Clays and Clay Minerals, Vol. 28, No. 3, pp. 161-172, 1980.

ALKALI CATION SELECTIVITY AND FIXATION BY
CLAY MINERALS

DenNnNis D. EBERL

Department of Geology, University of Illinois, Urbana, Illinois 61801

Abstract—Two variables must be considered when calculating exchange free energies (AG%x) for 2: 1 clays:
(1) anionic field strength, as expressed by equivalent anionic radius (r,), and (2) interlayer water content,
as expressed by interlayer molality. For smectites that are in a state of high hydration, interlayer molality
is determined by the cations undergoing exchange. Thus AG®ex for an exchanging cation pair can be cal-
culated solely from measurements of r,. r, is related to layer charge per half unit cell (C) and ab unit cell
area(A) by: r, = (—A/87C)!2, The layer charge necessary for cation fixation can be predicted by calculating
the r, at which cation exchange with an illite structure expresses a AG%x equal to that of exchange with
a smectite structure. The theory can also be applied qualitatively to understand the high selectivity of illite
for Cs™, the fixation of K* rather than Na* in shales during diagenesis, the stability of illite over muscovite
in the weathering environment, and cation segregation in smectite.
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of exchange, Illite, Smectite.

INTRODUCTION

One would like to predict the sorptive properties of
aclay for all ions simply by characterizing the clay. This
goal requires a fundamental understanding of both the
exchange process and the influence of clay crystal
chemistry on this process. Previous studies have em-
phasized the exchange process and have led to a largely
empirical understanding. The present study looks at
cation exchange from the standpoint of the clay struc-
ture.

The exchange reaction for a 2:1 clay involving alkali
cations A* and B* can be represented by the law of
mass action:

AX + Btz BX + A",
where X is the negatively charged clay surfaces.
The equilibrium exchange constant (K.} for this reac-
tion is:
_ [BXI[AY]
°  [AX]IB]’

where [A*] and [B*] refer to cation activities in solu-
tion, and [BX] and [AX] refer to their activities on the
clay surfaces. The activities of cations in solution can
be calculated from measured concentrations by an
expression such as (A*)y = [A*], where the parenthe-
sis refers to the concentration of A* in solution and y
is the activity coefficient of A*. y can be calculated from
the ionic strength of a dilute solution with the Debye-
Hiickel equation (Garrels and Christ, 1965). Unfortu-
nately the Debye-Hiickel equation is not applicable for
calculating activity coefficients for cations held on clay
surfaces, and the experimental values usually reported
are concentrations, expressed in terms of the selectiv-
ity coefficient (K.):
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_ (BX)A"]
¢ (AX)BY)’

where (BX) and (AX) refer to concentrations of B*
and A" on the clay surfaces. K, has been empirically
related to K, by:

(BX) )“

K. = ((AX)

where n is an empirical exponent measured for a par-
ticular clay. This equation is not valid in the vicinity of
end-member compositions (Garrels and Christ, 1965).
The selectivity coefficient equals the equilibrium con-
stant when n = 1.

The equilibrium constant can be calculated from
measured values of the selectivity coefficient by the
Gaines-Thomas equation (Gaines and Thomas, 1953).
This equation for univalent ions is:

[(Af]

B’ M

In K, ~ (n, — n) In P/P* + f nK,dN,, (2
0 .

where n, and n, are the moles of water in the inter-
layer (for a smectite-like clay) when pure B+ or A+
are exchanged, P is the vapor pressure of the so-
lution, P° is the vapor pressure of pure water, and
N, is the mole fraction of A" in the clay interlayer.
The experimental strategy is to assume that n, = n,,
in which case Eq. (2) reduces to:
InK, = f " In KN, 3
0
K. is then measured for a range of N,. Values of
In K, are plotted against N,, and the area under the
curve is measured to find In K.. The exchange free
energy (AGY%x) can then be calculated:
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AGYex = —RT In K.. (4 Table 1. Hydration free energies in kcal/mole (calculated
from Rossini et al., 1952) and ionic radii for alkali cations.
Experimentalists often give few details concerning () (B) © )
the clay used in their experiments, other than reporting, AG: byd l;t*e(z) seyd i) AGhyd I Ionie
for example, that it was a bentonite from Texas, and |, hg‘fef‘?gy‘;" £0 gagous aG* hyg) Cs+ = (E)
sometimes giving its cation-exchange capacity (CEC).
Because K, has been found to vary from smectite to H: —363.574 —260.095 —192.685 —-0.4
smectite, such a description is insufficient to under- i . —225.19%  —12L.717 —54.307 0.78
d how the clay influences K,. Furthermore, CEC &2 201295 —97.816 ~30.406 0.9
stand how the clay influences K. » € K+  —183.650  —80.171 ~12.761 1.33
is a theasurement which is difficult to relate precisely Rb+  —178.583 —75.104 —7.694 1.48
to the underlying clay structure (i.e., layer charge) be- Cs* —170.889 —67.410 0 1.69

cause it depends on the method used to measure it, on
the formula weight of the clay (which is usually not giv-
en), on crystallite size, and on whether or not the clay
is a mixed-layered species.

The question thus arises, what are the fundamental
properties of a clay which determine K, for an exchang-
ing ion pair? The calculations presented here suggest
that K, (and therefore AG%Xx) is a function of a clay’s
electric field strength, as represented by equivalent
anionic radius, and its interlayer water content, as rep-
resented by interlayer molality. '

METHODS FOR CALCULATING AG%x

The calculations generally follow those developed by Ei-
senman (1961, 1962) for cation-selective electrodes. All ex-
change free energies are calculated relative to Cs* because Cs*
is considered to be unhydrated both in solution and in the clay
interlayer. Cation exchange between a Cs-saturated, 2:1 clay
(CsX) and a hydrated alkali cation in dilute solution J*(aq) can
be represented by:

CsX + J*(aq) = JX + Cs*(aqg).

