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THERMODYNAMIC STUDY OF Na-K-Ca EXCHANGE 
REACTIONS IN VERMICULITE 

ATSUYUKJ INOUE 

Geological Institute, College of Arts and Sciences 
Chiba University, Chiba 260, Japan 

Abstract-The exchange ofNa, K, and Ca ions in vermiculite has been studied between 50 and 15O"C 
at a total normality of 0.1. The free energy changes were negative in the Na ~ K, Ca ~ K, and Na ~ Ca 
exchange reactions, and the cation preference in the vermiculite was Na < Ca < K in the temperature 
range examined. The enthalpy changes, calculated by application of the van't Hoff equation to the relation 
between equilibrium constant and temperature, were positive. The cation preference in the vermiculite 
seems to have been largely controlled by the increase in entropy which was due to the positive values of 
the entropy change term in the solid for the Na-K and Ca-K exchanges and the positive values of the 
entropy change in the solution for the Na-Ca exchange. From a thermodynamic analysis of the cation­
mixing properties in vermiculite, the observed free energy change in the Na-K exchange was determined 
solely by the differences of the intrinsic electrostatic binding energy of the cations on the clay surface. 
That in the Na-Ca exchange was interpreted by taking into account an extra interaction energy of Ca-Ca 
pairs in addition to the intrinsic energy change. Furthermore, an additional interaction energy between 
K ions and the clay surface appears to have been added to the free energy change in the Ca-K exchange. 
In the Na ~ K and Ca ~ K exchange reactions a structural modification occurred in the K-equivalent 
fraction (X~ range 0.05-0.6, and a regularly interstratified phase of 15-A. and IO-A. members was formed 
at 0.05 < XK < 0.4. 
Key Words-Cation exchange, Entropy, Free energy, Interstratification, Thermodynamics, Vermiculite. 

INTRODUCTION 

The effect of charge density on cation selectivity of 
smectite has been of interest to clay mineralogists and 
geologists because the catioI). selectivity of smectite var­
ies during burial diagenesis and smectite layers grad­
ually prefer K ions and convert to illite layers (Eberl, 
1980; Inoue and Utada, 1983). Maes and Cremers 
(1977, 1978) examined the effect of charge density on 
homovalent and heterovalent cation-exchange equilib­
ria in smectite but extrapolating their results to the 
cation selectivity of clays with greater negative layer 
charge, such as vermiculite, remains uncertain. The 
present study was undertaken to understand the cation­
exchange properties of vermiculite at higher temper­
atures. 

On the other hand, the formation of interstratified 
phases has been recognized in the cation-exchange of 
K-bearing vermiculite (Wey et al., 1974; Le Dred et 
al., 1978; Saehr et al., 1982). These regularly inter­
stratified structures can be detected by long-spacing 
reflections in their X-ray powder diffraction (XRD) 
patterns. Saehr et al. (1982) related their formation to 
the existence of two types of cation-exchange sites in 
vermiculite. There remains some ambiguity in their 
results, because the samples used appear to have in­
cluded some initially interstratified materiaL 

The present paper clarifies 'the cation-mixing prop­
erties in vermiculite by applying a statistical thermo­
dynamic theory to cation-exchange equilibria for a sol­
'id with a single exchange site. 

EXPERIMENTAL 

Material 

The vermiculite was obtained from Palabora, South 
Africa, and has the following chemical composition; 
Si02 36.18%, Al20 3 9.90%, Fe20 3 as total Fe 4.90%, 
MgO 25.91%, Cao 0.55%, Na20 0.06%, K20 1.12%, 
and H20 20.64% (Inoue, 1983). It was converted to 
homoionic forms by repeated treatment with the ap­
propriate chloride solutions. It was washed until no 
chloride was detected and then dried at room temper­
ature. The cation-exchange capacities (CEC) ofthe Na-, 
K-, and Ca-forms were 150, 176, and 175 meq/lOO g, 
respectively. The Na-exchanged vermiculite retained 
a small amount of Mg ion in the interlayers as evi­
denced by a slight Is-A peak of the original vermiculite 
remaining in the XRD pattern of the Na-exchanged 
form. 

