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ABSTRACT

The clay mineral membrane is increasingly used, as a natural geological barrier, in
wastewater treatment. The variation of the environmental condition (T, P, RH, etc.) induces
probably several change on the materials structure. This work aims at characterizing the link
between dehydration–hydration behavior, charge location, and the ionic radius, in the case
of dioctahedral smectites, exchanged with Na+ and Cs+ cation, which are occurred from
industrial waste. A natural montmorillonite and beidellite, with different charge location
(respectively, dioctahedral and trioctahedral), are selected. The exchange process is directed
using Na+ and Cs+ cations. The hydration hysteresis is investigated “in situ” as a function of
relative humidity condition rates. All samples are studied using quantitative X-ray diffraction
(XRD) analysis. This method allows us to determine the structural parameters obtained from
the theoretical mixed layer structure used to fit experimental XRD patterns. For both Na+

and/or Cs+ exchangeable cations, an increase in hydration heterogeneity degree for the
tetrahedral substituted smectite layer is noted and the position of exchangeable Cs+ cation
induce a homogeneous hydration trend which is interpreted by a new interlamellar space
organization.

Keywords: Disordered systems; Liquid–solid reactions; Crystal structure; X-ray diffraction

1. Introduction

The specific properties of the clays minerals enable
them to be potentially used as adsorbents for treating
heavy metals and organic pollutants from surface
waters, land, or reused mainly originated from the
highly polluted effluents and suspended solids pres-
ent in industrial wastewater, mining operations, and
from olive mills. In this context, several studies have
presented the concept of coagoflocculation based on

the use of clay–polymer nanocomposites to lower the
amount of suspended solids. As example: Rytwo et al.
[1] examined suitable nanocomposites based on differ-
ent clays and polymers where the X-ray diffraction
(XRD) measurements indicated that sequential addi-
tion of olive mill or winery effluents with a boosting
dose of nanocomposites may yield a very efficient and
rapid clarification pretreatment. Furthermore, Giora
[2] presents in his study a nanocomposites, comprised
of an anchoring particle and a polymer, as “coago-
flocculants” and demonstrates that the use of such
particles combines the advantages of coagulant and*Corresponding author.
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flocculant by neutralizing the charge of the suspended
particles while bridging between them and anchoring
them to a denser particle (the clay mineral), enhancing
their precipitation.

Smectite minerals are a basic candidate material
used as a natural barrier for wastewater treatment
and radioactive waste confinement. Dioctahedral
smectites are a 2:1 phyllosilicate with a basic structure
consisting of two siliceous tetrahedral sheets sand-
wiching an octahedral ones, where vacant sites are
often occupied by trivalent cation [3–5]. A tetrahedral
or octahedral isomorphic cationic substitution defines,
respectively, beidellite and montmorillonite sub-
groups, which induce a charge deficit compensated by
exchangeable cations occurring in our study from the
soil solutions, containing essentially water and polar
molecules and more [6–12].

Also, it is characterized by an important expand-
ability property of its interlayer’s spaces, a low perme-
ability, a high specific surface, and elevated nature
abundance. Numerous investigations were conducted

to study the interaction between smectite and different
types of solvents using more than one experimental
and theoretical analysis methods.

In the studies of Zamparas et al. [13], modified
inorganic clays by Zenith/Fe is used as adsorbent for
phosphate removal from natural waters proving that
Zenith/Fe is a very good adsorbent for phosphorus
removal and potential lake restoration.

Montmorillonite K10 and KSF, modified by poly-
meric aluminium (Al) or ferric (Fe) and/or Al/Fe
mixed polymeric species, was used as coagulants for
wastewater treatment were investigated in the study
of Ref. [14] where results showed that both modified
montmorillonite clays species possess greater proper-
ties to remove the particles (as suspended solids) and
organic pollutants (as COD and UV254-abs.) from the
wastewater.

Malikova et al. [15] studied, using MC and molec-
ular dynamics simulations, the temperature activation
of Na/Cs diffusion in montmorillonite and demon-
strate that the structural changes are limited to the

Fig. 1. Experimental protocol of the ionic exchange processes.
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water phase; marked difference is observed in the
modes of diffusion of Cs and Na ions. In the others

hand, and based on XRD analysis, [16] investigate the
aging processes of copper added to bentonite and the
effects of temperature and pH on this processes; they
studied the changes of basal spacing of bentonite satu-
rated with Cu at different pH solutions and showed
that the d001 basal spacing decreases by the augment
of pH values from 1.51 nm at pH 4.42 to 1.26 nm at
pH 7.68. Zhoua et al. [17] investigates the link
between smectite charge location and hydration prop-
erties using molecular simulation. They approve that
layer-charge distribution is found to have significant
influences on the mobility of interlayer species and
preference of ion binding sites.