‘The 2:1 clay in the above reaction can exist in two end-member
states. It can be dry, a state in which interlayer cations are not
hydrated and are fixed (illite-like or mica-like structure); or the
clay can be water swollen, a state in which interlayer cations
are hydrated and float between the 2:1 layers (smectite or ver-
miculite structure). The mixed-layer structure is intermediate
and contains both types of interlayers.

AG%x for a dry interlayer

The free energy of exchange (AG%ex) for an illite-like struc-
ture in the above reaction is the energy required to remove
Cs* from the clay interlayer to a hydrated state in solution,
plus the energy required to dehydrate a cation from solution
and fix it to the clay interlayer; or:

AG%x = (AG’Cs*(ag) — AG'CsX) + (AGTX — AG'T*(ag)). -
&)

AG®J*(aq) is equal to the hydration free energy (AG°hyd) of
the cation, a value which can be calculated from thermochem-
ical data presented in Rossini et al. (1952). Various formula-
tions of hydration free energy for alkali cations are given in
Table 1. Column B gives the energies as they are usually pre-
sented (e.g., Friedman and Krishnan, 1973). The values cho-
sen for convenience in the present calculations are those in
column C in which AG®hyd for Cs* is assumed to be zero. The
free energy of interlayer surface fixation for the cation-clay
species (CsX and JX) can be estimated by calculating the elec-
trostatic energy of attraction between the cation and the clay’s
interlayer surfaces. Such a calculation for a system at one at-
mosphere gives the enthalpy of the clay—cation bond for in-
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(A) AG°hyd J* (2) = )
AG® fI*+ (aq) — [AH® fJ* (g) — T(S° J(g) — S® J(c))].
(B) AG°hyd J* (1) =
AG® hyd J* (2) — [AH® fCs* (g) ~ T(S° Cs(g) — S° Cs(c))).
(C) AG® hyd J* = AG® hyd J* (1) — AG® hyd Cs* (1).
(D) Values (in A) from Goldschmidt and Pauling are those
used by Eisenman (1962).

terlayer cations bound between basal oxygen planes. This en-
thalpy can be assumed to equal the bond’s free energy if the
small entropy difference between various monovalent cations
fixed on the interlayer surfaces is ignored (Eisenman, 1962;
Gast and Klobe, 1971). This energy will differ from the energy
of a cation bound in hexagonal holes, a situation which will be
discussed below.

The energy of interlayer surface fixation is a function of the
radius and charge of the cation, and the anionic field strength
(E) of the clay. E is a function of the clay’s ab unit cell area
and its layer charge, and can be expressed most conveniently
as an ‘‘equivalent anionic radius’’ (r,). This value is the radius
of a sphere of unit negative charge that has the same electro-
static energy of interaction for the interlayer cation as do the
basal oxygen planes which bound the interlayer cation. The
equivalent anionic radius (in A) for the interlayer of a 2:1 clay
can be calculated from:

Ia = (—A/8rC)2 ©

where Cis the layer charge in equivalents per O,,(OH), (or per
half unit cell) and A is the ab area in A2. This relationship,
which is derived in Figure 1, does not take into account an
effect for charge location. r, has been calculated for a range
of layer charges based on the muscovite ab area, and is given
in Figure 2.

Once r, for a particular clay has been calculated, the poten-
tial energy (P.E.) expressed by the cation and the clay’s in-
terlayer surfaces can be treated as an attraction between two
spheres using Coulomb’s law:

P.EJX = AHYX = [332q,q,/(x, + 1] =~ AGYJX
Y]

where AH®JX is the enthalpy of fixation in kcal/mole, g, and
q. are the charge of the cation (4 1) and the equivalent anion
(—1), and r, is the radius of J*, the fixed alkali cation (see Table
1). The exchange free energy can now be calculated for an
alkali cation that substitutes for Cs* in a dry interlayer from
Eq. (5).

AG%x for a wet interlayer

Electrostatic calculations can not be used to find exchange
free energies for water-swollen clay because the location and
hydration state of absorbed cations are unknown. Following
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Figure 1. Derivation of Eq. (6) for ah illite-like example (de-
picted in A) which has a layer charge (C) of —0.8 equivalents
per O,,(OH), and an ab unit cell area on each interlayer sur-
face of A. In B the upper interlayer surface in A has been su-
perimposed on the lower surface, yielding a plane with haif the
surface area of the two planes in A, but with twice the charge
of an ab plane. This situation is energetically equivalent to that
shown in A because energy is a scalar quantity. In C the sur-
face areas of the plane and cation are adjusted proportionately
until the charge on each is —1 and +1 respectively. The new
area (A’) of the plane equals —A/2C. In D the negative plane
has been transformed into an electrically equivalent sphere.
The electric field strength (E) of a surface is given by E =
4ok, where o is the surface charge density (charge/surface
area) and k is the constant of proportionality (Sears and Ze-
mansky, 1955). Thus, for the sphere in D, E; = gk/r?, where
q is the charge and r the radius. For the planeinC, E, = 47kq/
A’. Setting E, equal to E; and solving, r = (A’/4)'2. Substi-
tuting in the relationship for A’ given above yields the radius
of the equivalent anion, r, = (—A/8#C)!2,

the example of Eisenman (1961, 1962), the cation—clay—inter-
layer water system is treated as an alkali halide-interlayer
water solution of a given molality, where clay of a specific r,
is represented by a halide ion with the same anionic radius.
Using this model, the free energy for alkali exchange can be
calculated with a formula presented by Cruickshank and
Meares (1957):

