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Abstract— An experimentally determined Ca-Mg exchange isotherm of montmorillonite is reported.
The selectivity coefficient of this exchange over a wide range of Mg saturation was calculated and
found constant.

Standard free energies of exchange, thermodynamic equilibrium constants and activity coefficients
of the exchangeable Ca and Mg ions in vermiculite and montmorillonite, were predicted from knowl-
edge of the microstructure of these two clays, assuming that coulombic forces are the main ones playing
a role in the interaction between the counterions and the charged clay surface. The standard free
energies of exchange (A Gg;’lg = 238 cal/mole) predicted a preference for Ca in montmorillonite and
a preference for Mg in vermiculite (AG;’:"’ = — 1665 cal/mole). The predicted thermodynamic equi-
librium constants were compatible with the experimentally determined selectivity coefficients K CM: =
0-67 as compared with K;‘; = 0-68 in montmorillonite, which remains constant over all the range of
Mg saturation, and Kg‘: = 16-7 as compared with Ks“éga 13-9 in vermiculite at 95% Mg saturation. The
activity coefficients of Ca and Mg counterions in montmorillonite were found to be fCa = 2-0 X 10-?
and fMg = 2-2 X 1072, respectively, and to remain constant. The activity coefficients of exchangeable
Ca and Mg in vermiculite were found to be fCa = 7-1 X 10~° and fMg = 3-5 X 1075, respectively, at an
equivalent fraction of unity. The activity coefficient of exchangeable Mg increased as the saturation

with Mg decreased, and was found to be 1+7 X 1072 in the range of the low Mg saturation.
The microstructure, the isomorphic substitution and the surface charge density provided an under-
standing of the changes taking place in the activity coefficients of the counterions.

INTRODUCTION

THE QUALITATIVE preference for a given counter-
ion is expressed in the selectivity sequences of the
cations . (Helfferich, 1962). According to the
selectivity sequence, the Ca ion is preferred over
the Mg ion, a fact which is explained by the larger
equivalent volume of the hydrated ion. How-
ever, this selectivity is not the same for all clay
minerals. For instance, in vermiculite at low Mg
saturation, there is a preference for Ca, and as the
saturation of the vermiculite with Mg increases,
the preference for Mg increases (Peterson et al.,
1965). On the other hand, Dolcater et al. (1968)
found that montmorillonite shows a preference for
Ca. Datafromion exchange experiments, expressed
in the selectivity coefficients, give the quantitative
evaluation of this preference, but do not provide an
insight into the forces acting between the
counterions and the charged clay surface, and
consequently do not provide any means of
predicting the affinity of the clay for the specific ion.

*Contribution from the Volcani Institute of Agri-
cultural Research, Bet Dagan, Israel, 1971 Series No.
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If the forces acting between the counterions and
the charged clay surface were known, the thermo-
dynamic equilibrium constant of exchange could
be predicted. The latter is related to the experi-
mentally determined selectivity coefficient, where
the interactions between the counterions and the
clay surface are expressed in the activity coeffi-
cients of the exchangeable ions. In some cases the
selectivity coefficient of exchange is a function of
the composition cf the clay mineral, as in
vermiculite, an indication that the interactions
between the counterions and the clay surface
change, as the saturation with one of the counterions
increases. This change in the interactions will be
reflected in the activity coefficients of the exchange-
able ions. When the selectivity coefficient remains
constant at different saturation of the exchanger,
it is an indication that the presence of two kinds of
counterions does not change the interactions with
the clay surface and that they remain the same as
they were when only one kind of counterion
saturates the oppositely charged surface.

The purpose of this research was to predict the
thermodynamic equilibrium constants and the
activity coefficients of exchangeable Ca and Mg in
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montmorillonite and vermiculite, using X-ray data,
and compare them to the experimentally determined
selectivity coefficients of exchange.

THEORETICAL CONSIDERATIONS
For the exchange reaction,

R,Ca+ Mg?** = R,Mg+ Ca?* (1)

where R stands for the negatively charged clay, the
selectivity coefficient K?gi is by definition

XMg - (Ca®*
vy _ XMg - (Ca') @
sCa XCa- (Mg )

where XMg and XCa are the equivalent fractions
of exchangeable Mg and Ca in the clay and Ca’",
Mg?* are the activities of the Ca and Mg ions,
respectively, in solution. All quantities were
determined experimentally and the concentration
of the soluble ions was corrected by their activity
coeflicients, respectively.