The works of Ref. [18–22] based on XRD analysis,
shows the increase of interlamellar space thickness as a
function of atmospheric environment (i.e. various
relative humidity (RH)). They defined a discrete water
sheets organization in the interlamellar space, ascribed
respectively to dehydrated (0W, d001� 9.7–10.2 Å), mon-
ohydrated (1W, d001� 11.6–12.9 Å), bihydrated (2W,
d001� 14.9–15.7 Å), and trihydrated (3W, d001� 18–19 Å)
layers [23].

The present study aims to examine the structural’s
changes of two dioctahedral smectite (montmorillonite
and beidellite samples) as a function of the RH
condition. These objectives are directed using an XRD
profile modeling approach based on the comparison
between the experimental 00l XRD reflections with
calculated ones. This theoretical approach allows us to
determine the structural parameter along the c⁄ axis.

2. Materials and methods

2.1. Starting samples

Based on their specific layer-charge location, two
smectites from the Source Clay Minerals Repository
Collection [24] are selected as starting materials. The
first sample is the beidellite SbId-1 (extracted from
Glen Silver Pit, DeLamare Mine, Idaho) characterized
by a most isomorphic substitution in tetrahedral
sheets with a structural formula [25]:

(Si4+3.772, Al3+0.228) (Al3+1.786, Fe3+0.104, Mg2+0.046,
Mn3+0.001, Ti

4+
0.048) (Na+0.012, K

+
0.159) (O10) (OH)2

Fig. 2. Comparison between experimental (——) and
calculated (⁄⁄⁄⁄⁄) XRD patterns (air dry condition). case of :
(a)SbI-1-Na, (b) SbI-1-Cs, (c) SWy-2-Na, and (d) SWy-2-Na,
(⁄) supplementary reflexion attributed to 1:1 clay (kolinite).

Table 1
Qualitative XRD investigations for all studied samples under “air dry” conditions

Sample d001(Å) FWHM(˚2h) n, Xi Character

SbId-1-Na 12.41 1.82 0.17, 4 l

SbId-1-Cs 12.19 0.83 0.10, 4 H

SWy-2-Na 12.29 0.74 0.15, 4 H

SWy-2-Na 12.36 0.67 0.05, 4 H
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The second smectite type is the <2lm fraction of
montmorillonite originated from bentonites of Wyo-
ming which exhibits a major octahedral charge and
extremely limited tetrahedral substitutions. Its half-cell
structural formula that determined by Ref. [26], is as
the following:

ðSi3;923 Al0;077Þ ðAl1;459 Ti
4þ
0;018

Fe3þ0;039 Fe
2þ
0;045 Mg2þ0;382Þ O10ðOHÞ2ðCa2þ0;177 Naþ0;027Þ

2.2. Preliminary treatments

To ensure the same experimental conditions for all
studied complexes, a sodium exchange, according to
the classical protocol [27], is performed. This step is
realized in order to guarantee better dispersion for the
selected samples.

This process is assured by dispersing, respectively,
10 g)of the beidellite (SbId-1) and montmorillonite
(SWy-2) fraction, five times, in 100ml of 1N NaCl
solution. The suspension is shaken mechanically for
24 h, and then the solid fraction is separated by centri-
fugation. Removal of the excess salt is performed by
washing five times via immersion for 24 h in distilled
water. The solid–liquid separation is achieved by cen-
trifugation using SIGMA laboratory centrifuge at
8,000 rpm speed. Resulting samples are hereafter
referred to as SbId-1-Na and SWy-2-Na.

2.3. Experimental protocol

The ionic exchange processes were conducted
using the following protocol reported in Fig. 1.

For all samples (SbId-1-Na, SbId-1-Cs, SWy-2-Na,
and SWy-2-Cs), an oriented glass slides are prepared
using the pipette method and then drying at roomT
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Fig. 3. Relative contribution of the different layer types
(summing up all mixed-layer structures) for different
samples studied under room conditions.
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temperature during a few hours to obtain an air-dried
preparation [28].