AGYx = 2RT(® — In y+ m=)ey — 2RT(® — In y= m:t)_,gx
@)

where ®, m+, and y+ are the osmotic coefficient, mean ionic
molality and mean ionic activity coefficient for the subscripted
species. This equation is similar to Eq. (5) in that In y+ m=
is a function of the free energy change undergone by the in-
terlayer cation going from interlayer space to infinite dilution,
In addition, ¥ expresses a similar change for intérlayer water.
The molality in Eq. (8) is assumed to be equal for both the CsX
reference ‘‘solution’’ and the JX ‘‘salution.”’ In this equation
““X”’ represents a clay with a r, equal to the radius of a halide
anion, either CI- (1.81 A), Br- (1.95 A) or I- (2.16 A).

® and y= have been measured for various metal halides,
and are tabulated by molality in Robinson and Stokes (1959).
Thus exchange free energies for smectites and vermiculites
withr, equal to the radii of the halides can be calculated readily
and then extrapolated to fit other anionic radii.
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Figure2. Relationship between equivalent anionic radius (r,)
and layer charge (using ab area of muscovite).

DEPENDENCE OF AG%x ON r, AND
INTERLAYER WATER CONTENT

Plots of AG%x versus r, for ‘‘dry’’ clay are given in
the steep curves on the right side of Figure 3 for the
reaction of alkali cations relative to Cs* (Eq. (5)).
Curves for water swollen clay for an arbitrarily chosen
molality (m) of 3 are the more gently sloping curves to
the left (Eq. (8)). This molality corresponds to about 18
water molecules per interlayer cation. (The number of
interlayer water molecules per cation is given by 55.56/
m.) In this and all subsequent figures, the lowest curve
for a given r, indicates the cation that is most preferred
by the clay, and the distance between curves is a mea-
sure of how much it is preferred. As mentioned above,
it is assumed that Cs* in a wet interlayer is unhydrated
(see Norrish, 1954, for experimental evidence). There-
fore, Cs* has approximately the same free energy for
a givenr, in a wet interlayer as in a dry interlayer. This
simplification yields one straight baseline in Figure 3 for
the Cs* reference.

With increasing layer charge (decreasing r,) in Figure
3, the ““wet’’ curve foreach cation intersects the ‘dry”’
curve. Because these curves represent reactions that
differ only in the state of hydration of the JX clay, their
intersection (at the inflection point) represents the layer
charge at which the free energy of the wet interlayer
equals that of the dry interlayer. To the left of this in-
tersection cation exchange with a water-swollen clay
expresses the least free energy, and exchange with a
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Figure 3. Change in exchange free energy (AG%ex) with r, for
the reaction indicated, where J* is an alkali cation. Calcula-
tions for smectite curves made for a 3 molal interlayer solu-
tion. The lowest curve is for the cation that is most preferred
by the clay, and the separation between curves is a measure
of how much it is preferred.

smectite or vermiculite is preferred over that with an
illite structure. To the right of this intersection ex-
change with a dry interlayer is preferred.

Curves relating AG®x to r, for clays with interlayer
molalities other than 3 are given in Figures 4 and 5, us-
ing Na* and K+ as examples. As the water content of
the interlayer decreases (molality increasing), the
curves steepen and rotate clockwise to approach the
“dry’’ curves, thereby revealing a greater change in
selectivity with layer charge for the drier clays.
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Figure 4. Change in AG%x with r, for the Cs—Na reaction
indicated for several interlayer water contents.
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Figure 5. Change in AG%x with r, for the Cs—K reaction in-
dicated for several interlayer water contents.

A comparison of Figures 4 and 5 shows that changes
in water content affect Na-selectivity more than K-se-
lectivity for the molalities shown. The general pattern
for the magnitude of this effect is H* > Li* > Nat+ >
K* > Rb*. Eisenman (1962) further showed that for
any molality, the relative selectivity sequence for a giv-
enr, will not change, but only the magnitude of the se-
lectivity. For example, montmorillonite with an r, of
2.16 A (layer charge = —0.4 for a muscovite unit-cell
area), the selectivity sequence is Cs* > Rb* > K* >
Na* > Li* > H* no matter what the interlayer molal-
ity, provided the reactions are compared at the same
interlayer molality. If the reactions are compared at
different interlayer molalities, then the selectivity se-
quence can apparently be altered. For example, in Fig-
ure 6 a 3-m clay with an r, of 2.16 A gives a AG%x of
0.28 kcal/mole for the reaction CsX + K+ = KX +
Cs* and a AG%x of 0.51 kcal/mole for the reaction
CsX + Nat = NaX + Cs*. By subtraction, K* is pre-
ferred over Na* on the clay by 0.23 kcal/mole. But if
the reaction involving Na* and Cs* occurs at 1 m, then
Nat will apparently be preferred over K+ by 0.07 kcal/
mole. Actually K* will always be preferred over Na*
in a clay with this r, if they are allowed to compete di-
rectly because both cations will experience the same
interlayer water content. The problem arises in adding
exchange reactions which have a common ion to find
AGPYx for the unreacted pair (the method of additivity).