Methods 

Approximately 0.1 g of each homoionic vermiculite 
was shaken at each temperature for at least 2 weeks in 
a binary chloride mixed solution with various ratios 
of the two salts. Exchange isotherms were determined 
at 500

, 700
, 90°, 100°, and 150°C and at a constant total 

normality (0.1). Runs at 50° and 70°C were carried out 
in 50-ml polyethylene tubes and runs at 90°, 100°, and 
150ac in - 22-ml Teflon vessels. Suspensions at equi­
librium were separated, the clay was decomposed by 
HF and H2 S04 , and the cation contents in both the 
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clay and the solution were determined by atomic ab­
sorption and emission spectrometers. The equilibrated 
clays were examined by XRD using oriented specimens 
at 50-60% RH. 

Evaluation of thermodynamic quantities 

Applying mass action law to the exchange reaction 
between a solution cation AZA and a clay-adsorbed cat­
ion B2., i.e., 

zBA.,zA + zAB2B-vermiculite 
= zBAzA-vermiculite + zAB: B

, (1) 

the equilibrium constant K is given by Barrer (1974) 

where 

XBZA'YBZA 1 

XA2·'YAz B Q 

(2) 

X; and X; are the equivalent fraction of species i in the 
solid and the solution, respectively, f; and 'Y; are the 
activity coefficient of species i in solid and solution, Z; 
is the charge of species i, and m; is the molality of 
species i in solution. Values ofthe activity coefficients 
ofthe ions in solution were computed using the Davies 
equation (Davies, 1962) and then corrected for the 
mixing effect of two salt solutions by Guggenheim's 
method (Guggenheim, 1935). Kc in Eq. (2) is the ex­
perimentally determined selectivity coefficient after 
performing some corrections. 

The equilibrium constant K is defined by Kc as shown 
by Eq. (3) if appropriate standard states are chosen 
along with application of the Gibbs-Duhem equation 
(Gaines and Thomas, 1953): 

Here, it is assumed that the changes in the activity of 
water in clay and solution are negligible. The standard 
free energy change AGO for the reaction ofEq. (1) is in 
tum related to K by the expression (Barrer et aI., 1966) 

The standard enthalpy change AHo is evaluated by the 
van't Hoff equation 

R a(ln K) 
AHo (caVeq) = - ZAZB . a(lIT)' (5) 

The standard entropy change ASo is calculated from 
the equation 

'tJ .--0 
(/J 

c: 
~ 
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Figure 1. Ca-K exchange isotherms at 500C and 0.1 N ob­
tained with preheated Ca- and K-vermiculites. XK and XK 

indicate the K-equivalent fraction in solid and solution, re­
spectively. The numerical values indicate the K-equivalent 
fractions contained initially in the starting materials. 

RESULTS AND DISCUSSION 

Isotherms 

The Ca-K exchange isotherms obtained by exchange 
of the preheated K- and Ca-vermiculites are shown in 
Figure 1. The exchange isotherms exhibited marked 
hysteresis when the dried K-vermiculite was used as a 
starting material. A similar hysteresis was observed in 
the K-Ca exchange of montmorillonite by Inoue and 
Minato (1979) who concluded that it was caused by 
the fixation of K ions in the interlayers of clay. To 
avoid the effect of cation fixation during exchange, re­
actions were run in the following direction 

K+ + Na-vermiculite --+ K-vermiculite + Na+, (7) 
Ca2+ + 2Na-vermiculite --+ Ca-verrniculite + 2Na+, 

(8) 
2K+ + Ca-vermiculite --+ 2K-vermiculite + Ca2+. 

(9) 
The smoothed exchange isotherms corresponding to 

reactions (7), (8), and (9) are shown in Figures 2, 3, 
and 4, respectively. In the Na-K exchange, the ver­
miculite showed a marked preference for Kover Na 
(Figure 2). The preference for K increased with in­
creasing temperature. The vermiculite in the Na-Ca 
exchange showed a preference for Ca over Na; higher 
temperature favored this preference also (Figure 3). 
The isotherms for the Ca-K exchange of vermiculite 
were sigmoidal at the three temperatures (Figure 4); 
the selectivity for K increased with increasing temper-

(6) ature. 
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Figure 2. Na-K exchange isotherms of vermiculite at vari­
ous temperatures. -- = SO"C, --- = 700C, --- = IOO"C, 
---- = ISO"C. 

