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WATER VAPOR ISOTHERMS AND HEAT OF IMMERSION OF
Na/Ca-MONTMORILLONITE SYSTEMS—II:
MIXED SYSTEMS!
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Abstract—Adsorption isotherms for water vapor, c-spacing and heat of immersion in water of mixed Na/Ca-montmoril-
lonite were measured at 25°C at various RH. There was good agreement between the calorimetric data, the heat calculated
from the isotherms by use of BET equation, and the calculations from the ion-dipole model. It was concluded that the
electrostatic forces between the adsorbed cations and the water molecules are the dominant forces in the hydration of the
clay. Thus, at low moisture content, only the adsorbed Ca-ions are hydrated. The heat released when Na-platelets con-
dense to form Ca-packets was measured, and it was suggested that this energy term is the driving force for the demixing

phenomena.
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INTRODUCTION

The adsorption isotherms for water vapor, c-spacing,
and heat of immersion in water of homoionic Na- and
Ca-montmorillonite were measured at 25°C at various
relative humidities (Keren and Shainberg, 1975). Rea-
sonable agreement was found between the heat of im-
mersion data, the heat calculated from the isotherms by
use of the BET equation, and the calculation based on
the ion-dipole model. This agreement indicates that at
low moisture content, the hydration of the interlayer
cations (vs. the hydration of the exposed clay surfaces)
is the main interaction between the dry clay and the
water molecules. If the hydration of the cations is the
main mechanism for water adsorption on dry clay then,
in mixed Na/Ca-montmorillonite, the adsorption iso-
therm for water vapor and the heat of immersion should
be the sum of the contributions of the individual cat-
ions. This paper constitutes a report on the results of
such measurements and proposes a model for Na/Ca-
montmorillonite—water interaction.

MATERIALS AND METHODS

The method of preparation of the two homoionic
montmorillonite clays was described in detail in the first
paper of this series (Keren and Shainberg, 1975). Ba-
sically, it consists of separating the coarse fraction of
Wyoming bentonite by sedimentation, saturating the
exchange complex with Na- or Ca-ions by repeated
washing (4 times) with a 1.0 N solution of the appro-
priate ion, and then washing the <2 u clay with distilled
water and high-speed centrifuge until free of Cl- as
tested with AgNo; solution. The salt-free gels were
freeze-dried and stored in desiccators.

The bi-ionic mixtures were prepared by two meth-
ods, which may be called, for convenience, a ‘‘physi-

! The first paper in the series **I: Homoionic clay’” was published in
Clays & Clay Minerals 23, 193-200 (1975).
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cal’’ and ‘‘chemical’’ mixture. The physical mixture
was obtained by mixing the two dried homoionic clays
in the appropriate amounts. The mixed sample was then
immersed in water to determine its heat of immersion.
The ‘‘chemical’’ mixture was obtained by suspending
the physical mixture of the two homoionic clays in
water (3.5% suspension). The suspensions were then
stirred for about 2 hr until redistribution of the cations
in the exchange complex was complete (Shainberg and
Caiserman, 1969). Then the suspensions were centri-
fuged and the gels were freeze-dried and siored in a
desiccator. The main difference between the two meth-
ods of preparation is that upon immersion in water of
the physical mixture, two processes take place simul-
taneously: redistribution of the adsorbed ions and hy-
dration of the clay systems. With the second method,
the redistribution of the adsorbed ions is already com-
plete, and upon immersion in distilled water only hy-
dration of the exchangeable ions and the clay takes
place.

The methods of obtaining the adsorption isotherms,
the X-ray spacing, and the heat of immersion of the clay
were described in detail in the first paper of the series
(Keren and Shainberg, 1975).

RESULTS AND DISCUSSION
The adsorption isotherms

The adsorption and desorption isotherms for the
sorption of water molecules on montmorillonite sur-
faces saturated with a mixture of Na-and Ca-ions were
obtained. It was observed that the two branches of the
sorption isotherms do not overlap and that hysteresis
takes place. The water retained by the clay at each of
the relative humidities (RH) studied, was higher in the
desorption than in the adsorption curve. The hysteresis
phenomenon for the homoionic clays was discussed in
detail in our previous paper. Since it was suggested that
the adsorption isotherms are less affected by capillary
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Figure 1. Adsorption isotherms on Na-Ca-montmorillonite
mixtures at various equivalent fractions of exchangeable Na
(EFES) at 25°C.