The selectivity coefficient is related to the
thermodynamic equilibrium constant as follows:

e TR

Ko =K TCa 3)

where KY#=is the molar thermodynamic equi-
librium constant and fMg and fCa are the molar
activity coefficients of the exchangeable magnesium
and calcium, respectively. Although in the calcula-
tion of the selectivity coefficient the equivalent
fraction of the exchangeable ions was used,
numerically the selectivity coefficient will not
change if the concentration of the counterions
is expressed on the molarity basis, because in this
specific case the valency of both ions is the same.

Thermodynamic  equilibrium  constant of
exchange in clay minerals have been calculated
by Gaines and Thomas (1953). The same approach
has been used by Laudelout et al. (1968), Martin
and Laudelout (1963), Van Bladel and Laudelout
(1967), Hutcheon (1966) and Gast (1969). This
approach, although correct, is very formal. It
neither gives an insight into the forces acting
between the exchangeable cations and the clay
surface, nor takes into account the structure of the
clay.

Because the coulombic forces are the main ones
acting between the charged exchanger’s surface
and the counterions, Pauley (1954) predicted
standard free energies of exchange, by determining
the work necessary to remove each of the two
types of cations involved, from the distance of
closest approach to infinity, against the coulombic
forces acting between the cation and the resin. The

distance of closest approach used by Pauley was
the sum of the radii of the hydrated cation in solution
and the resin anion. Shainberg (1970) applied
Pauley’s approach for the calculation of the
standard free energy of exchange, but instead of
using solution data for the radii of the cations, the
structure of the clay mineral combined with X-ray
data was used in the calculation of the distance
of closest approach.

Following Pauley (1954) and Shainberg (1970),
the total free energy of exchange of Ca and Mg in
a clay was assumed to be the sum of the free energy
required to remove the Ca ion from the clay surface
to a point at infinite distance in the solution phase
and the free energy required to bring Mg ions from
the solution phase to the surface. Thus the exchange
reaction of equation (1), may be divided into two
processes

Ca—clay = Ca** + (clay)*~
Mg?t + (clay)*~ =

The free energy required for removing the Ca ion
from the clay surface to a point at infinite distance
in the solution phase is given by

Mg-clay.

ZZ Z2 2

GFCa

AG&=+[

where r¥, is the distance between the plane midway
between the clay platelets, where the Ca ions are
located, and the plane of negative charge in the clay
structuret.

Similarly, the free energy required for bringing
the cations Mg?* from the solution phase to the
clay surface is given by equation

™e 72
Acm=f £e

€ryvg

where r?_is the distance between the plane midway
between the clay platelets and the plane of negative
charges in Mg systems. The total molar free
energy change is given by the sum of these
equations.

Ze L
AG°=AG,+AGy, = (———) cal/mole
€ fca Tmg

“

and
AG®
Mg — __
In K3 =~ &)

1The explanation of how these distances were chosen
is given layer.
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where AG° = standard molar free energy of
exchange

e =charge of an electron (4-8x 101
e.s.u.)

L = Avogadro’s number = 6-02 X 10?3,
Since the clay is negatively charged,
the number of the divalent cations
neutralizing a mole of negative charge
is 3-0 X 10*® which is the number used
in this calculation.

€ = dielectric constant, whose value
consists of the values for the clay
crystal and the water. The dielectric
constant of the clay is 5 and that of
the water between the platelets is also
about 5, due to dielectric saturation.
Thus, the value of the dielectric
constant of the medium was taken as
5 Shainberg and Kemper (1966).

re., e = the effective radius of the distance of
closest approach calculated from X-
ray data and the structure of the clay.
R = gas constant
T = absolute temperature
Z = valency of counterion.

The activity coefficient of adsorbed ions

The concept of an activity coefficient is well
established in solution chemistry. In clay chemistry
this concept has either been used formally (Gaines
and Thomas, 1953) or discussed without reaching
a definite conclusion as to its physical significance
and importance (Bolt, 1960). The physical signifi-
cance and importance of an activity coefficient lies
in the fact that it corrects the concentration term
for the interactions due to electric fields. The
correction in an electrolyte solution is much smaller
than that in a clay suspension, because the electric
field in an electrolyte solution, due to the oppositely
charged ions, is weaker than the electric field in a
clay, due to the charged clay surface. In order to
calculate the activity coefficient of an exchangeable
ion, the microstructure of the clay should be well
known, but the calculation will not differ principally
from that of an activity coefficient of an ion in an
electrolyte solution (keeping in mind all the
limitations of a single ion activity).

According to the Debye-Hiickel theory, the
activity coeflicient of an ion in solution is given by

AG (el)
nfi=—Rr ©)
where f; is the activity coefficient of an ion; and
AG (el) is the contribution of the electrical energy
of ion i due to ionic interactions with the other ions

to the free energy of mixing (Robinson and Stokes,
1959).