Thermodynamic quantities 

Logarithmic values of the selectivity coefficient K., 
at various temperatures are plotted against the equiv­
alent fraction eX;) of each ion in the vermiculite in 
Figures 5, 6, and 7. The values ofln K were calculated 
by Eq. (3) from the smoothed curves in Figures 5, 6, 
and 7. Table I gives the standard free energy, enthalpy, 
and entropy changes in exchange reactions which were 
calculated from Eqs. (4), (5), and (6). In the calculation 
of enthalpy change, the relation for In K vs. lIT was 

0·8 

Na-Ca 

o 0·2 0·4 0·6 0·8 1·0 

Xea in Solution 
Figure 3. Na-Ca exchange isotherms of vermiculite at var­
ious temperatures. -- = SO"C, - - - = 1 OO"C, --- = ISO"C. 

1.0,..----,----.--.--,,..---r----. 

0·8 

'0 0.6 
o 

C/J 
c 0.4 

liI:: 
1)( 

0.2 

o 

Ca-K 

0·2 0·4 0·6 0·8 
XK in Solution 

1·0 

Figure 4. Ca-K exchange isotherms of vermiculite at various 
temperatures. -- = SO"C, - - - = 9O"C, --- = ISO"C. 

assumep to be linear over the temperature range 50-
I50°C (Figure 8). 

The values for the standard free energy changes sug­
gest that the affinity of the ions for vermiculite follows 
the order: Na < Ca < K between 500 and I50°C. The 
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Figure S. Plots of In K., vs. XK for Na-K exchange of ver­
miculite at (A) SO"C, (B) 7O"C, (C) 100"C, and (D) 15O"C. The 
lines are the regression curves at respective temperatures. 
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XC. 
Figure 6. Plots ofln K vs. Xc. for Na-Ca exchange ofver­
miculite at (A) 50DC, (B) lOODC, and (C) 150DC. The solid and 
broken curves are the smoothed observed and calculated curves 
at respective temperatures (see text). 

selectivity sequence for the three cations is different 
from that for montmorillonite: Na < K < Ca (Inoue 
and Utada, 1983). The greater preference for K ion in 
the vermiculite supports the previous concept that in­
creasing negative layer charge can be responsible for 
the K-enrichment in the interlayers of clay during bur­
ial diagenesis, as pointed out previously by Eberl (1980) 
and Inoue and Utada (1983). 

The consistency of the standard free energy change 
in each cation pair can be checked by the following 
relation 

~G°(Na-K) - ~GO(2Na-Ca) = ~GO(Ca-2K). (10) 

Using the 50°C data in Table 1, the free energy change 
in the Ca-K exchange is -90 cal/eq close to the ex­
perimental value of -60 cal/eq. 

The sign of the enthalpy change in Table 1 indicates 

(A) (S) (e) 

.......... 

-2 

o 0·2 0·4 0·6 0.8 1·0 0.2 0.4 0.6 O.B 1.0 0.2 0.4 0.6 0.8 1.0 

XK 

Figure 7. Plots of In K vs. XK for Ca-K exchange of ver­
miculite at (A) 50DC, (B) 90OC, and (C) 150DC. The solid and 
broken curves are the smoothed observed and calculated curves 
at respective temperatures (see text). 
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Figure 8. Relationship between equilibrium constants and 
temperature in Na-K, Na-Ca, and Ca-K exchanges of ver­
miculite. 

that the Na-K, Na-Ca, and Ca-K exchange reactions 
in vermiculite are endothermic. The Na-Ca exchange 
reaction in smectite is also endothermic (Maes and 
Cremers, 1977), but the Na-K and Ca-K exchange re­
actions are exothermic (Inoue and Minato, 1979; Inoue 
and Utada, 1983). All of the values of entropy change 

Table 1. Standard free energy (~GO), standard enthalpy (MIO), 
and standard entropy (~SO) for Na-K, Na-Ca, and Ca-K ex­
changes of vermiculite. 