Figures 3-6 have another interesting aspect. Al-
though a change in interlayer water content can affect
the magnitude of the selectivity of clay for various cat-
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Figure 6. A comparison between Cs—K exchange at 3 molal
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Alkali cation selectivity and fixation by clay minerals

165

ions, it does not significantly affect the layer charge (or
r,) at which the wet and dry curves intersect.

COMPARISON BETWEEN CALCULATED
AND MEASURED AG%x

Measured and predicted AG%ex for several reactions
are compared in Table 2. These values were measured
using Eq. (3) by the authors indicated, and are predicted
in the present paper using Egs. (5) and (8). If two “‘bad”’
values for the high-charge smectites (Plymouth and
Chambers) are omitted (omission to be justified below),
predicted and measured values differ on the average by
85 cal/mole, a value which lies within the experimental
error. Gast (1969), for example, considers his error to
be 50 to 100 cal/mole, based on a comparison between
measured values and those calculated by additivity. His
error may be smaller than this, however, because, as
was pointed out, additivity disregards the effect of in-
terlayer water content on AGlx.

Layer charges for the Wyoming and Chambers mont-
morillonites in Table 2 are from Grim and Giiven (1978),
and that for the Bayard montmorillonite is from Eliason
(1966). Charges for the Plymouth (CEC = 124 meq/100

Table 2. A comparison between predicted and measured exchange free energies (AGY%x).

Assumed AG° ex AG® ex
Layer charge interlayer predicted measured
Clay (X) per O,, (OH), molality (kcal/mole) (kcal/mole) Source
LiX + Na* 2 NaX + Li*
Montmorillonite (Colony, Wyoming) -0.35 0.1 -0.04 ~-0.036 Tabikh et al. (1960)
Montmorillonite (Wyoming) -0.38 0.1 —0.04 —0.048 Gast and Klobe (1971)
Montmorillonite (Chambers, Arizona) —0.46 0.1 -0.02 —0.08 Gast and Klobe (1971)
Leached vermiculite (Transvaal) —-0.94 0.1 —-1.4 —1.444 Gast and Klobe (1971)
LiX + K+ & KX + Li*+
Montmorillonite (Wyoming) —0.38 2.0 -0.42 —0.49 Gast (1969)
NaX + K* 2 KX + Na*
Montmorillonite (Colony, Wyoming) -0.35 3.5 -0.38 -0.335 Tabikh et al. (1960)
Montmorillonite (Wyoming) —0.38 3.5 -0.34 —0.306 Gast (1969)
Montmorillonite (Belle Fourche, —0.40 3.5 -0.32 -0.481 Tabikh et al. (1960)
South Dakota)
Montmorillonite (Plymouth, Utah) —0.46 3.5 -0.25 —0.685 Tabikh et al. (1960)
NaX + Rb™ 2 RbX + Na*
Montmorillonite (Wyoming) -0.38 4.0 —0.74 -0.711 Gast (1969)
NaX + Cs* 2 CsX + Na*
Montmorillonite (Bayard, New Mexico) -0.30 4.5 -1.98 —2.278 Eliason (1966)
Montmorillonite (Wyoming) —0.38 4.5 —-1.32 -—1.15 Gast (1969)
Montmorillonite (Chambers, Arizona) —0.46 4.5 -0.85 —-2.035 Eliason (1966)
KX + Cst 2 CsX + K+
Montmorillonite (Chambers, Arizona) —0.46 high none! —1.524 Faucher and Thomas (1954)
RbX + Cs* &2 CsX + Rb+
Montmorillonite -0.38 high none' -0.575 Gast (1969)

! Molality too high for prediction based on experimental values for ® and y=.
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g), Colony (CEC = 95 meq/100 g), and Belle Fourche
(CEC = 108 meq/100 g) montmorillonites were calcu-
lated from their CEC by assuming the same formula
weight as the Wyoming montmorillonite (373 amu).
That for the leached Transvaal sample was calculated
from its CEC (214 meq/100 g) assuming a formula
weight halfway between phlogopite and annite (417
amu) and a trioctahedral ab area of 49.29 A2

Some of the error in predicted values in Table 2 may
result from inhomogeneous layer charge distribution
(Lagaly and Weiss, 1976). The tabulated layer charge
is an average for all layers in, for example, a smectite
crystal. Hence AG®ex is also an average. The error in
calculated values will be small provided the highest lay-
er charge is below the charge necessary for dehydration
of one of the exchanging cations. If this charge is ex-
ceeded, however, then the dehydrated cation will be
favored over the predicted value. This effect is ex-
pected for inhomogeneous high-charge smectites
undergoing exchange with cations of low hydration en-
ergy. Such interlayer dehydration has been confirmed
by X-ray diffraction for K-saturated Chambers mont-
morillonite (Faucher and Thomas, 1954).

Molalities in Table 2 used to calculate predicted free
energies from Eq. (8) were chosen to give the best fit
with measured free energies. It is assumed that each
cation pair undergoing exchange has a constant average
interlayer molality regardless of the clay’s layer charge,
unless the charge is sufficient to dehydrate one of the
cations. This assumption implies either that hydration
of the negative clay interlayer surfaces does not change
with layer charge, in which case the molalities in Table
2 give a true indication of interlayer water content (ig-
noring water that is associated with neither clay surface
nor cation); or that although hydration of the surfaces
may change with layer charge, the only water that need
be considered in these calculations is that which hy-
drates the cations, in which case the molalities in Table
2 are ‘‘effective molalities’’ and refer only to water as-
sociated with interlayer cations. In favor of the first
alternative, the presence of unhydrated basal oxygen
planes would be consistent with evidence that big an-
ions such as Cl-, Br—, and I~ are largely unhydrated
(Bernal and Fowler, 1933; Stokes and Robinson, 1948).
As r, decreases, however, interlayer surface hydration
may become increasingly important because small an-
ions are strongly hydrated.

