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Abstract. Sorption isotherms of water vapour on bentonite from the Rokle locality of northwest Bohemia in
the Czech Republic were measured and analysed after being treated with heat. Protracted sorption measurements
were performed at 30°C in the range of water vapour relative pressures between 0.12 and 0.94. Prior to sorption
measurements, the bentonite samples were exposed to flowing dry nitrogen for 18 hours at 115, 220 and 300°C.
Compared to the sample heated at 115°C, the bentonite samples that were treated at 220 and 300°C exhibited
a decrease in water vapour sorption capacity. This decrease in sorption capacity was accompanied by structural
changes that were confirmed by X-ray diffraction analysis.

Keywords: adsorption, bentonite, montmorillonite, water vapour

1. Introduction waste repositories. Of primary importance is the in-
teraction of backfilling materials with water vapour.
Bentonite from the Rokle area is considered to be There is a large body of literature dealing with

a potential backfilling material for highly radioactive the interaction of pure smectites with water. Some
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of these studies report findings related, in particu-
lar, to well-defined homoionic montmorillonites and
their adsorption-desorption isotherms involving water
vapour (Xu et al., 2000; Cases et al., 1997), as well
as related heats of adsorption (Cancela et al., 1997;
Iwata et al., 1989; Keren and Shainberg, 1975). An-
other important feature of smectites is their dilatation
upon contact with water vapour. For the montmoril-
lonites, there are a number of studies that deal with the
dependence of its basal spacing relative to its water con-
tent (Bérend et al., 1995; Chiou and Rutherford, 1997,
Keren and Shainberg, 1975), presence of exchangeable
cations (Mooney et al., 1952), etc. Thus, it was revealed
that water is sorbed mainly in the interlayer space of
smectites and that adsorption-desorption isotherms ex-
hibit hysteresis. It was also observed, in the above men-
tioned studies, that the heat of water immersion exhibits
a step change upon change in the amount of water ad-
sorbed. There is also literature available that relates
the dependency of the sorption capacity relative to the
size, charge and hydration energy of the exchangeable
cations in homoionic montmorillonites. However, there
are many fewer papers available regarding heteroionic
montmorillonites and clays containing smectites.

The scope of the present study is to examine the
properties of Rokle bentonite. Heating of the backfill-
ing material due to residual radioactivity may consider-
ably change the regime in the repository, in particular,
due to the changes of the sorption capacity of the ben-
tonite. The main objective of the study is to investigate
the influence of heat treatment of the bentonite prior
to sorption relative to the amount of sorbed water, and
to relate the contingent changes to changes in smectite
structure and/or the content.

2. Materials and Methods
2.1. Material Characterization

In this study, raw bentonite from the Rokle locality was
investigated. Samples were dried under room condi-
tions, crushed and sieved to grain size 0.2 to 0.25 mm.
The chemical and phase compositions of the sample
are given in the Results section.

2.2. Drying and Heat Pre-Treatment of Samples

Prior to sorption measurements, samples were heated
for 18 hours at 115, 220 and 300°C in a flow of dry

nitrogen (at a linear flow rate of 27 cm-min~!). Heat-
treated samples were used for sorption measurements
immediately after drying. The amount of water that was
adsorbed during handling of the sample after the drying
step (weighing and placing into desiccators) was found
to be negligible. Water losses of samples heated at 115,
220 and 300°C were 9.95, 11.35 and 12.13% of initial
weight respectively.

2.3. Protracted Isotherm Measurement

Adsorption isotherms were measured by exposing
about one gram of bentonite, which was kept in a
desiccator, to water vapour at a defined partial pres-
sure p/p, until equilibrium was reached. Appropriate
partial pressures of water vapour used in the isotherm
measurements correspond to equilibrium vapour pres-
sures above saturated solutions of selected salts, see
Table 1.

Desiccators with samples were placed in a Binder
GmBH model KB 115 Air Thermostat Cooling Incu-
bator, which has a constant temperature accuracy of
£0.1°C. The amount of adsorbed water was estimated
gravimetrically as m,/m; (m,, = mass of adsorbed wa-
ter [g], my = mass of dry sample after drying at given
temperature [g]). The time necessary to reach adsorp-
tion equilibrium was about five to six weeks. Measure-
ments were carried out at 30°C. The values of m,/m;
were plotted against the corresponding values of
P/ Po-

After adsorption equilibrium was reached, each sam-
ple was transferred from its primary desiccator to the
desiccator with the highest value of p/p, (0.94). Af-
ter equilibration at p/p, = 0.94, samples were placed
back into the primary desiccator with a correspond-
ing lower partial pressure of water. The desorption
isotherm was then measured.

Table 1. Salts used in desiccators.