condensation of water and are more directly related to
the interaction between adsorbed water and the ex-
changeable ions and the surfaces of the clay, only these
curves are presented in Figure 1. It is evident that at
RH up to 0.8, the amount of water adsorbed on Ca-clay
is the highest, and the amount of water adsorbed de-
creases, with increase in the Na fraction in the ex-
change complex. At a RH of 0.85, the adsorption iso-
therms of Na- and Ca-clay crosses and at higher RH the
amount of water adsorbed on Na-montmorillonite ex-
ceeds that on Ca-clays. At the high range of RH the
water molecules may condense on external surfaces,
and thus the content of water adsorbed on Na-clay ex-
ceeds that on Ca-tactoids. At this moisture content,
water condensation and osmotic swelling are the dom-
inant mechanisms for retaining water molecules. This
moisture range has been studied by Shainberg et al.
(1971).

Since the adsorption of water molecules on the clay
usually involves the formation of many molecular lay-
ers of water molecules on the surface, the adsorption
isotherm is best analyzed according to the BET theory.
The BET equation may be written as follows:

P __ 1 ,C-1P

X(®P, - P XnC X.C P,

where X is the amount of vapor adsorbed at pressure
P, P, is the saturation vapor pressure, X, is the quantity
of adsorbate forming a monolayer, and C is a constant

from which the average heat of adsorption for the
monolayer is obtained, according to the equation

C = expl(E, — E)/RT]

8))

@
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Figure 2. BET curves of the adsorption isotherms.

where E, is the heat of adsorption of the first mono-
layer, E; is the heat of liquification of the gas (— 10,480
cal/mole for water at 25°C), R is the molar gas constant,
and T is the absolute temperature.

According to equation (1), a plot of P/X(p, — P) vs.
P/P, should give a straight line if the BET theory can
be applied to our systems. It is evident from Figure 2
that straight lines are obtained over the RH range up to
0.4. From the slopes and intercepts of these lines the
amount of water forming a monolayer (X,;) and the heat
of adsorption of the first monolayer were calculated and
are tabulated in Table 1.

It is evident that the E;, — E; values for Ca-clay, and
for Ca systems with 10 and 20% Na in the exchange
complex, are all the same. Thus, it seems that most of
the adsorbed water in these ionic mixtures forms mono-
layers around the Ca-ions. Furthermore, by consider-
ing the amount of water forming monolayers, X, it

Table 1. The BET parameters and heat of adsorption of
water molecules adsorbed on Na-Ca-montmorillonite.

Molecules H,O

Xm Xp®! per negative E, - E,

EFES (mg H,0/g clay) (mg H,0/g clay) charge (kcal/mole H,0)
0 114 114 7.0 1.58

0.1 104 103 6.4 1.58

0.2 93 92 5.7 1.58

0.4 80 69 5.0 1.30

0.6 74 46 4.5 0.96

1.0 58 — 3.6 0.34

1X.@ = 114(1.0 - EFES), is the amount of water ad-
sorbed on the adsorbed Ca only.
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Figure 3. The changes in vapor pressure (linear scale)

and free energy (logarithmic scale) of the adsorbed water
with EFES for constant amounts of adsorbed water, Q,
in mg/g of clay.

seems that the adsorbed water is located only around
the Ca-ions (column 3, Table 1). This point is discussed
further in the next section.

The chemical potential of adsorbed water

The chemical potential of the vapor, u,,, at pressure
P, is related to the chemical potential of pure bulk water
(°) at the same temperature by the equation

Aﬂ' = Mw T ,u'wo = RT In Pw/Pw0 (3)

By applying this equation to the adsorption isotherms
(Figure 1) it is possible to plot the change in chemical
potential (and free energy) of adsorbed water as a func-
tion of the Equivalent Fraction of Exchangeable So-
dium (EFES) (Figure 3). It should be noted that in Fig-
ure | three variables are presented (amount of adsorbed
water, P/P,, and EFES). Thus, in order to compare the
effect of the exchangeable Na on P/P, one has to main-
tain the moisture content constant. The reasons for
choosing the moisture contents of 20, 50, 115, and 200
mg/g of clay are as follows:

1) The weight of water adsorbed in the first BET
monolayer on Na-clay is 58 mg/g. A similar value was
obtained when considering the Na calorimetric data
(Keren and Shainberg, 1975); the heat of adsorption for
the first 54 mg of water per gram of clay is constant at
a value of 1.8 kcal/mole of water. Similarly, for Ca-clay,
57 mg water/g clay was needed to open the c-spacing
to 15 A, and the heat evolved per one mole of adsorbed
water as calculated from the calorimetric measurement
was 2.5 kcal/mole H,O (and above). Thus, a water con-
tent of 50 mg/g clay was our first choice.

