure 3. The U H of the edges 
of kaolinite is an order of magnitude greater than that 
of either silica or alumina . 

DISCUSSION AND CONCLUSIONS 

The edges ofkaolinite are composed of exposed silica 
and alumina sheets. Thus, the surface charge density 
ofthe edges ofkaolinite would be expected to be similar 
to that of alumina and silica (Williams and Williams, 
1978). However, it is obvious from the above discus-
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Figure 2. Potentiometric titration curve of Na-kaolinite 
(KGa-I). The titration cell was continuously purged with N2 
gas during titration. 
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Figure 3. The net surface proton charge densities ofkaolinite 
edges, in comparison with those of alumina and silica. 

sion that a much higher surface charge density on the 
edges would result if a CBSC model were used to in
terpret the CEC and potentiometric titration data. 

Furthermore, we may examine the CBSC model by 
considering the surface site concentration. The charge 
densities of various types ofkaolinite under a number 
of solution conditions were calculated based on the 
CBSC model and are listed in Table 1 as (Ta. For a 
mineral surface with an amphoteric site, the charge 
density under any solution condition can be calculated 
if the total surface site concentration (Ns) and surface 
equilibrium constants are known (Healy and White, 
1978). The total number of surface sites available for 
silica and alumina is around 2 x 10 18 to 5 X 10 18 m-2, 
with the maximum less than 10 x 1018 m-2 (Schindler, 
1981). The (Tb and 0<' are the charge densities of an 
amphoteric surface with total surface site concentra
tion of 5 x 1018 and 10 x 1018 m-2 respectively. They 
are calculated with the surface group ionization model 
of Healy and White (1978). The surface equilibrium 
constants Kl and K2 were chosen to give the pHzlJC of 
the edge at 7.2 (Williams and Williams, 1978). The 
results indicate that even a surface with a maximum 
site concentration (Ns = 10 X 1018 m-2) can only gen
erate charge densities one order of magnitude smaller 
than those required by CBSC. In other words, the total 
surface site concentration on the edges of kaolinite, 
required by the CBSC model, exceeds the physical limit 
imposed by kaolinite for the solution conditions under 
consideration. 

As mentioned earlier, the edge area was assumed to 
be 14% of the total area for computational purposes. 
One may argue that this may not be correct and that 
it may be higher. However, even if this is doubled to 
28% (corresponding to a disc with a radius of l.OO).Lm 
and a thickness of 0040 ).Lm), the (Ta in Table 1 would 
only be reduced by one half, which is still much too 
large compared with (Tb and 0<'. 

From the consideration of surface charge density, it 
is obvious that the ionization of edges alone cannot 
explain the magnitude of the changes in the CEC and 
(TH observed in many experiments. Thus, the basal sur
face must also contribute to these changes. Such a con
tribution from the basal faces may be described by a 
site dissociation model similar to that for mica surfaces 
(Scales et al., 1990). The charges on the basal surfaces 
are always negative but the magnitude is pH-depen
dent. For well-crystallized kaolinite (KGa-l), the ob
served CEC and net surface proton charge density as 
presented in Figures 1 and 2 can be simulated by a site 
dissociation model for basal surfaces, along with am
photeric edges. Although the surface charge density 
itself cannot give molecular details on basal face ion
ization (e.g., the relative contributions of alumina side 
and silica side), it clearly indicates that the basal faces 
of kaolinite are ionizable in aqueous solutions. 
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