Salt p/po at 30°C
LiCl-H,O 0.12
CaCl,-6H,0 0.29
Ca(NO3),-4H,0 0.47
NaNO, 0.63
NH4Cl 0.77
ZnS04-TH,0 0.87
MgS04-6H,0 0.94
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Table 2. Silicate analysis of bentonite (weight % are related to the weight of bentonite dried at 200°C).

Compound  SiOy TiO, AlLbO3; FeyO3

FeO MnO MgO CaO Na,O KO

P,Os H,0O CO, SO3

Weight % 4728  4.61 1232 1266  0.11 030

311 748 0.17 1.09 099 1097 326 0.09

2.4. X-ray Analysis

Powder X-ray diffraction measurements were carried
out for untreated bentonite and bentonite treated at 115,
220 and 300°C to determine structural changes due to
heat pretreatment. The analysis was performed using
a diffractometer from Siemens: D-5005, Cu K, radi-
ation, graphite monochromator, range 260 2—80°, one
step 0.02°/10 s with a total time of 11 hours.

3. Results and Discussion
3.1. Chemical and Phase Analysis of the Material

The silicate analysis of bentonite and the chemical
composition of samples are given in Table 2.

On the basis of previous X-ray measurements, as
well as results obtained from chemical analysis, an es-
timate was made regarding mineralogical composition
of the untreated sample of bentonite. This estimate was
based on an average crystallochemical formula of clay
phases given by Velde (1992), see Table 3.

Using the results of chemical analysis and crystal-
lochemical formulae by Velde, we estimated that our
sample of bentonite contained approximately 44 wt.%
of an expandable smectite group mineral, e.g., mont-
morillonite, 18 wt.% of quartz, 13 wt.% of dioctahedral
mica, e.g., illite, 13 wt.% of free ferric oxides, e.g.,
goethite, 8 wt.% of calcite, 5 wt.% of free titanium
oxides, e.g., anatase and less than 1 wt.% of kaolinite.

3.2.  Water Vapour Sorption

Sorption and desorption isotherms are summarized in
Figs. 1 and 2. Figure 1 indicates there is a decrease

Table 3. Typical crystallochemical formulae of selected clay
minerals (Velde, 1992).

Kaolinite Al SipO5(0OH)g

Ilite (Ko.77, Nag.o1, Cag.02) (Al 63, Fe3 s,
FC%BS, Mgo.30, Tio.04) (Siz.40, Alo.60)

Montmorillonite  (Ca,Mg)o.27(Al; 56, F eg_*l's , Mgo 32, F e(z)}')l )

(Siz.93, Alo.07)
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Figure 1. Adsorption of water vapour on bentonite at 30°C. Trian-
gles and diamonds denote adsorption and desorption, respectively,
for the sample pre-treated at 115°C. Squares denote adsorption for
the sample pre-treated at 220°C and circles desorption for the tem-
perature untreated sample; m,,/m; is expressed in grams of H,O
per gram of dry sample after drying at a given temperature. For the
untreated sample refer to the text.
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Figure 2. Adsorption and desorption of water vapour on bentonite
at30°C; circles and triangles denote adsorption and desorption for the
sample treated at 300°C respectively; m,, /m; is expressed in grams
of HyO per gram of dry sample after drying at a given temperature.

of the adsorbed amount of water vapour as the pre-
treatment temperature increases. After activation at
115, 220 and 30°C, the samples did not keep their
original properties. This indicates that the process was
irreversible. Furthermore, some irreversible changes



60 Mokrejs et al.

were also noticed in the X-ray diffraction patterns (see
Section 3.3). The highest sorption capacity was found
after heating at 115°C; the lowest was after heating
at 300°C. There was a greater difference in sorption
capacity between samples heated at 115 and 220°C
than between those that were heated at 220 and 300°C.
That is, a smaller decrease of water sorption capacity
was observed for the sample treated at 300°C, com-
pared to the sample treated at 200°C. That observa-
tion is consistent with the changes found from the X-
ray spectra of the heat-treated samples. Additionally,
there was a very small change of the peak intensity
at 20 = 6.1° between the samples treated at 220 and
300°C (cf. Fig. 3). This finding shows that after the acti-
vation at 220°C, the sample contained only a very small
portion of smectite, which was transformed into illite
during activation. It is plausible that cations with larger
radii such as Ca®* form a covalent bond with the clay
surface after heating. For samples heated at 115 and
300°C, desorption isotherms were also measured, and
a hysteresis loop was noticeable down to the region of
p/po = 0.1 (see Figs. 1 and 2). Hysteresis of this type
on smectites was reported by other authors (cf., e.g.,
Keren and Shainberg, 1975; Xu et al., 2000; Cases et
al., 1997; Chiou and Rutherford, 1997). The difference
between the corresponding equilibrium capacities of
adsorption and desorption runs is more than an order
of magnitude higher than the experimental error, which
was set to =1 mg/g at p/p, = 0.1. The amount of wa-
ter vapour adsorbed on the untreated sample is given as
(mf —m; +mw115) / (mi — mw115), where myg is a final
mass of the samples after sorption [g], m; is an ini-
tial mass of the sample prior to sorption [g] and m1,,15
is the mass of water removed after heating at 115°C
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£
kaolinite

l

dried at 115 degrees

heated to 220 degrees

heated to 300 degrees

1 1 Il L L ! 1

3 4 5 6 7 8 9 10 11 12 13 14

Angle - 2Theta

Figure3. Powder X-ray diffraction patterns of bentonite pre-treated
at given temperatures.