2) The value of interlayer water in the complete one
layer hydrate is 0.114 ml/g clay. In Na-montmorillonite
the amount of water adsorbed increases continuously
with increasing RH up to 114 mg/g without any change
in the c-spacing (being constant at 12.6 A). Thus, a val-
ue of 115 mg H,0/g clay was chosen.
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3) The amount of water adsorbed on Ca-montmoril-
lonite increases continuously with increasing RH up to
200 mg water/g clay. At about this point an inflection
point in the curve exists, with a reduction in the rate of
increase in the sorbed water with an increase in the RH.
This moisture content corresponds also to two mono-
layers of water molecules and the c-spacing is main-
tained at 15.0 A. Thus, it seems that because there is
no room for more water molecules, less water is being
adsorbed. This is the reason for choosing a value of 200
mg H,0/g clay as one of the moisture content values.

4) At the lowest moisture content (20 mg H,O/g clay)
the hydration of both ions is not complete, and the
c-spacing of both homoionic clays corresponds to
opening layers. It is of interest to note the free energy
of adsorbed water at this moisture content.

It is evident from Figure 3 that at each of the moisture
contents, the more sodium there is in the exchange
complex, the closer is the free energy of the adsorbed
water to that of free water. Similarly, it is clear that
adsorbed calcium reduces the free energy of adsorbed
water.

However, the relative effect (compared with the
straight lines connecting the two homoionic clays:
these lines represent the ideal situation in which the
effect of Na- and Ca-montmorillonite is additive) of in-
creasing the fraction of exchangeable sodium on the
free energy of adsorbed water depends on the moisture
content of the system. At water contents of 20 and 50
mg H,O/g clay, increasing the EFES affects only slight-
ly the free energy of the water up to EFES = 0.4. At
this EFES, the free energy of adsorbed water is deter-
mined mainly by the adsorbed Ca. This is another in-
dication that at the low EFES range, the water mole-
cules are adsorbed mainly on the Ca-ions. At higher
values of EFES, the free energy changes more marked-
ly with an increase in fraction of exchangeable Na. As a
result, the free energy curve at this moisture content
is concave downward.

At the high moisture contents (115 and 200 mg H,O/
g clay), most of the change in the free energy of ad-
sorbed water took place at the low values of EFES.
This resulted in a curve concaving upward (the upper
two curves in Figure 3). These observations may be
explained by considering the following numerical ex-
amples:

a) The free energy of adsorbed water in Na-mont-
morillonite retaining 20 mg of water per gram of clay is
—912 cal/mole (equivalent to a RH of 0.215, as obtained
from Figure 1). The free energy of the adsorbed water
on Ca-montmorillonite with the same moisture content
is —3030 cal/mole. By mixing these two systems to-
gether, it is expected that water molecules will flow
from the Na-sites where their free energy is high, to the
Ca-ions, where their free energy is low. This flow of
water decreases the free energy of the water remaining
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Figure 4. C-spacing of Na/Ca-montmorillonite mixtures
equilibrated with water molecules in the gas phase at RH
of 0.25 and 0.97.

on the Na* ions, and increases the free energy of the
water clustered around the Ca-ions. When 0.5 g of Na-
montmorillonite is mixed with 0.5 g of Ca-montmoril-
lonite (each saturated with 20 mg H,O/g clay), equilib-
rium is maintained when the free energy of the water
in the system is —1840 cal/mole or the RH is ~0.045.

b) At a water content of 200 mg/g clay, the free ener-
gies of the adsorbed water are — 136 and —450 cal/mole
for Na- and Ca-montmorillonite, respectively. There is
again the tendency for the water molecules to diffuse
from the Na-sites, where their chemical potential is
high, to the Ca-sites where their chemical potential is
low. Theoretically, we might therefore expect a curve
similar to the one obtained in the low moisture range.
However, this time, there is no space for the water
molecule to diffuse to. The c-spacing of the Ca-clay is
15.0 A, and this space can accommodate only two mo-
lecular layers of water, or a maximum of 220 mg water/
g Ca-clay. As a result only some water molecules will
move to the Ca-region where pressure will be built up
to enhance its free energy and compensate for the dec-
rement in free energy due to the Ca-ions and most of
the water associated with the Na-sites will remain there
and the average free energy of the water will deviate
positively from the ideal line.