The molalities in Table 2 may seem at first to be ar-
bitrary choices: Figures 4 and 5 show that calculated
AG®ex can be made to fit a wide range of experimental
AGP%x simply by changing the molality, although such
a manipulation is made more difficult by the added con-
straint of constant average molality for an exchanging
cation pair. Figure 7, however, suggests that the
choices are not arbitrary. Such an inverse correlation
between cation hydration energy and molality is ex-
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pected if interlayer water content (or effective interlay-
er water content) results mainly from cation hydration:
the larger the cation’s hydration energy, the larger the
shell of water molecules it will carry into the interlayer,
the lower the molality (or the effective molality) of the
interlayer.

Figure 7 should be viewed with caution. It is based
on scanty data. Secondly, the interlayer water content
will also depend on the past history of a clay. Tabikh et
al. (1960), for example, showed that drying a clay be-
fore it is used in exchange studies may lead to a marked
change in AG%x. Their explanation appeals to a change
in water content. Clay that is kept in a highly hydrated
state may be a different system from clay that has been
dried because the previously dried clay may contain a
different amount of interlayer water as cations assume
new and varying adsorption sites. Variation in interlay-
er water content may also explain why different values
of K, for reversed reactions are sometimes calculated
from the Gaines-Thomas equation (Eq. (3)). Interlayer
water content may be path-dependent.

The preceding discussion suggests that interlayer
water content is not fixed when adsorption isotherms
are measured, but varies with the mole fraction of each
cation on the clay. Thus, the molalities in Table 2 and
Figure 7 are average molalities over the range of inte-
gration from N, = 0to N, = 1. Therefore, if possible,
it would be better to use the full Gaines-Thomas equa-
tion (Eq. (2)) when measuring K, rather than the ex-
perimentally convenient Eq. (3). Eq. (1) is valid only
for roughly equal amounts of A* and B* on the ex-
changer because this compositional range yields an av-
erage interlayer molality. Variations in K as a function
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Figure 8. Calculated change in AG%Xx with r, for four exchange reactions. Molalities for A, B, and D are ‘‘best fit”* molalities

from Table 2. Molality for C was chosen arbitrarily.

of N, may at least partly result from changes in inter-
layer water content.

Assuming that Figure 7 is correct for highly hydrated
2:1 clays in general, curves relating AG%x to r, can be
plotted for particular alkali exchange reactions at mo-
lalities read from the figure. Sample plots are given in
Figure 8. With decreasing t, the first and second breaks
in slope correspond to cation dehydration. As an ex-
ample of how these curves work, the Li-Na data in
Table 2 can be compared with Figure 8A. For the Col-
ony, Wyoming, and Chambers montmorillonites (r,
2.30A,2.22 A, and 2.01 A), there is little preference for
either cation; but for the leached Transvaal vermiculite
(r, = 1.40 A), AGPx is strongly negative because in-
terlayer Na* dehydrates. A negative free energy moves
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the reaction written in Figure 8A to the right, and Na*
is preferred on the clay. At an even smaller r,, Li de-
hydrates and then becomes preferred, but this stage is
probably never realized in clays.

Exchange data presented for H-saturated clays by
Truesdell and Christ (1968) and Blackmon (1958) can-
not be fitted to theoretical values: such a fit would re-
quire improbably high molalities. Exchange sites in
their clays may not have been occupied by H*, since
it is well known that interlayer H* readily exchanges
with octahedral aluminum (e.g., Banin and Raviko-
vitch, 1966).

CATION FIXATION

Hower and Mowatt (1966) have demonstrated that

illite has a layer charge less than that of muscovite.
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Mowatt, 1966).

Their evidence is presented in Figure 9; here a plot of
fixed interlayer cations vs. percent smectite layers in
mixed-layer illite/smectite extrapolates to a layer
charge of —0.75 per O,o(OH), for no expanding layers
(illite). Their chemical analyses show that cations in the
collapsed interlayers are almost entirely potassium.
The question thus arises, why do illites have a charge
of —0.75 rather than a full mica charge of —1.0?

Illite layers can develop from the dehydration of
smectite by a gradual increase in layer charge (Perry
and Hower, 1970; Hower et al., 1976; Weaver and
Beck, 1971; Eberl and Hower, 1976). Figure 3 predicts
that illite formed by this mechanism will have a layer
charge of —0.77, which agrees with the measured value.

Figure 3 also predicts that Na-illite (brammallite) will
have a charge of —0.86. Accurate chemical analyses of
well-characterized brammallite do not exist, but Ko-
dama (1966) found a charge of —0.9 for Na-illite layers
in rectorite from Baluchistan, and Brown and Weir
(1965) found charges of —0.86 and —0.82 for such layers
in rectorite from Dagestan and Arkansas. Hydrother-
mal experiments have shown that Na-rectorite, like il-
lite, can develop from smectite by reactions which in-
crease layer charge, and that the charge on the
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Table 3. Theoretical equivalent anionic radius (r,) and layer
charge (C) required for cation fixation.

Layer charge
(equivalents/O,(OH),,

Equivalent anionic T 1
muscovite unit cell)

Cation radius (A)

K+
H+
Na*
Rb+
Lit

1.558
1.523
1.473
1.437
1.167

brammallite interlayers is greater than that found on
illite (Eberl and Hower, 1977).