The same approach can be used to calculate the
activity coefficients of exchangeable ions, but the
electrical energy of interaction between the
counterion and the charged surface should be
calculated from detailed data on the microstructure
of the clay mineral. These data are available from
X-ray analysis and knowledge of the isomorphic
substitution of the clay mineral. The equation used
for the calculation of the activity coefficients of
the exchangeable ions will be given after the
discussion of the structure of vermiculite and
montmorillonite.

Microstructure of vermiculite and montmorillonite

According to Grim (1953), MacEwan (1961)
and van Olphen (1963), vermiculite and mont-
morillonite are members of the expanding three-
layer clays. The difference between these two
members is in the type and degree of the isomorphic
substitution. The isomorphic substitution in vermi-
culite is mainly AP* for Si*' in the tetrahedral
layer, giving a surface charge density of 6 X 10*
e.s.u/cm?Barshad, 1950 and Walker, 1961), while
the isomorphic substitution in montmorillonite is
mainly Mg?* for AP* in the octahedral layer, giving
a surface charge density of 3 X 10*e.s.u/fcm?
(Norrish, 1954). These clays expand when in
contact with water vapor, water, or dilute salt
solutions, the degree of swelling being a function
of the surface charge density and the kind of
counterion neutralizing the negative charge of the
clay. The interlayer spacing during water uptake
by montmorillonite as dependent on the counterion
has been reported by Norrish (1954), while that of
vermiculite by Walker (1961) and Barshad (1950).
Based on the information of the c-spacing between
the clay platelets, the thickness of a three-layer
plate, the assumption that divalent cations are to
be found in the water layers between two plates,
and a speculation on the most reasonable place of
the plane of the negative charge inside the clay
plate, the Ca and Mg structure of montmorillonite
and vermiculite are presented schematically in
Fig. 1. From the figure it is evident that (a) the c-
spacing of both Ca and Mg forms of the mont-
morillonite is larger than that of the vermiculite,
giving rise to three molecular layers of water
between the montmorillonite platelets compared
with only two molecular layers of water between
the vermiculite sheets; (b) the c-spacing of Mg
montmorillonite is larger than that of Ca mont-
morillonite (19-2A and 18-9A, respectively) because
of the larger hydrated radius of Mg as compared
with that of Ca; and (c) in vermiculite, the c-spacing
of Mg is smaller than that of Ca vermiculite (14-5A
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Fig. 1. Schematic representation of the different distances in montmorillonite and vermiculite (for explanation,
see text).

and 15-3A, respectively) because the strong attrac-
tion forces between the vermiculite sheets prevent
the full hydration of the interlayer ions, and the c-
spacing is affected by the crystalographic radius
of the ion.

The thickness of the clay plate is indicated in Fig.
1, being the same for both the Ca and Mg forms of
the montmorillonite and the vermiculite. Walker
(1961) found that the thickness of the dry vermiculite
is9-26 A, while that of the dry montmorillonite plate
was found 9-3 A by Grim (1953) and 9-2 A by van
Olphen (1963). The mean value of these thicknesses
gives 9-25A for montmorillonite, which is very
close to that of vermiculite. Choosing the same
thickness for both montmorillonite and vermiculite
is also in agreement with the observation of Pezerat
and Mering (1954) that the position of the layers
in the c-direction is insensitive to isomorphic
substitutions, constructing a rigid frame. The
changes in the dry platelet are due to the counter-
ions being only in the “‘a’’ and “‘b” directions. When
the thickness of the dry plate is subtracted from
the c-spacing of the fully hydrated clay, the thick-
ness of the water layers is obtained. This thickness

is also indicated in Fig. I, being 9-6A and 9 9A
for the Ca and Mg montmorillonite and 6 1A and
5-3A for the Ca and Mg vermiculite, respectively.
The thickness of the water layers between the plates
is of importance, because the calculation of the
distance between the counterion and the surface of
the plate is based on it. It is assumed, as suggested
by Norrish (1954), that the counterions of the
hydrated clay are found midway between two
opposite plates, so that the distance between the
exchangeable ion and the surface of the plate is

calculated by dividing the thickness of the layers
by two: for Ca and Mg montmorillonite being
4 80A and 4- 95A and for Ca and Mg vermiculite
3-05A and 2-65A, respectively. Another parameter
which is indicated in Fig. 1 is the distance between
the plane of the negative charge inside the clay
particle and the surface of the plate. The isomorphic
substitution in montmorillonite is mainly in the
octahedral layer. The plane of the negative charge
may be supposed to be between the clay surface,
which gives a distance of 4-65A (van Olphen, 1963)
to the surface of the plate or, because polarization
occurs, this distance was modified to be 4:2A
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(Shainberg, 1970). In vermiculite the isomorphic
substitution is mainly in the tetrahedral layer and
the plane of the negative charge is supposed to be
on the metallic cation of the tetrahedral layer,
giving a distance of 2-8A. The sum of the distance
of the negative charge to the surface of the plate
and the distance of the counterion from the surface
of the plate to midway between the water layers,
is the effective radius used in the calculations of
the standard free energy of exchange and the electric
energy between the counterions and the clay
surface.