These findings explain the observation by Mering and
Glaeser (1954) on the X-ray patterns of Na/Ca-mont-
morillonites at low RH, in which Ca-montmorillonite
had two monolayers of water molecules and Na-mont-
morillonite had only one monolayer of water molecules
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between the platelets. They suggested that at this low
RH demixing of the two ionic species took place, name-
ly, that Ca-ions concentrated on some interlayers,
while the Na-ions were adsorbed on other interlayers.
It seems, from our results, that the energy of hydration
of the adsorbed ions might be the driving force for the
demixing phenomenon. Qur results suggest that at low
RH, and at EFES below 0.4, only the Ca-ions are hy-
drated and the Na-ions are not. Thus, the interplatelet
space close to an adsorbed Ca-ion is enough to accom-
modate two layers of water molecules. Unhydrated ad-
sorbed Na-ions will not fit, energetically, into this spac-
ing and are excluded into interlayers where Ca-ions are
not present. This leads to the ‘‘demixing’” phenomenon
observed by Mering and Glaeser (1954).

C-spacing

The c-spacing of Na/Ca-montmorillonite mixtures
was measured at two RH (0.25 and 0.97), and is pre-
sented in Figure 4. At RH of 0.25, the c-spacing of Ca-
clay is 15.0 A, which corresponded to two molecular
layers of water molecules between the sheets and de-
creased rapidly as the equivalent fraction of exchange-
able sodium (EFES) values increased to 0.6. Thereaf-
ter, the c-spacihg is constant at 12.6 A, which is the
c-spacing of Na-montmorillonite and corresponds to
one layer of water molecules between the surfaces, be-
tween 0.6 and 1.0. McAtee (1956) found a similar de-
crease in the c-spacing with the increase in EFES val-
ues at RH = 0.52,

The decrease of c-spacing by increasing the EFES
values indicates that some of the surfaces are adsorbed
mainly with Na with a c-spacing of 12.6 A and other
surfaces are saturated mainly with Ca-ions. The overall
c-spacing measured represents a statistical distribution
of the two spacings occurring at random. These results
supplement our interpretation of the data in Figure 3.
It is evident that at EFES of 0.1, there are already Na-
dominated surfaces which determine the experimental
c-spacing (14.0). The Ca-ions at these surfaces cannot
exercise their potential in attracting the water mole-
cules, as is evident from Figure 3.

At RH = 0.97 (Figure 4), the c-spacing of Ca-mont-
morillonite (=19.0 A) remains constant up to EFES of
0.6. Thereafter a diffuse peak, indicating a lack of par-
ticle orientation in the mixture, is obtained. The results
indicate that up to EFES of 0.6 the tactoids with inter-
nal surfaces dominated by Ca-ions still exist, and the
tendency of the Na-surfaces to expand is not so strong.
When the EFES increases beyond 0.6, the Na surfaces
start to dominate and a diffuse c-spacing is obtained.

Calorimetric measurements

The heat of immersion of Na/Ca-montmorillonite in
water depends on the composition of the exchangeable
phase and on the method of preparation of the Na/Ca
mixtures (Figure 5). The heat evolved per gram of clay
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Figure 5. Heat of immersion of dry Na/Ca-montmorillonite

in water (*‘physical’’ and ‘‘chemical’’ mixtures).

when dry Ca-montmorillonite is immersed in distilled
water (22 cal/g) is about twice as much as the corre-
sponding value for Na-clay (12 cal/g). As expected, the
amount of heat evolved decreases the increase in the
fraction of exchangeable Na in the exchange complex.
It is also evident from Figure 5 that the heat evolved
when a ‘‘physical’’ mixture of the two homoionic clays
is immersed in water is higher than that for the ‘‘chem-
ical’” mixture. This difference may be explained as fol-
lows: the heat of immersion of Na/Ca-montmorillonite
in water may consist of two terms: 1) the heat of hy-
dration of the adsorbed ions and the clay surfaces and

Table 2. Heat released for 3 mmole H,0 adsorbed on Na/Ca-
montmorillonite at various EFES values (experimental and
calculated values at 25°C).