Layer charges predicted from Figure 3 for the fixa-
tion of other alkalis (Table 3) cannot be checked against
natural samples. Rb-vermiculite, however, will absorb
one water layer (Tarasevich ef al., 1971), suggesting
that the position of Rb* relative to K* in Table 3 is cor-
rect. Two observations, however, do not fit these pre-
dictions: the ability of sodium tetraphenylboron to ex-
pand mica layers (Scott and Smith, 1966), and the
ability of paragonite to expand when finely ground in
water (Barshad, 1950). According to Figure 3, interlay-
er Nat* should not hydrate against a —1.0 charge; and,
indeed, the brammallite layers in rectorite do not hy-
drate. The inconsistency may be explained by appeal-
ing to hydration of the basal oxygen surfaces, an effect
which should become increasingly important as layer
charge increases. The r, of paragonite and muscovite
(1.37 A) is similar to that of F~ (1.34 A), an anion which
is strongly hydrated. Thus the combined hydration en-
ergy of interlayer Na* and the basal oxygen planes may
be sufficient to expand a mica once the interlayer has
been disrupted by grinding or cation exchange.

As mentioned above, the ‘‘dry’” curves in Figures 3—
6 describe selectivity for cations dehydrated on basal
oxygen planes rather than for cations held in hexagonal
holes. The physical meaning of the dry curves and their
inflection points can be brought into sharper focus if
fixation is viewed as a two-step process: (1) a cation is
first dehydrated by the negatively charged interlayer
surfaces; and (2) it then migrates into hexagonal holes
in the surfaces. The inflection points in Figure 3 indicate
the layer charge required for the first step, and thus rep-
resent energies which must be exceeded in order for
cations to be fixed in the holes. Cations will be held in
the holes by an energy greater than that calculated by
Eq. (7) for a givenr, because fixation in the holes allows
the cation to approach more closely the seat of the neg-
ative charge.

Cations may be fixed at a layer charge lower than that
predicted by the inflection points in Figure 3 if the clay
is oven-dried; by this process, step 1 is by-passed, and
cations may migrate directly into the holes which rep-
resent energy wells. This migration may take time and
added energy, however, because holes on either side
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Table 4. Sorption of Cs by clays after 90 hr from 6 M
NaNQ; waste solutions (summarized from Tamura and Ja-
cobs, 1960).

mg Cs/g megq Cs/meq

Clay CEC of clay of exchange
Illite 15 0.165 1.103
Montmorillonite 100 0.141 0.141
Biotite/vermiculite 57 0.043 0.033
Kaolinite 8.7 0.029 0.334

of the interlayer space must line up. The formation of
illite interlayers by the alternate wetting and drying of
K-smectite (Gaultier and Mamy, 1979) can be under-
stood in this light.

QUALITATIVE APPLICATIONS OF
THE THEORY

Sorption of Cs* by clays

The need to dispose of radioactive wastes has led to
research on the sorption of Cs* by clays. About 75%
of the activity of liquid supernatant in intermediate
level wastes is due to radiocesium, after radiostrontium
has been removed by soda-lime softening. Tamura and
Jacobs (1960) studied the ability of illite, montmorillon-
ite, mixed-layer biotite/vermiculite, and kaolinite to re-
move Cs* from simulated effluents. Their data are sum-
marized in Table 4. The experiments used 6 M NaNO,
solutions with Cs* concentrations on the order of 0.2
8.0 x 10~* M to approximate actual conditions. One
would expect that illite and kaolinite would be poor ad-
sorbers of Cs* under these conditions based on the law
of mass action and their CECs. Table 4, however,
shows that all of illite’s exchange sites are occupied by
Cs*, and that it adsorbs more Cs* by weight than the
other clays. Although the effectiveness of kaolinite
based on weight is low, it is quite effective based on its
CEC. Tamura and Jacobs (1960, 1961) further discov-
ered that the Cs-selectivities of vermiculite, montmo-
rillonite, and illite were improved by collapsing them
to 10 A, insofar as was possible, by K-saturation and
dry heating prior to exchange, and that a synthetic Na-
fluorophlogopite (CEC = 5.6 meq/100 g) was more
highly selective for Cs* than was a synthetic K-fluo-
rophlogopite (CEC = 13.8 meq/100 g).

Their data can be understood if edge exchange sites
(which dominate the CEC of illite and kaolinite) can be
treated as surfaces of uniform charge density. This
model is reasonable if some edge CEC results from
charge imbalance within the crystal (Brindley and
MacEwan, 1953). The r, value for the surface of illite
can then be calculated in a manner similar to that car-
ried out for the interlayer:

r, = [1PAJ(CEC)4m)]* ®
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where A; is the external surface area in m?/g. The sur-
face area of an illite is 97.1 m?%g (data of Nelson and
Hendricks listed in Grim, 1968). Assuming the charge
is distributed over the entire illite surface, r, is greater
than 200 meters. This value is ridiculously high. Never-
theless, it indicates that r, for the illite surface will lie
very far off the graph to the left in Figure 3, yielding an
enormous preference of the clay for Cs* over other al-
kali cations, even if these cations are present in high
concentrations. With an r, of montmorillonite or ver-
miculite, however, Figure 3 shows a small preference
or no preference for Cs* (although preference for Cs*
will be somewhat greater than that shown in Figure 3
if fixation in hexagonal holes is considered), and the
exchange sites are swamped by the concentrated Na+
in solution.