These effective radii for Ca and Mg in the
montmorillonite are (4:2+4-8=) 9- 0A and (4-2+
495=) 9- 154, respectively, and (2-8+3-05=)
5-85A and (2-8+2-65=) 5-45A for Ca and Mg
vermiculite, respectively.

In order to calculate the activity coefficients of
the exchangeable ions the electric energy between
the ions and the clay surface should be evaluated.
It was presumed, as suggested by Norrish (1954)
that the main interaction is between the counterion
and two negative charges on each clay plate. The
interactions with the other negative charges of the
plates and the counterions were assumed to be of
secondary importance, because these forces and
the resulting energies are of opposite signs and
approximately cancel each other.

The electrical interaction of a counterion with
the negative charges was calculated by use of the
following equation:

Z.e(Zye)]2
€

AE; = e.s.u.fion @]

where Z, = valency of negative charge
Z, = valency of counterion
e = electronic charge
r; = effective radius of counterion.

Equation (7) is based also on the integral form

of Coulomb’s law, but because the positively
charged counterion is found midway between two
oppositely placed negative charges, the charge of
the counterion has to be divided by two; otherwise,
the interaction of the counterion with the negative
charges is counted twice. The activity coefficient
of a counterion, expressing the electrical inter-
action of the counterion with the clay surface, was
calculated by use of equation (6).

AE;
Inf,= RT (6a)

By use of equations (4, 5, 6a and 7), the effective
radii of Ca and Mg, and by assigning to the dielectric
constant, €, a value of 5, the standard free energy,
the thermodynamic equilibrium constants and the
activity coefficients of exchangeable calcium and
magnesium were calculated; they are listed in
Table 1.

It is evident from Table 1 that the standard molar
free energy of calcium magnesium exchange
predicts a preference for Ca in montmorillonite,
AG° =238 cal/mole, and a preference for Mg in
vermiculite, AG°=—1665 cal/mole. The activity
coefficients at an equivalent fraction of unity of Ca
and Mg in montmorillonite are almost the same,
fea=12-0X10"% and fizz = 2-2 X 107, while that of
magnesium in vermiculite is twice as small as that
of calcium, fyz = 3-5X 1075, fz = 7-1 X 1073,

If the activity coefficients of the exchangeable
ions do not change as their equivalent fraction
changes, their ratio remain constant and the selec-
tivity coeflicient would also remain constant and
could be predicted by use of equations (3), (5) and
(7) and compared with the selectivity coefficient
obtained from experimental data. If the activity
coeflicients change as their equivalent fraction
changes, the selectivity coefficient will also be a
function of the composition. The selectivity
coefficient of Ca-Mg exchange in vermiculite has

Table 1. Standard free energy of exchange, thermodynamic equilibrium constant of exchange, energy of interaction,
and activity coefficients of Ca and Mg at an equivalent fraction of unity

Distance of
plane of nega-

Distance of

tive chargeto  counterion Effective ~
c-spacing, surface of  tosurface of radius, AGMe AE !
Clay (A) plate (A) plate (A) (A) (cal/mole)  K¥¢ (cal/mole)
Montmorillonite~
Ca 18-9 42 4.8 9-0 3671 2-0x 1073
Montmorillonite—
Mg 19-2 4-2 495 9-15 2379 0-68 3610 2:2X 1073
Vermiculite—
Ca 15-4 2-8 3-05 5-85 5648 7-1x1075
Vermiculite—
Mg 14-6 28 3-65 5-45 —1665 16-7 6062 3-5x1073
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been calculated from experimental data by Peterson
et al. (1965), and it is evident that the activity
coefficient ratio is not constant, because the
selectivity coefficient changes drastically as the
saturation of vermiculite with Mg increases.
Before making an attempt to understand the
reasons for this change in the selectivity coefficient,
the results of Ca—-Mg exchange in montmorillonite
will be reported. It was found necessary to perform
this exchange isotherm because no data on the
Ca-Mg exchange in montmorillonite over the full
range of saturation with one of the cations were
available in the literaturet.