Na-K 

2Na-Ca 

Ca-2K 

Temperature 
("C) 

50 
70 

100 
150 

50 
100 
150 

50 
90 

150 

dGO 
(cal/eq) 

-700 
-950 

-1290 
-1890 

-610 
-1040 
-1740 

-60 
-210 
-480 

dHO 
(kcal/eq) 

3.13 

1.59 

1.30 

dSO 
(cal/eq) 

11.9 
11.9 
11.8 
11.9 

avo 11.9 

6.8 
7.1 
7.8 

avo 7.2 

4.2 
4.2 
4.2 

avo 4.2 
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for the exchange reactions of vermiculite are positive 
(Table 1). The entropy change of the Na-Ca exchange 
in smectite is also positive (Maes and Cremers, 1977), 
but those of the Na-K and Ca-K exchanges in smectite 
are negative (Maes and Cremers, 1978; Inoue and Min­
ato, 1979). 

In Eq. (6), the sign of the free energy change is de­
termined by both enthalpy and entropy change terms. 
The fact that the free energy change in the vermiculite 
is negative in spite of positive values of both the en­
thalpy and entropy changes indicates that the affinity 
of the ions in the vermiculite is largely determined by 
the increase in entropy. The total entropy change for 
the reaction (1) can be written as: 

LlStotal = LlSsolid + LlSsolution 
= (ZBSA.c1ay - ZASa.c1ay) 

+ (ZASB.ion - ZBSA.ion)· (II) 

The contribution of the entropies of ions in solution 
to the observed entropy change for limiting values of 
ion concentration was evaluated by Goulding and Tal­
ibudeen (1980) as follows. Entropies of ions in solution, 
S" at 0.1 N can be calculated by the relationship 

Si=Sp-Rlna" (12) 

where SiO is the entropy of i ion in solution of unit 
molality, ai is the activity of i ion, and R is the gas 
constant. As SiO for Na, K, and Ca ions are 14.4,25.5, 
and -13.2 cal/mole (Garrels and Christ, 1965), the 
entropy changes in the solutions in Eq. (11) are: 
LlSsolution(Na-K) = -11 . 1 cal/eq; LlSsolution(Na-Ca) = 22.6 
cal/eq; and LlSsolution(Ca-K) = - 33.7 cal/eq. Using an 
average observed LlSo value (Table I), the entropy 
changes in the solid are: LlS,olid(Na-K) = 23.0 cal/eq; 
LlS,olid(Na-Ca) = -15.4 cal/eq; and LlS,OliiCa-K) = 37.9 
cal/eq. 

Comparison of LlSSOlid and LlSsolution indicates that the 
positive values of the observed entropy change are de­
rived from the effect of positive LlSsolid in the Na-K and 
Ca-K exchanges, and from the effect of positive LlSsolution 
in the Na-Ca exchange. The present conclusion that 
the LlS'Olid term of the total entropy change controls the 
cation preference in K-bearing vermiculite is different 
from the previously reported conclusion for mont­
morillonite in which the LlSsolution is proposed as the 
predominant control of the cation preference (Hutch­
eon, 1966; Deist and Talibudeen, 1967; Inoue and 
Minato, 1979). Moreover, the LlSsolid calculated suggest 
that replacement of Na by Ca in the vermiculite re­
sulted. in a negative entropy change, and, hence, the 
three-dimensional structure of the vermiculite is more 
rigid in the Ca-form than in the Na-form. Replacement 
ofNa and Ca by K in the vermiculite, however, resulted 
in increasing randomness of the structure along the c­
axis. The disordering effect by adding K ions in the 

vermiculite was more obvious in the Ca-K exchange 
than in the Na-K exchange. 

Cation-mixing properties in vermiculite 

Statistic thermodynamic theory for ion mixing in 
solid was successfully applied to cation-exchange equi­
libria in zeolites by Barrer and Falconer (1956) and 
Barrer and Klinowski (1979) and in resins by Harvey 
et at. (1966). A similar theory can be applied to the 
cation-exchanges in the vermiculite. 