Kaolinite is expected to behave similarly to illite, ex-
cept that kaolinite’s larger particle size yields about /6
of the surface area of illite. Eq. (9) gives kaolinite
about half of the r, of illite. Thus, kaolinite should ad-
sorb Cs* less strongly than illite, as the data indicate.
Collapsed vermiculite and montmorillonite should ad-
sorb Cs* more strongly than expanded phases because
unsatisfied charges within the crystal can not be bal-
anced by cations close to the source of the charge. The
experiments of Tamura and Jacobs (1960, 1961) dem-
onstrate this effect. The inverse relationship found be-
tween CEC and Cs-selectivity for their synthetic fluo-
rophlogopites is also explained by Eq. (9).

The mechanism for cesium selectivity proposed here
differs from the ‘‘frayed edge’’ theory (Jackson, 1963;
Gaudette et al., 1966; Sawhney, 1972). Frayed edges
which expose the interlayer region will have a low r,
and therefore will not be highly selective for Cs* when
other cations are present in high concentrations. Ex-
change sites which result from broken bonds at crystal
edges will probably also have a low r,. Paradoxically,
it is the regions of low surface-charge density which are
most selective for Cs*. The strong attraction for un-
hydrated Cs* results from bonds that are so weak that
the other water-insulated cations are not attracted. This
“‘weak force’’ fixation can be understood in terms of
Eisenman’s elegant principle of atomistic asymmetry,
with the realization that illite behaves like a Cs*-se-
lected electrode.

Burial diagenesis and the fixation of
K* in shales

A second application of the theory concerns burial
diagenesis in subsiding basins such as the Gulf of Mex-
ico. The layer charge on smectite increases with in-
creasing burial depth in response to increasing temper-
ature (Perry and Hower, 1970; Hower et al., 1976;
Weaver and Beck, 1971). Thus, moving from left to
right in Figures 3 and 8B, the curves, which were cal-
culated for 25°C and 1 atmosphere and for cation fixa-
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tion to interlayer surfaces rather than into hexagonal
holes, describe qualitatively the change in alkali selec-
tivity of smectite undergoing diagenesis.

The analyses of Weaver and Beck (1971) and Hower
et al. (1976) showed that although smectite reacts in a
pore solution rich in sodium, the cation that is fixed is
almost entirely potassium. This potassium probably
comes from decomposition of detrital potassium feld-
spar (Hower et al., 1976). Figures 3 and 8B suggest a
crystal chemical reason why potassium is fixed in these
shales rather than sodium. Figure 3 shows that with in-
creasing layer charge potassium is the first cation to
dehydrate. Until a layer charge of —0.77 is reached,
selectivity of the interlayer for K+ is only slightly great-
er than that for Na*. But with potassium dehydration,
selectivity for K* increases rapidly. The selectivity of
Na* between layer charges of —0.77 and —0.86 is de-
scribed by the gently sloping curve for a water-swollen
clay in Figure 2, whereas K+ is described by the steep
curve for a dry clay. At these charges potassium is
thereby dehydrated, concentrated, and fixed in the
smectite interlayer, forming illite, while Na* and inter-
layer water are expelled to the pore solution. If K-fix-
ation in hexagonal holes is considered rather than in-
terlayer surface fixation, the selectivity of the clay for
dehydrated K+ over hydrated Na* would be much
greater than that shown in Figure 3.

Stability of illite in the weathering
environment

Figures 3 and 8C show that K* is preferred over H*
inillite-like interlayer (r, = 1.55 A), but that preference
for H* increases dramatically for a muscovite-like in-
terlayer (r, = 1.37 A) because H* dehydrates. This ef-
fect may partly explain the greater stability of illite over
muscovite in the weathering environment, and the ex-
perimental evidence that total interlayer K+ in illite is
less susceptible to HT and Na* attack (Scott and Smith,
1966; Scott, 1968; Norrish, 1973; Garrels and Howard
(1959) measured a K, of 1074 for muscovite-H*-ex-
change). One might first think that muscovite would be
less subject to vermiculitization than illite because its
interlayer K* is bound with greater energy. But this
view is one-sided. The attraction of other ions in so-
tution for the interlayer sites must also be considered.
In addition, the attraction of water for the interlayer
planes in muscovite will be greater than that in illite,
thereby also tending to make muscovite less stable.

Cation segregation in smectite

The theory suggests an explanation for cation seg-
regation in smectite. Mering and Glaeser (1953) and
McAtee (1956) showed that Na* and Ca?* will segregate
into separate interlayers in some smectites. The atkyl-
ammonium method shows that many smectites are not
homogeneous, but that their layer charge is distributed
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between high and low-charge interlayers (Lagaly and
Weiss, 1976). If cation selectivity is a function of layer
charge, as is proposed here, and if the change in selec-
tivity as a function of layer charge differs for Ca?* and
Nat, as is reasonable considering their large differences
in hydration energy and valence, cation segregation
may be expected for smectites which have an inhomo-
geneous layer charge distribution. Once segregation is
initiated, then differences in water content between so-
dium and calcium interlayers may further accentuate
segregation by leading to an even greater difference in
selectivity.

SUMMARY

Cation selectivity and cation fixation in clay both re-
sult from an interplay of two competing forces: (1) the
force of attraction of a cation for its hydration shell; and
(2) the force of attraction of the cation for clay surfaces.
Selectivity arises because these forces differ for differ-
ent cations. Fixation occurs when the second force ex-
ceeds the first. Fixation must be considered in a de-
scription of selectivity because selectivity increases
dramatically for cations that dehydrate. A third force,
the attraction of water for interlayer surfaces, may be-
come important as r, decreases.