EXPERIMENTAL

The montmorillonite was prepared from
Wyoming bentonite (A.P.I. No. 26). The clay was
suspended in distilled water by rigorous stirring.
The concentrated suspension was diluted with
distilled water obtaining a suspension of 1%. The
diluted suspension was allowed to settle by sedi-
mentation leaving the particles with an apparent
diameter of less than 2w in suspension. This
suspension was siphoned off, the sediment redis-
persed in distilled water, and the procedure repeated
several times until the supernatant did not contain
any appreciable amount of clay. Part of the 2u
suspension was converted to Ca montmorillonite
and part of it to Mg montmorillonite by use of 1N
chloride solutions of these cations, shaking with the
appropriate salt, and centrifuging.

. The procedure was repeated three times and the
excess of salt was washed with distilled water
until no CI- was detected in the supernatant by
test with AgNO,. This method of preparation of
monoionic clays followed the one recommended
by van Olphen (1963). A batch of the montmoril-
lonite was dried at 60°C and a second batch was
freeze-dried. The C.E.C. of the montmorillonite
was found to be 100 me/100 g clay, with an error
of 4%.

The montmorillonite was equilibrated with two
sets of solutions, one set having a total salt con-
centration of 60 me/1 and another of 10 me/1 of
CaCl, and MgCl,. The equivalent fraction of MgCl,
in the two sets varied from 1 to 0.

The equilibration with the mixed solutions was
performed with the Ca and Mg forms of the mont-
morillonite in a batch procedure. The time of
contact between the montmorillonite and the solu-
tion was about 72 hr, and the samples were shaken
for half of the time. That equilibrium was reached
was indicated by the fact that the same isotherm

tRecently, Hunsaker, V. E. and Pratt, P. H. published
the exchange isotherm of Ca-Mg exchange of mont-
morillonite. Soil Sci. Soc. Am. Proc. 35, 151-152 (1971).

was obtained whether the exchange was started
with the Ca-montmorillonite or the Mg-
montmorillonite. After reaching equilibrium the
samples were centrifuged, the solution decanted
and the concentration of Ca and Mg in the solution
determined by titration with EDTA. The soluble
salts were washed out in some samples with alcohol,
in others determined from the amount of the
remaining solution after centrifugation. The
exchangeable cations were extracted by repeated
leaching with 1N solution of CH;COONH,. Mg
was determined in the acetate extract by an atomic
absorption spectrophotometer (Unicam 90) at a
wavelength of 2864A. Exchangeable Ca was
calculated from the C.E.C. of the montmorillonite
minus the determined exchangeable magnesium.

All the determinations were performed in dupli-
cates, the error in the soluble components was
about 2%, and in the exchangeable about 4%.

RESULTS AND DISCUSSION

Figure 2 represents the Ca-Mg exchange
isotherm of the montmorillonite. Different symbols
are given for the resuits obtained by the two
methods of drying, for the two methods of elimi-
nating the soluble salts and the two sets of solutions.
When montmorillonite is dried at 60°C, larger
particles are obtained as compared with those from
the freeze drier. It could be expected, as was
verified experimentally, that the size of the par-
ticles did not affect the exchange results because
those are equilibrium ones. There was no significant
difference in the results due to the methods used
for the washing of the soluble salts, which can be
explained by the fact that the valency of the ions
used was divalent, and the volume of exclusion of
salt from the exchanger was small and negligible
for the divalent ion.

From the experimentally determined equivalent
fractions, the selectivity coefficient of Ca-Mg
exchange in the montmorillonite was calculated.
Two approaches in this calculation were used. In
the first one, for each experimentally determined
point, the Kg"cga was calculated. In the second one,
the K;‘g was calculated using the mean values of
the equivalent fraction of soluble magnesium,
XMg?* and the mean value of the exchangeable
magnesium, X Mg. Selectivity coefficient of Ca-Mg
exchange as a function of Mg saturation calculated
by the two different approaches is given in Table 2.

The expected error in KM is about 15%, so that
although the selectivity coefficient of Ca-Mg
exchange of montmorillonite seems to change with
the Mg saturation of the montmorillonite, this
change is within the error of the calculation. A
mean value of 0-68 was calculated from all the

Mg
values ostCa.
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Fig. 2. Calcium-magnesium exchange isotherm of the montmorillonite. 0-06 N, A Ca mont., O Mg mont.,
0-01 N A Ca mont., ¥ Mg mont.; soluble salts determined from the amount of solution after centrifugation.
0-06 N, @ Ca mont., (1 Mg mont.; soluble salts washed with alcohol. B Mg mont. freeze dried.