Experimental values'
—AE (kcal/mole H,0)

Iculated values®
EFES Ist 2nd 3rd —AE (kcal/mole H;0)
0 33 33 2.5 3.2
0.1 32 3.2 3.1 3.0
0.2 3.1 3.1 2.2 2.8
0.4 2.7 2.7 1.6 2.4
0.6 2.0 2.0 1.4 2.0
1.0 1.8 1.8 1.8 1.2

! Values correspond to the first three mmole H,O adsorbed
per gram of clay.

2 Based on the ion-dipole model discussed in Keren and
Shainberg, 1975. The values for the Na/Ca mixtures are based
on the weighted contribution of the homoionic clays.
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Figure 6. Heat of immersion of Na/Ca-montmorillonite in
water at various amounts of adsorbed water.

2) the heat of mixing of the ions and the possibility of
packet formation. The heat evolved when the *‘physi-
cal’’ mixture is immersed in water is equal to the sum
of the heat of mixing and the heat of hydration. Con-
versely, the heat evolved when the ‘‘chemical’’ mixture
is immersed in water is equal to the heat of hydration
of the clay and the ions only. Thus, the difference be-
tween the two heats (1.25 cal/g clay or 1.4 kcal/eq) gives
the heat of mixing of Na and Ca on the montmorillonite
surfaces, with the energy of the mixed Na/Ca-clay
being lower than that of the two homoionic clays. Since
no exchange or adsorption reaction takes place when
two adsorbed ions are mixed, (because both ions are
already in the exchange phase) the heat evolved upon
mixing is due mainly to the condensation of the single
Na-platelets into the Ca-packets. It seems that this heat
release is the driving force for the ‘‘demixing’’ of the
adsorbed ions because formation of the packets and
concentrating the adsorbed Ca-ions inside the packets
is energetically favorable.

Heat of immersion of wet Na/Ca-montmorillonite

The heats of immersion of Na/Ca-montmorillonite
(‘‘chemical’’ mixture) equilibrated with different
amounts of water in the adsorbed phase are presented
in Figure 6. It is evident that the heat evolved upon
wetting decreases as the initial water adsorbed on the
clay increases. The data also show that the heat evolved
depends on the ionic composition of the clay. However,
it should be noted that in the dry state, the heat of im-
mersion decreased with the rise in EFES values,
whereas in the wet range the opposite is true, and for
clay mixtures with water contents above 200 mg/g, the
heat evolved increases with an increase in EFES. This
phenomenon for homoionic clays was discussed by us
previously (Keren and Shainberg, 1975).
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The heat of adsorption (per mole of water) on Na/Ca-
montmorillonite has been calculated from Figure 6 and
equation (5) and is presented in Table 2.

Uy~ U
E=—%__N 5
N &)

where Uy, and Uy, are the heat of immersion of clays
adsorbed with N, and N, moles of water, respectively,
and N is equal to (N, — N)).

The data in Table 2 show that the heat evolved per
mole of adsorbed water decreases with increasing the
adsorbed Na-ions on the clay and increasing the
amount of adsorbed water. It is evident that the values
of the heat of hydration of the mixed systems range
between the values obtained for the homoionic Na- and
Ca-montmorillonite systems (Keren and Shainberg,
1975). These values are also in reasonable agreement
with those calculated from the ion-dipole model (Table
2). It seems, therefore, that the energy of hydration of
Na/Ca-montmorillonite may be calculated from two
energy terms: (1) the coulombic interaction between
the cations and the dipoles of the water molecules, and
(2) the electrostatic interaction between the cations and
the negative charge on the clay surface.

SUMMARY AND CONCLUSIONS
Results presented thus far show the following:

A) The amount of water forming a monolayer de-
creases with an increase in the Na fraction in the ex-
change complex. This suggests that the ‘‘monolayer”’

Keren and Shainberg
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of water molecules is more closely associated with the
adsorbed cations than with the exposed surfaces.

B) In the low range of moisture contents, the Ca-ions
are hydrated and the Na-ions are not.

C) The heat of mixing of Na- and Ca-montmorillonite
in water was calculated to be about 1.4 kcal per equiv-
alent of exchangeable ions.