In the theory, in A-B exchange on a solid with a 
single exchange site, no extra energy change occurs for 
AB or AA pairs, but when two ions of B occupy ad­
jacent sites, an additional energy WBB exists. The grand 
partition function for this model is as follows (Barrer 
and Falconer, 1956): 

Q = g(NA,NB{jA(T)exp(:;) r 
{jB(T)exp(:;) rs 

Qcexp( - E), (13) 

where N" j" and Ei are the number, partition function, 
and intrinsic electrostatic binding energy of species i 
on the clay surface, Qc is the partition function of the 
clay matrix, E is a function of the energy of interaction 
ofB-B pairs, and g(NA,NB) is the statistical weight fac­
tor. If it is assumed that the distribution of cations on 
sites is random, the selectivity coefficient for mono­
monovalent cation exchange (A + -B+) may be expressed 
as (Barrer and Falconer, 1956): 

(14) 

where C = -wBB/kT, K' is the constant which includes 
the differences of intrinsic energy of the two cations, 
and k is the Boltzmann constant. 

In mono-divalent cation exchange (A + _B2+), if it is 
assumed that the B ions are two charged points rigidly 
joined to form a dumbbell charge, the selectivity coef­
ficient may be written as (Harvey et al., 1966): 

1 K = K" + D XB(4 -_ X B) 
n (2 - X B)2 ' 

(15) 

where D = wBB/kT, and K" is the constant which in­
cludes the differences of intrinsic energy of the two 
cations. 

In the Na-K exchange of vermiculite (Figure 5) the 
Kielland plots vary slightly through the entire range of 
XK in the solid. The interaction energy W calculated 
from Eq. (14) = -370 cal/eq at 50°C, -260 cal/eq at 
70°C,60 cal/eq at lOO°C, and 420 cal/eq at 150°C. 
According to Barrer and Falconer (1956), positive val­
ues of W indicate that the cations tend to repel each 
other, whereas negative values of w lead the cations to 
cluster or aggregate. In fact, no immiscibility in solid 
phase was found in the Na-K exchange isotherms be-
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Figure 9. Relationship between d-spacing of basal reflec­
tions and XK in (Ca,K)-vermiculite. 

cause of the small values of w. In the Na-K exchange 
of vermiculite, the Coulombic forces are the predom­
inant ones acting between the cations and the clay sur­
face, and therefore the observed free energy change 
appears to be determined solely by the differences of 
intrinsic electrostatic binding energy between the cat­
ions and the clay surface. 

By the application of Eq. (15), the fitted curves for 
the Kielland plots of the Na-Ca exchange of vermic­
ulite by the least-squares method are shown by broken 
curves in Figure 6. The fits are reasonably good. The 
free energy, enthalpy, and entropy changes, calculated 
from the fitted theoretical curves, were in good agree­
ment with the observed data in Table 1. The consis­
tency is an indication that the assumptions used in the 
calculation of selectivity coefficient on the basis of the 
statistic thermodynamic theory were correct. The free 
energy change observed for the Na-Ca exchange ofver­
miculite may be interpreted by taking into account an 
extra interaction energy of Ca-Ca pairs in addition to 
the differences of intrinsic energy of Na and Ca. The 
interaction energy = - 225 calleq at 50°C, - 340 call 
eq at lOoac, and -395 calleq at 150aC. 

For the Ca-K exchange of vermiculite, the interac­
tion energy calculated from Eq. (15) were positive at 
three temperatures, though the fits are not good as 
shown in Figure 7. The inconsistency of the theory for 
the experimental data suggests that the observed free 
energy change consists of another interaction energy 
between the cations and the clay surface in addition to 
the intrinsic energy change and the cation-pair inter­
action energy. According to Barrer and Falconer (1956), 
positive values of w may, although not necessarily, lead 
to sigmoidal isotherms even in the cation-exchange of 
solid phase with a single exchange site. 

Saehr et al. (1982) interpreted the sigmoidal iso­
therms for the Ca-K exchange on the basis of two types 
of exchange sites in vermiculite. Goulding and Tali-
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Figure 10. Relationship between d-spacing of basal reflec­
tions and XK in (Na,K)-vermiculite. 

budeen (1980) demonstrated that groups of sites with 
various exchange enthalpies exist in vermiculite in the 
Ca -> K exchange reaction, from the differential en­
thalpy change measured by microcalorimetry. Accu­
rate mineralogical data for the vermiculites examined 
are lacking, however, and the evidence that two types 
of exchange sites exist in vermiculite is uncertain in 
the present Na-K and Na-Ca exchanges of the ver­
miculite. 