Table 2. Selectivity coefficient of Ca-Mg exchange, Ks’g , mont-
morillonite calculated by two different approachest, as a function

of Mg saturation
M

—— $Ca
X Mg First approach Second approach Mean value
0-09 0-56 0-61 0-58
0-22 0-79 0-83 0-81
0-34 0-72 0-81 0-77
0-64 0-63 0-64 0-64
0-69 0-63 0-69 0-66
0-74 071 0-52 0-61
tSee text.

In Fig. 3 the selectivity coefficients of Ca-Mg
exchange in vermiculitet and montmorillonite as
functions of Mg saturation are plotted.

As is evident from Fig. 3, the selectivity coeffi-
cient of Ca-Mg exchange in montmorillonite
remains constant through the entire range of the
Mg saturation of the montmorillonite, in marked
contrast to the K¥¢ of vermiculite. This is an indi-

cation that the ratio of the activity coefficients of

tResults reported by Peterson et al. (1965) performed
with vermiculite from Libby, Montana.

the exchangeable Mg and Ca remains constant
in montmorillonite, while in vermiculite it changes.
The calculated activity coefficients of exchange-
able Ca and Mg in montmorillonite (Table 1) are
almost the same, and hence their ratio is unity.
The selectivity coefficient, calculated from the
experimental data, is in very good agreement with
the calculated thermodynamic equilibrium constant,
which is an indication that the assumptions used
in the calculation of the thermodynamic equilibrium
constant were correct. If the solution hydrated radii
of Ca and Mg ions were used to predict the thermo-
dynamic equilibrium constant, the preference
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14 required to increase the distance between the
platelets, thus limiting the swelling in vermiculite.
The difference in the c-spacing between the Ca and
Mg vermiculite results from the difference in the
crystalline radius of Ca and Mg forming the
octahedron of water molecules between the
vermiculite plates. The change in the selectivity
coefficient with Mg saturation is an indication of the
change of the interactions of the counterions as their
amount changes. This change in the interactions will
be reflected in the activity coefficients of the
l exchangeable ions and they also will change withMg
saturation. By use of equation (3) the values of the
/ predicted thermodynamic equilibrium constant
and the experimentally determined selectivity
/ coefficient (Peterson et al., 1965), the ratio of the
activity coefficients of exchangeable Mg and Ca
as functions of Mg saturation in the vermiculite
was calculated. These results are listed in column
3 of Table 3.

The activity coefficient ratio of the exchangeable
cations varies from unity at almost 100% Mg
saturation, to more than 20 times unity, as the Mg
saturation decreases. This phenomenon can
easily be explained by the fact that at the high Mg
2 saturation the c-spacing contracts, so that the
larger Ca ion cannot easily penetrate, but as the
1 - -/ Mg saturation decreases the c-spacing increases
| and the smaller Mg ion will be more loosely held.

0 : It may be assumed that either the activity coeffi-

0.2 0.4 06 0.8 10 cient of exchangeable Ca remains constant through
EQUIVALENT FRACTION OF EXCHANGEABLE MAGNESIUM (XMg) the entire range of Mg saturation, or that both

)
——— o

0" © MONTMORILLONITE
o VERMICULITE /

Mg)
s Ca

o

e}

~

»

SELECTIVITY COEFFICIENT (K
o

N

Fig. 3. Selectivity coefficients of Ca-Mg exchange of
montmorillonite and vermiculite (data from Peterson
et al. (1965) as functions of Mg saturation.

predicted should have been higher than the
experimentally determined one. The electrical
forces of attraction between the montmorillonite
plates in the tactoid are comparable with the
hydration forces of the ions: thus the adsorbed
ions are not so hydrated as in true solution, but
still the ion with the smaller crystalline radius (Mg)
is more hydrated than the Caion.

The electrical attraction between the vermiculite
platelets differs from that of montmorillonite. The
higher surface charge density and the fact that the
main isomorphic substitution is in the tetrahedron
sheet increases the attraction forces between the
plates and as a result restricts the swelling of the
vermiculite. The forces of hydration of the water
molecules in the first sheet around the naked ions
are stronger than the electrical attraction between
the platelets and thus an octahedral sheet of water
molecules is formed. The energy gained by the
absorption of a second sheet of water molecules
around the absorbed ions is less than the energy

activity coefficients change as their concentration
varies. The first assumption gives the possibility
to calculate the activity coefficient of exchangeable
Mg as a function of the composition of the vermi-
culite. The calculated activity coefficient of
exchangeable Mg is listed in column four of Table

Table 3. The change in the activity coefficients of
exchangeable as a function of Mg saturation in

vermiculitet
. Mg
% Mg saturation K;‘g f——c—; fMgx10-3
Upto 30 07 238 168-0
40 1-4 119 84-5
50 -5 11-1 78-8
70 32 52 37-0
80 49 34 242
90 8-3 2-0 14-2
95 13-9 12 85

tCalculated by use of equation (2) the predicted
thermodynamic equilibrium ‘constant, K¥& = 16-7,
and the activity coefficient of exchangeable Ca,
fCa=7-1x 105
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3. From the table it is evident that there is a 50-fold
increase in the activity coefficient of exchangeable
Mg as its saturation decreases.