The crystal chemistry of a clay, especially its inter-
layer water content and layer charge, will strongly in-
fluence these forces. The key to describing this influ-
ence is to treat the clay as a spherical anion which has
an electric field equivalent to that of the clay. Exchange
free energies for wet and dry interlayers can then be
calculated by treating the interlayer either as a concen-
trated alkali-halide solution or as an electrostatic at-
traction between two spheres.
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Pesome—IIpH BuiuucieHns cBOOORHBIX aHeprril ooMena (AGYX) st rimu 2:1 HeoOXOAUMO paccMaTpH-
BaTh [gBe MepeMeHHeHHbIE (1) CHTy aHHOHHOTO MOJIS, BHIPAXKEHAYIO B BHAE IKBHBAJICHTHOTO AHHOHHOTO
paguyca (r,), # (2) cogep>XaHne MeXXCIIOHHON BOBI, BRIPBXKEHHOE B BUJIe MEXKCJIONHON MOJILHOCTH. [list
CMEKTHUBOR, KOTOPBIE HAXOUATCS B COCTOSHHA BBICOKOM THIPOTALMA, MEXCIIOHHAS MOJIBHOCTh 00yCNaB-
JieBaeTCsl KATHOHAMHM, moBepraomuMucs oomeny. Takum o6pasom, AGlex ansi mapsl 0OMEHMBAEMBIX
KATHOHOB MOXKET OBLITh BBIMHCIIEHA MCKIIOUATENLHO MO JAaHHBIM H3MEpPEHHH I's. BeandunHa r, cBs3aHa ¢
3apANOM CJIOsi Ha TOJIOBHHY 3JieMeHTapHO# siueiiku, (C), U ¢ miowagnio (A) sjeMeHTapHOU siueiiku ab
COOTHOILIEHHEM T, = (—A/87C)!2. 3apsy ciiosi, HeOGXOMMMOTO I (PUKCAIMH KATHOHA, MOXKET OLITh Ipex-
CKa3aH BBLIYHMCJIEHHEM I, MIPH KOTOPOM KATHOHHBIH OOMEH ¢ MJUIMTOBOH CTPYKTYpoii Buipaxkaer AGY%x
paBHbid AGY%X o6MeHa CO CMEKTMTOBOH CTPYKTYpo#l. 3Ty TEOPHIO MOXKHO Tak)Ke NMPUMEHHTb Kaue-
CTBEHHO, YTOOB! OHSITH BRICOKYIO CeIEKTHBHOCTE MiutuTa s Cs*, dpukcaumio K* smecro Nat s ciiannax
BO BpeMsl JHAareHe3a, YCTOHYWBOCTH WJUIATA MO CPaBHEHHIO ¢ MYCKOBHTOM B Cpeflle BLIBETpHBAHHSA H
cerperanyio KaTHoHOB B cMekTHTe. [N.R.]

Resiimee—Zwei Variable miissen bei der Berechnung der freien Austauschenergie (AG%ex) bei 2:1 Tonen
beriicksichtigt werden: (1) die Anionenfeldstirke, wie sie durch den dquivalenten Anionenradius (r,) aus-
gedriickt wird und (2) der Zwischenschichtwassergehalt, wie er durch die Zwischenschichtmolalitit ge-
geben ist. Bei Smektiten, die sich in einem Stadium groBer Hydratation befinden, wird die Zwischen-
schichtmolalitit durch die austauschbaren Kationen bestimmt. Daher kann AG%x fiir ein
Austauschkationenpaar nur durch die Bestimmung von r, berechnet werden. Der Wert von r, steht in
Beziehung zur Schichtladung pro halber Einheitszelle (C) und ab Einheitszellenbereich (A) durch: r, =
(—A/87C)'2, Die Ladungsdichte, die fiir die Kationenfixierung notwendig ist, kann vorausgesagt werden,
indem der r, berechnet wird, bei dem der Kationenaustausch mit einer Illitstruktur ein AG%x gleich dem
eines Kationenaustausches mit einer Smektitstruktur ausdriickt. Diese Theorie kann auch qualitativ ver-
wendet werden, um die groBe Selektivitit des Iltit fiir Cs* zu verstehen, die Fixierung von K* vor Na* in
Schiefertonen wihrend der Diagenese, die Stabilitit des Illits gegeniiber Muskovit unter Verwitterungs-
bedingungen und die Kationenentmischung in Smektit. [U.W.]

Résume—Deux variables doivent etre considérées lorsqu’on calcule I’échange d’énergies libres AG%x des
argiles 2:1: (1) la force de champ anionique, exprimée par le rayon équivalent r,, et (2) la teneur en eau
interfeuillet, exprimée par la molalité interfeuillet. Pour les smectites qui sont dans un état d’hydratation
élevée, la molalité interfeuillet est determinée par les cations subissant I’échange. De cette maniere, AG%x
pour une paire de cations échangeants ne peut etre calculé qu’a partir de la mesure de r,. La valeurr, est
apparentée a la charge de feuillet par ¥ maille (C) et par surface de maille ab (A) par r, = (—A/87C)'2,
La charge de feuillet nécessaire pour la fixation de cation peut é&tre prédite en calculant la valeur r, & laquelle
I’échange de cation avec une structure illite exprime une valeur AG%x égale a celle de I’échange avec une
structure smectite. La théorie peut aussi etre appliquée qualitativement pour comprendre la haute sélec-
tivité de I'illite pour Cs*, la fixation de K+ plutot que Na* dans les roches argileuses pendant la diagénese,
la plus grande stabilité de I'illite que de la muscovite dans un environement d’altération, et la ségrégation
de cations dans la smectite. [D.J.]
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