Formation of interstratified phase 

The relationships between cation composition in the 
vermiculite and the peak position of the basal reflec­
tions for the Ca-K and Na-K exchanged products are 
illustrated in Figures 9 and 10, respectively. In the Na­
Ca system, the basal spacings of the Ca- and Na-ver­
miculites were -15 and 12.8 A, respectively. The basal 
spacing of 15 A for the Ca-vermiculite changed little 
even when more than 70% of Ca was exchanged by 
Na. The behavior of basal spacing in the (Na,Ca)-ver­
miculite was different from the previously reported 
behavior of (Na,Ca)-smectite in which the basal spac­
ing decreased gradually to 12.6 A as the Na-equivalent 
fraction approached 60-70% (McAtee, 1956). 

In the Ca-K system (Figure 9), structural modifica­
tion was observed in the range 0.1 < XK < 0.6 from 
the variation of some basal reflections in the (Ca,K)­
vermiculite. As shown in Figure 11, the (Ca,K)-ver­
miculites in the compositional range 0.1 < XK < 0.4 
showed a weak long-spacing reflection at 25-27 A and 
its second order reflection at 13 A. These data indicate 
that a regularly interstratified phase was formed in the 
range 0.1 < XK < 0.4 and that the interstratified phase 
probably consisted of Ca-vermiculite (15 A) and 
K-vermiculite (10.6 A) or K-mica (10 A) layers. At 
XK > 0.7, the (Ca,K)-vermiculite is nearly all a K-ver­
miculite, 10-A structure. 
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In the Na-K system (Figure 10), structural modifi­
cation was observable at 0.05 < XK < 0.6. A weak long­
spacing reflection at 23-26 A corresponding to the first 
order reflection of a regularly interstratified phase was 
also observed in the range 0.05 < XK < 0.3. The 13-
A peak correspondip.g to the second order reflection of 
the interstratified phase was not noticeable because of 
superposition by the 12.8-A peak of Na-vermiculite. 

The relationship between the variation of basal spac­
ing and cation composition mentioned above indicates 
that in the (Na,K,Ca)-solid solution of vermiculite, 
structural modification took place at intermediate 
compositions only when the vermiculite contained K 
in the interlayers. The structural modification in the 
vermiculite took place at 0.05 < XK < 0.6, and a reg­
ularly interstratified phase was formed at 0.05 < XK < 
0.4 in the Na-K and the Ca-K systems. Le Dred et al. 
(1978) and Saehr et al. (1982) reported that a regularly 
interstratified phase formed at 0 < XK :;::; 0.8 in the 
Na-K and Ca-K exchanges of vermiculite. The ver­
miculite used in their experiments included initially a 
small amount of regularly interstratified material. 
Therefore, the cation composition range (0 < XK :;::; 

0.8) in which a regularly interstratified phase was formed 
may be inaccurate. 

In the interlayers of vermiculite, K ions usually exist 
in a dehydrated state, whereas Na and Ca ions hold 
water molecules tightly. Accordingly, even when the 
segregation of cations in the Na-Ca exchange of ver­
miculite occurs in the interlayers, the formation of in­
terstratification does not occur because the hydration 
states of Na and Ca in the interlayers of vermiculite 
are similar to each other (MacEwan and Wilson, 1980). 
On the other hand, dehydrated K ions may interact 
strongly with the clay surface. Taking into account the 
cation-mixing properties of vermiculite mentioned 
above, a large, positive interaction energy including 
another extra interaction energy between K ions and 
the clay surface may be responsible for the formation 
of interstratification in vermiculite as well as the sig­
moidal isotherms. 