No X-ray data are available indicating the c-
spacing of vermiculite as a function of its composi-
tion. If the c-spacing of Mg-vermiculite increases
gradually as the saturation with Mg decreases, the
activity coefficient of the exchangeable Mg will
change continuously reflecting the decrease in the
electrical attraction between the Mg ion and the
charged surfaces.
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Résumé — On décrit dans ce travail un isotherme d’échange Ca-~-Mg déterminé expérimentalement
avec une montmorillonite. Le coefficient de sélectivité de cet échange pour une gamme étendue de
saturation en Mg a été calculé; il a été trouvé constant.

Les énergies libres standard d’échange, les constantes d’équilibre thermodynamiques et les coef-
ficients d’activité des ions Ca et Mg échangeables dans la vermiculite et la montmorillonite, ont
été prédits d’apres la connaissance de la microstructure de ces deux argiles, en supposant que les
forces coulombiennes sont les principales & jouer un rdle dans I'interaction entre les cations com-
pensateurs et la surface chargée de l'argile. Les énergies libres standard d’échange (AG = 238
cal/mole) permettent de prévoir une préférence pour Ca dans le cas de la montmorillonite et une
préférence pour Mg dans celui de la vermiculite (AG®%€ = — 1665 cal/mole).

Les constantes d’équilibre thermodynamiques que 'on peut prévoir sont compatibles avec les
coefficients de sélectivité déterminés expérimentalement, K}¢ = 0,67 étant & comparer & K% = 0,68
pour la montmorillonite, ce coefficient restant constant sur toute la gamme de saturation en Mg, et
KY£ = 16,7 étant & comparer 4 K¢ = 13,9 pour la vermiculite & une saturation en Mg de 95%. Les
coefficients d’activité des ions compensateurs Ca et Mg sont pour la montmorillonite respectivement
fCa=2,0x1072 et fMg=2,2x107%; ils restent constants. Les coefficients d’activités des ions Ca
et Mg échangeables dans la vermiculite sont respectivement fCa = 7,1 X 107 et fMg = 3,5 X 1075,
pour une fraction équivalente unitaire. Le coefficient d’activité du Mg échangeable augmente quand
la saturation en Mg diminue, et il prend la valeur de 1,7 X 107® dans le domaine des basses saturations
en Mg.

La microstructure, les substitutions isomorphiques et la densité de charge superficielle permettent
de comprendre les modifications qui apparaissent dans la valeur des coefficients d'activité des ions
compensateurs.

Kurzreferat — Es wird liber eine experimentell bestimmte Ca-Mg Austauschisotherme von Mont-
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morillonit berichtet. Der Selektivititskoeffizient dieses Austausches iiber einen weiten Bereich der
Magnesium-~Sittigung wurde berechnet und als konstant festgestellt.

Standard freie Austauschenergien, thermodynamische Gleichgewichtskonstanten und Aktivitits-
koeffizienten der austauschbaren Ca und Mg Ionen in Vermiculit und Montmorillonit wurden aus der
Kenntnis des Mikrogefiiges dieser beiden Tone vorausgesagt, unter der Annahme, dass die Coulomb-
schen Krifte die wesentliche Rolle bei der Wechselwirkung zwischen Gegenionen und der geladenen
Tonoberflache spielen. Die Standard freien Energlen des Austausches (AG"%";‘ 238 cal/mol) sagten
eine Bevorzugung fiir Ca in Montmorillonit und eine Bevorzugung fiir Mg in Vermiculit (AG°}E =
— 1665 cal/mol) voraus. Die vorausgesagten thermodynamischen Gleichgewichtskonstanten waren
vereinbar mit dem, experimentell bestimmten Selektivititskoeffizienten K¥® = 0,67, verglichen mit
KMe = 0,68 bei Montmorillonit, gleichbleibend iiber den gesamten Bereich der Mg-Sittigung, und
KY2 = 16,7 verglichen mit K = 13,9 in Vermiculit bei 95% Mg Sittigung. Fiir die Aktivitatskoef-
fizienten von Ca und Mg Gegenionen in Montmorillonit wurden Werte von fCa =2,0 X 10~ und
FMg = 2,2 x 1072 festgestellt, die konstant blicben. Die Aktivititskoeffizienten von austauschbarem
Ca und Mg in Vermiculit ergaben sich als fCa = 7,1 X 107% und fMg = 3,5 X 107% bei einer dquivalen-
ten Einheitsfraktion. Der Aktivititskoeffizient von austauschbarem Mg nahm mit abnehmender Sat-
tigung an Mg zu, und ergab sich im Bereich der niedrigen Mg Sattigung als 1,7 X 1072,