[g]. At this stage, we have no information regarding
multiple adsorption cycles because the experiments
take a long time to complete. For example, only one
cycle of activation-adsorption-desorption takes about
13 weeks.

3.3.  Powder X-ray Diffraction Analysis of Heat
Treated Samples

When comparing diffraction patterns of samples
treated at 115, 220 and 300°C, one can see that the
increase in temperature due to pre-treatment caused a
significant decrease in basal spacing of smectite, from
14.7 A when dried at 115°C to 10 A when dried at
300°C cf. Fig. 3. After heating to 220°C, part of the
original structure with basal spacing of 14.7 and 10 A
was still intact, but there was no intermediate stage.
After heating to 300°C, the whole structure collapsed
to 10 A giving the (001) peak the highest intensity,
together with illite. Powder X-ray diffraction patterns
for the sample treated at 115°C were almost identical
with those previously obtained on the untreated sample
(Hradil et al., unpublished result).

Smectite group minerals are “2:1” layered silicates
formed by two tetrahedral and one octahedral sheet
between them (“TOT structure”). These three sheets
form a layer. Layers that are stacked together form
an interlayer space. Substitution of lower valence ions
with higher valence in tetrahedral sheets (in beidel-
lite and nontronite) or in octahedral sheets (in mont-
morillonites) results in a permanent negative surface
charge of the layer. This negative surface charge can
be balanced by cations that are loosely held in the in-
terlayer space, and are therefore exchangeable (Elzea
et al., 1994). Both the interlayer space and presence of
exchangeable cations are considered important factors
for water vapour sorption.

Water is sorbed mainly in the interlayer space of
smectites, where it is (i) bonded to exchangeable
cations as a hydration shell and (ii) hydrogen-bonded
to apical oxygen atoms of silica tetrahedrons (Cases
etal., 1997, Ransom and Helgeson, 1994). The hydra-
tion shell of cations constitutes up to three spheres.
The first sphere is bonded to the cation with higher
hydration energy than the other two spheres (Ransom
and Helgeson, 1994). At the same relative vapour pres-
sure, the adsorbed amount of water increases with in-
creasing hydration energy of the exchangeable cations
and decreases with increasing size of those cations (Xu
et al., 2000; Bérend et al., 1995; Mooney et al., 1952;
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Table 4. Literature data on sorption capacity of pure
clay compounds (adsorbed amount is expressed in grams
of HO per gram of sample, mont. = montmorillonite).

Cases et al., 1997 Saada et al., 1995
30°C 20°C
Adsorbed amount Adsorbed amount

p/po Mg-mont. Ca-mont. Illite Kaolinite

0.12 0.0948 0.0597 0.0016 0.0007
0.29 0.1400 0.1227 0.0038 0.0016
0.47 0.1785 0.1724 0.0061 0.0026
0.63 0.2072 0.2011 0.0090 0.0039
0.77 0.2336 0.2254 0.0123 0.0052

Cancelaetal., 1997). The uptake of water vapour in the
interlayer space results in an increase of basal spacing
of smectite, and causes changes in the geometrical ar-
rangement of the crystallites. Water molecules bonded
to exchangeable cations are removed during dehydra-
tion. The first hydration shell remains intact due to its
relatively high hydration energy within a wide range of
p/ o, and thus basal spacing remains almost constant
for the same range of p/p, (Xuetal., 2000, Cases etal.,
1997). Changes in geometry during the adsorption-
desorption process can cause differences in the filling
and emptying of interlayers. This is one of the reasons
adsorption hysteresis occurs. The same phenomenon
was observed in our study (cf. Figs. 1 and 2).

Sorption properties of each sample depend on
the sample’s composition and structure. The major
components of bentonite responsible for water vapour
sorption are smectites, illite and kaolinite. The highest
sorption capacity for water vapour is due to smectites.
Table 4 shows the sorption capacity for water vapour (in
g H,O per g of sample) of some pure bentonite com-
pounds as reported by Cases et al. (1997) and Saada
et al. (1995). The tabulated values were extracted from
graphs presented in these studies.