Yoshida (1979) interpreted the formation of an in­
terstratified phase in vermiculite as demixing or seg­
regation of the cations in the interlayers as well as the 
previously reported behavior of montmorillonite 
(Glaeser and Mering, 1954; McAtee, 1956; McBride, 
1976; Inoue and Minato, 1979) on the basis of another 
statistic thermodynamic model. The extra interaction 
energy w for the isotherms showing segregation of cat­
ions must be sufficiently negative as mentioned above. 
In fact, as shown in Figures 5-7, no immiscibility gap 
in the solid was found in the isotherms of vermiculite. 
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Figure 11 . X-ray powder diffraction patterns of (Ca,K)-ver­
miculites with various K-equivalent fractions. The XK values 
are the K-equivalent fractions in the specimens. 
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Pe3IOMe-l1cCJIe'!(oBaJICll 06MeH HOHOB Na, K, H Ca B BepMHKYJIHTe npH TeMnepaTypax OT 50· ,!(o 150·C 
npH nOJIHOH HOPMaJIbHOCTH 0, I. 113MeHeHHlI CB060ABOH 3HepfHH 6bIJIH OTpHIJ;aTeJIbHbIMH AJIlI peaKIJ;HH 
Na ~ K H Na ~ Ca, a npe,!(nOqTHTeJIbHbIH nopll,!(OK 06MeHa KaTHOHOB AJIlI BepMHKYJIHTa B HCCJIe,!(OBaHHOM 
AHana30He TeMnepaTyp 6bIJI Na < Ca < K. 113MeHeHHlI 3HTaJIbnHH, paCCqHTaHHble npH HCnOJIb30BaHHH 
I\>OPMYJIbI BaHT-rol\>l\>a AJIlI 3aBHCHMOCTH Me:JKAY nOCTollHHOH paBHOBeCHlI H TeMnepaTYPOH, 6bIJIH nOJIO­
lKHTeJIbHbIMH. I1pe.l(TIOqTHTeJIbHbIH nopll,!(oK 06MeHa KaTHOHOB AJIlI BepMHKYJIHTa KalKeTClI 6bITb KOHTpO­
JIHPOBaHHblM CHJIbHO YBeJIHqeHHeM 3HTpOnHH, KOTopoe 6bIJIO pe3YJIbTaTOM nOJIOlKHTeJIbHbIX 3HaqeHHH 
H3MeHeHHlI 3HTponHH B TBep,!(oM TeJIe AJIlI 06MeHoB Na ~ K H Ca ~ K, a TaKlKe nOJIOlKHTeJIbHbIX 3HaqeHHH 
H3MeHeHHlI 3HTpOnHH B paCTBope AJIlI 06MeHa Na ~ Ca. l-h TepMO,!(HHaMHqeCKOfO aHaJIH3a CBOHCTB Ka­
THOHOB B BepMHKYJIHTe, Ha6JIIO'!(aeMoe H3MeHeHHe CB060'!(HOH 3HepfHH BO BpeMH 06MeHa Na ~ K onpe­
,!(eJIHJIOCb HCKJIIOqHTeJIbHO KaK pa3HHD;bI Me:JKAY BeJIHqHHaMH BHYTpeHHeH 3HepfHH 3JIeKTpoCTaTHqeCKOH 
CBH3H KaTHOHOB Ha nOBepxHoCTH fJIHHbI. B CJIyqae 06MeHa Na ~ Ca H3MeHeHHe CB060ABOH 3HepfHH 6bIJIO 
HHTepnpeTHpOBaHO, npHHHMall BO BHHMaHHe ,!(onOJIHHTeJIbHYIO 3HepfHIO B3aHMo,!(eHCTBHlI nap Ca-Ca B 
,!(onOJIHeHHe K BeJIHqHHe H3MeHeHHH BHyTpeHHOH 3HepfHH. 1i0JIee TOfO Ka3aJIOCb, qTO ,!(onOJIHHTeJIbHall 
3Heprnll B3aHMo,!(eHCTBHH MelK.l(y HOHaMH K H nOBepxHocTbIO fJIHHbI KaK 6bI npH6aBJIlIJIaCb K H3MeHeHHIO 
CB060ABOH 3HeprnH B CJIyqae 06MeHa Ca ~ K. B peaKIJ;HHX 06MeHa Na ~ K H Ca ~ K npOHCXOAHJIO 
CTpYKTypHoe BH,!(OH3MeHeHHe B ,!(Hana30He 0,05-0,6 K-KBHBaJIeHTHOH I\>paKIJ;HH (x.J H peryJIlIpHO nepe­
CJIaHBaIOlIJ;allCH l\>a3a qJIeHOB 15-A H 1O-A 1\>0pMHpoBaJIaCb npH 0,05 < XK < 0,4. [E.G.] 
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Resiimee-Es wurde der Austausch von Na-, K-, und Ca-Ionen in Vermiculit zwischen 50· und 150·C 
bei einer Gesamtnormalitiit von 0,1 untersucht. Die Veriinderungen der freien Energie waren in den 
Na ~ K-, Ca ~ K- und Na ~ Ca-Austauschreaktionen negative. Die Kationenbevorzugung in Vermiculit 
war im untersuchten Temperaturbereich Na < Ca < K. Die Enthalpieveriinderungen, die unter Anwen­
dung der van't HolPschen Gleichung fUr die Beziehung zwischen Gleichgewichtskonstanze und Tempe­
ratur berechnet wurden, waren positiv. Die Kationenbevorzugung in Vermiculit scheint sehr stark durch 
die Entropiezunahme kontrolliert zu werden, die von den positiven Werten des Entropieiinderungsterms 
fUr die Na-K- and Ca-K-Austauschreaktionen in der festen Phase und von den positiven Werten der 
Entropieiinderung fUr den Na-Ca-Austausch in der Fliissigphase herriihren. Aus einer thermodynamischen 
Analyse der Kationenmischungseigenschaften in Vermiculit wurden die beobachteten Anderungen der 
freien Energie beim Na-K-Austausch nur durch die Differenzen der intrinsischen elektrostatischen Bil­
dungsenergie der Kationen an die Tonoberfliiche bestimmt. Die Veriinderungen der freien Energie beim 
Na-Ca-Austausch wurde interpretiert, indem eine zusiitzliche Wechse1wirkungsenergie von Ca-Ca-Paaren 
zusiitzlich zu der intrinsischen Energieiinderung beriicksichtigt wurde. Dariiberhinaus scheint man eine 
zusiitzliche Wechselwirkungsenergie zwischen K-Ionen und der Tonoberfliiche zu der Veriinderung der 
freien Energie beim Ca-K-Austausch hinzufligen zu miissen. Bei den Na ~ K- und Ca ~ K-Austausch­
reaktionen tritt eine Modifikation im K-iiquivalenten Fraktionsbereich (X0 0,05-0,6 ein, und eine re­
gelmiiBige Wechsellagerungsphase aus 15-A and lo-A Gliedem bildete sich bei 0,05 < XK < 0,4. [U.W.] 