D) The electrostatic forces between the ions and the
water molecules and between the ions and the negative
charge on the clay surfaces are the dominant forces in
the hydration reaction and may be used to calculate the
heat of immersion of Na/Ca-clay in water.

E) In montmorillonite systems saturated with a mix-
ture of Na- and Ca-ions, demixing of the adsorbed ions
takes place, which means that Ca-ions are concentrated
on some interlayers while Na-ions are adsorbed on oth-
er interlayers. The demixing phenomenon is energeti-
cally favorable and amounts to 1.4 kcal per equivalent
of exchangeable ions.
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Pestome— W 30TepMbl aficopOUMM IS BOASHOTO Mapa, C-MPOMEXYTKH W TEIIOTA MMMEDPCHH B BOfe
cmemanaoro Na/Ca MONTMOPHUTOHHTa ObUIH 3aMepeHbl ipy 25°C M pa3/inyHbIX OTHOCHTE/ILHBIX BJaX-
HOCTAX. CYIECTBYET XOpOHIee COOTBETCTBHE MEXKAY KaJIOpHMETPHYECKAMH JIaHHBIMH, TEIIOTOH, BLIYHC-
JICHHOH M0 JaHHBIM M30TEPM C HCMOJI30BaHHEM ypaBHeHMsi BpyHayepa, OmmerTa, u Teinepa, u
BBLIYMC/IEHHSMH [0 JIAaHHBIM MOHHOH IMIOJBLHOH Mopend. BBUIO cenaso 3aKkiIIOYEHME, YTO NEKTPO-
CTATHYECKHE CHJIBI MeXIY aJcOpGMPOBAHHLIMM KaTHOHAMH M MOJIEKYJIaMH BO/IbI SABJIAIOTCS JOMHHHPY-
OMIMMHE CHJIAaMHA MpH TWApaTauyy riaMHbl. TakHuM o6pa3oM, MNpH HA3KOM COJEPXKAHMH BJIard, rujpa-
THPYIOTCS TOJILKO afcopOgpoBannble MoHbl Ca. BEia 3aMepeHa TEMIOTa, BhIAE/SIOMASICS (OpK
COKpalleHAN TacTHHOK Na M ¢OpMpOBaHMH, BCIEACTBHH 3Toro, makeros Ca, M cienaHo mpeano-
JIOXEHHE, YTO ITA IHEPTHUS SABJIAETCH Belyliel CUION NS ABNECHUH pacciaMBaHUs.

Resiimee—Wasserdampfadsorptionsisothermen, c-Abstand und Immersionshitze in Wasser von gemisch-
ten Na/Ca Montmorilloniten wurden bei 25°C und verschiedenen RH gemessen. Die kalorimetrischen
Daten, die Hitze, welche von den Isothermen mit der BET-Gleichung errechnet wurde und Berech-
nungen von den Ionendipolmodellen stimmten gut Uberein. Es wurde beschlossen, dafB die elek-
trostatischen Krifte zwischen den adsorbierten Kationen und den Wassermolekiilen die Hauptkrafte
in der Hydration der Tonerden sind. Daher sind bei niedrigem Wassergehalt nur die adsorbierten
Ca-Ionen hydratisiert. Die Hitze, die freigelassen wird, wenn Natriumtifelchen zusammenkommen,
um Ca-Pickchen zu formen, wurde gemessen, und es wurde vorgeschlagen, daff dieser Energicaus-
druck die treibende Kraft fiir die Entmischungsphinomen ist.
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Résumé—Les isothermes d’adsorption de montmorillonite composée d'un mélange Na/Ca pour la vapeur
d’ean, I'espacement-c, et la chaleur d’immersion dans I’eau ont été mesurés a 25°C et & des humidités
relatives (RH) variées. Il y avait un bon accord entre les données calorimétriques, la chaleur calculée des
isothermes par ’emploi de I’équation BET, et les calculs du modeéle de I'ion dipdle. 11 a ét€ conclu que les
forces électrostatiques entre les cations adsorbés et les molécules d’eau sont les forces dominantes dans
I'hydratation de I'argile. C’est ainsi qu'a des humidités basses, seuls les ions de Ca adsorbés sont hy-
dratés. La chaleur produite par la condensation de plaquettes de Na pour former des paquets de Ca a été
mesurée, et il a été suggéré que ce terme d’énergie est la force responsable pour le phénoméne de
séparation.
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