As one can see from Table 4, the sorption capac-
ity of Mg- and Ca-montmorillonite at 30°C is consid-
erably higher than that of illite and kaolinite, which
are reported at lower temperatures than the montmo-
rillonites. Thus, our focus was on smectite (montmo-
rillonite) that was present in bentonite in Ca-Mg form.
In our analysis, this is considered the most important
bentonite phase with regard to water vapour sorption.
For that reason, we have neglected the corresponding
contribution of illite and kaolinite. From the adsorbed
amount of water vapour on pure homoionic Mg- and

Ca- montmorillonite at p/p, = 0.29 (see Table 4), one
can obtain an average value for the adsorbed amount on
montmorillonite in mixed Ca-Mg form of 0.1314 g/g at
the same value of relative pressure p/p,. When the ad-
sorbed amount from our 115°C sample at p/p, = 0.29
(i.e. 0.0594 g/g) is compared to the average value for
Ca-Mg montmorillonite, it can be seen that it represents
45% of the value obtained in Ca-Mg montmorillonite.
This result is consistent with our estimate of the amount
of smectite in our bentonite.

As can be seen from Fig. 1, the loss of water ad-
sorption capacity for the sample activated at 300°C, in
comparison to the sample activated at 115°C, varies
between approximately 16% at p/p, = 0.87 and ap-
proximately 37% at p/p, = 0.12. It is possible to
distinguish the temperature intervals in which differ-
ent types of water molecules are removed from ben-
tonite upon heating. During heating in the tempera-
ture range of 20 to 100°C, free water molecules are
removed from the interlayer space. Hydrogen-bonded
water molecules and water molecules coordinated to
exchangeable cations are removed in the range of 100
to 200°C. This can be extended up to 500°C (Cases
et al., 1997). Even a relatively small loss of water be-
tween 115 and 300°C caused a considerable decrease
in basal spacing of smectite present in the sample.
This can be seen from powder X-ray diffraction pat-
terns measured on samples for the same temperature
interval. The respective basal spacing is reduced from
14.7 to 10.0 A (cf. Fig. 3). This observation agrees
with results reported in study by Helsen et al., 1975.
These authors report (001) basal spacing for Ca- and
Mg-montmorillonites of 14.2 A. Cases et al. (1997)
also reported the decrease in basal spacing from 15
to 10 A for Mg-montmorillonite at 300°C, and for Ca-
montmorillonite at 400°C. A step change in basal spac-
ing of smectite was observed in our sample (an inter-
mediate stage was omitted) due to removal of water
from the sample by the above-mentioned heat treat-
ment. This observation is in agreement with results ob-
tained in studies by Mooney et al. (1952), Keren and
Shainberg (1975), and Cancela et al. (1997), who re-
ported step changes in basal spacing of montmorillonite
relative to a continuous change of water content in the
interlayer space. The change in basal spacing due to
heat pretreatment reduced the interlayer space, which
resulted in the reduction of sorption capacities of wa-
ter vapour in samples heated to 220°C and 300°C, in
comparison to the sample heated to 115°C. The amount
of water adsorbed on the untreated sample was almost
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the same as that on the sample heated to 115°C (cf.
Fig. 1). This finding is consistent with powder X-ray
diffraction analysis. X-ray diffraction patterns of un-
heated samples (Hradil et al., unpublished results) and
samples heated to 115°C were almost identical. Thus,
we do not expect changes in structure due to heating to
115°C.

4. Conclusions

The properties of naturally occurring bentonite (Rokle
deposit, Czech Republic) were analyzed in relation
with properties of pure homoionic montmorillonites
(Ca and Mg forms).

Sorption and desorption isotherm measurements
of water vapour were carried out by protracted
experiments on samples pretreated at temperatures be-
tween 115 and 300°C. The sorbed amount of water
was considerably lower for samples pretreated at 220°C
compared to those pretreated at 115°C. The sorption ca-
pacity for water was still lower for samples pre-treated
at 300°C, but the decrease was not so noticeable. Ad-
sorption of water vapour exhibited hysteresis for all the
relative pressure ranges investigated in this study. There
was only a slight difference in desorption isotherms
of water on thermally untreated samples compared to
those pretreated at 115°C. The amount of sorbed water
was found to be dependant on the content of smectite
present in the sample.

The effect of heat pretreatment of a sample on its
structure was investigated by powder X-ray diffrac-
tion. It showed structural changes in smectite present
in bentonite due to heat pretreatment at temperatures
higher than 115°C. Powder X-ray diffraction patterns
of unheated samples and those heated at 115°C were
practically the same.

Nomenclature

my Final mass of untreated sample at the end of
sorption (g)

m; Initial mass of untreated sample at the

beginning of sorption (g)
my Mass of sample (g)
My Mass of water sorbed on sample (g)
my115  Mass of water removed from untreated
sample by heating at 115°C (g)
p/po,  Relative water vapour pressure (—)
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