Das Mikrogefiige, der isomorphe Ersatz und die Oberflichenladungsdichte gaben Einsicht in
die Veranderungen, die in den Aktivitdtskoeffizienten von Gegenionen stattfinden.

Pestome — IIpoBeAeHO IKCIIEPHUMEHTANIBHOE OIpPEAeIeHHe H30TepMbl oOmena Ca-Mg B MOHTMOpHIT-
noHuTe. Berurciaed K03 GHLMEHT CENEKTHBHOCTH 3TOr0 OOMEHA IS IUHMPOXOK O0IACTH HACEHINIEHUS
Mg, KOTOpBIif OKa3ajCid [OCTOSHHBEIM. 3HAYeHWsl CTaHHAPTHOM CBOOOAHOM SHEPrUH 3aMEIlCHUs,
KOHCTaHTHl TEPMOJHHAMHUYECKOTO PaBHOBECHS U KO(UIMEHTH! aKTHBHOCTH OOMEHHBIX MOHOB Ca
u Mg B BEpMHKY/IUTE M MOHTMOPHW/UIOHHTE OBUIM TpPEACKA3aHBI II0 OAHHBIM O MHKPOCTPYKTYpE
3THX ABYX IJIMH [IPH TIPEANOJIOXEHUH, YTO KYTOHOBCKME CHIIBI HI'PAIOT OCHOBHYIO POJIb BO B3aMMO-
NEACTBHM MEXOY TOTPAHHYHBIMM AOHAMM M 3apsKEHHON TOBEPXHOCTHIO TJIMHBL 3HAYEHMs CTaH-
IApTHOM cBOGOAHOM 3HepriM 3aMemieHus (AGE, =238 Xall/MONb) yKa3biBal¥ Ha IPEHNOYTHTENb-
Hy!O cBa3b Ca B MOHTMOPWIIOHHTe B Mg B Bepmukyimre (AGE, = — 1665 xam/mons). Ipenckaszan-
HBIE KOHCTaHTHl TCPMOAHRHAMUYECKOTO paBHOBeCPU! COrJIACOBAIIACE C IKCIEPHMEHTANLHO ONpeHeIcH~
HEIMHA KO3(QHIHEHTAMM CEIEKTHBHOCTH KM = 0,67 no cpasHenmio ¢ KME = 0,68 mns MOHTMOpHII-
nouuTa (KO3hdUUMEHT OCTaBaJICA MOCTOAHHLIM IS Beell 06nacTH Hacwuuenus Mg) u KMe—=16,7
o cpaBHeHMIO ¢ K} = 13,9 nns Bepmukynura (apua 95 % Haceimenus Mg). HalineHsr ko3¢ $uumeH e
AKTUBHOCTH TIOrpaHu4HbIX HoHOB Ca ¥ Mg B MouT™Mopwuionute (fCa=2,0x 1073 n f Mg=22
% 103 cOOTBETCTBEHHO), KOTOPBIE OCTAIOTCS TOCTOAHHLIMHU. T107TyYeHbI KOIDUIIMECHTH AKTHBHOCTH
o6mmenHbIX mOHOB Ca H Mg B Bepmuxymure (fCa=7,1 x 1075 u fMg=3,5 X 10~% coorserct-
BEHHO, B SKBHBAJECHTHBIX NOJAX eauHunbl. KoadduimeHT akTUBHOCTH oOMeHHOro Mg yBenmid-
BA€TCA [P YMEHLINCHUH HACHILIEHHH Mg; B 06/IaCTH HU3KOTO HAChIINeHus Mg oH pasen 1,7 X 1,103,

Mpuxpocrpykrypa, H3oModHbIE 3aMEIIEHNsS ¥ IIOBEPXHOCTHAS IUIOTHOCTH 3apsifa IO3BOJAIOT
TIOHATH H3MEHEHUs K03 PHUUHEHTOB AKTHBHOCTH [TOIPAHHYHBIX HOHOB.
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