Resume- L'echange d'ions Na, K, et Ca dans la vermiculite a ete etudiee entre 50· et I50·C a une normalite 
totale de 0,01. Les changements d'energie libre etaient negatifs dans les reactions d'echange Na ~ K, 
Ca ~ K, et Na ~ Ca et sur la gamme de temperatures etudiec la preference de cations dans la vermiculite 
etait Na < Ca < K. Les changements d'enthalpie, calcules par I'application de l'equation de van't Hoff 
a la relation entre la constante d'equilibre et la temperature, etaient positifs. La prererence de cations 
dans la vermiculite semble etre controlee en grande partie par I'augmentation d'entropie, qui etait due 
aux valeurs positives du terme de changement d'entropie dans Ie solide pour les echanges Na-K et Ca-K, 
et les valeurs positives du changement d'entropie dans la solution pour l'echange Na-Ca. A partir d'une 
analyse thermodynamique des proprietes de melange de cations dans la vermiculite, on a determine que 
Ie changement observe d'energie libre dans l'echange Na-K etait determine uniquement par les difIerences 
de l'energie intrinseque de liaison eiectrostatique des cations sur les surfaces argileuses. Cela a ete interprete, 
dans l'echange Na-Ca en tenant compte d'une energie d'interaction supplementaire de paires Ca-Ca en 
plus du changement intrinseque d'energie. De plus, une energie d'interaction additionnelle entre les ions 
K et la surface argile semble avoir ete ajoutee au changement d'energie libre dans I'echange Ca-K. Dans 
les reactions d'echange Na ~ K, et Ca ~ K, une modification structurale s'est produite sur la gamme de 
fraction K-equivalente (X0 0,05-0,6, et une phase regulierement interstratifiec de membres 15 A et 10 
A s'est formee a 0,05 < xK < 0,4. [D.J.] 
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