2.4. XRD study under controlled atmosphere

The XRD patterns are recorded using BRUKER D8
Advance diffractometer using CuKa1 monochromatic
radiation and monitored by EVA release software.
The diffractometer installation is equipped with an
Ansyco rh-plus 2,250 humidity control device coupled
to an Anton PaarTTK450 chamber. Intensities are
measured at the angular range 3–40 ˚2h. The usual
scanning parameters are 0.04 ˚2h as step size and 6 s
as counting time per step over the angular range 2–50̊
2h. The divergence slit, the two solar slits, the antiscat-
ter, and resolution slits were 0.5˚, 2.3˚, 2.3˚, 0.5˚, and

0.06˚, respectively. All studied samples are recorded
initially under room condition (air dry condition).
After that, they are studied under controlled atmo-
sphere. Indeed, the RH values decreases from 80%
RH to the extremely dry ones (10% RH) in first
sequence, followed by a gradual increase, starting
from 20% RH to 80% RH. The experimental XRD pat-
terns are recorded every 10% RH scale at the fixed
RH condition values along the dehydration–hydration
cycle.

2.4.1. Qualitative XRD patterns investigations

The qualitative XRD analysis consists in the inves-
tigation of the 00l basal reflection position and peak
shape (d00l basal spacing values, peak symmetry, and/

Table 3
Qualitative XRD investigations versus relative humidity (RH) conditions

%RH d001 (Å) FWHM (˚2h) n, Xi Character d001 (Å) FWHM (˚2h) n, Xi Character

SWy-2-Na 80 16.73 0.63 0.22, 3 H SWy-2-Cs 13.13 1.68 0.50, 3 I

70 16.38 1.05 0.40, 3 I 12.77 1.51 0.30, 3 I

60 15.74 1.55 0.79, 3 I 12.34 1.10 0.10, 3 I

50 13.75 1.24 0.10, 3 I 12.23 0.87 0.06, 3 H

40 13.53 0.75 0.08, 3 H 12.17 0.77 0.04, 3 H

30 13.46 0.78 0.09, 3 H 12.11 0.78 0.05, 3 H

20 13.36 0.95 0.16, 3 H 11.97 0.97 0.10, 3 H

10 12.20 2.11 0.18, 3 I 11.60 1.29 0.10, 3 I

20 12.62 2.29 0.14, 3 I 11.74 1.17 0.40, 3 I

30 13.62 1.99 0.70, 3 I 11.82 1.14 0.27, 3 I

40 13.76 1.44 0.10, 3 I 12.16 0.77 0.30, 3 H

50 13.86 1.71 0.12, 3 I 12.23 0.88 0.07, 3 H

60 16.27 0.93 0.50, 3 I 12.23 1.00 0.08, 3 H

70 16.38 0.81 0.51, 3 I 12.43 1.22 0.18, 3 I

80 16.55 0.60 0.38, 3 H 12.94 1.68 0.60, 3 I

SbId-1-Na 80 14.00 1.85 0.70, 3 I SbId-1-Cs 11.92 0.94 0.12, 3 H

70 13.75 1.79 0.80, 3 I 11.92 0.90 0.10, 3 H

60 13.27 1.77 0.80, 3 I 11.90 0.99 0.17, 3 H

50 13.11 1.89 0.70, 3 I 11.89 0.88 0.13, 3 H

40 12.87 1.95 0.70, 3 I 11.87 0.90 0.12, 3 H

30 12.62 2.14 0.60, 3 I 11.85 0.91 0.13, 3 H

20 12.03 2.39 0.80, 3 I 11.79 0.90 0.14, 3 H

10 11.15 2.70 1.40, 3 I 11.15 0.93 0.30, 3 H

20 11.66 2.60 1.20, 3 I 11.31 1.86 0.38, 3 I

30 12.60 2.24 0.60, 3 I 11.40 2.01 0.42, 3 I

40 12.83 2.14 0.42, 3 I 11.47 1.76 0.56, 3 I

50 13.05 1.81 0.22, 3 I 11.65 1.59 0.16, 3 I

60 13.75 1.80 0.16, 3 I 11.81 1.08 0.20, 3 I

70 13.50 1.74 0.16, 3 I 11.86 1.02 0.16, 3 I

80 13.72 1.77 0.15, 3 I 11.92 0.95 0.14, 3 H

Note: FWHM (˚2h) calculated for (001) reflection, n(Å): calculated as the standard deviation of the ℓ� d(00ℓ) values for all measurable

reflections over the 3–40˚2h angular range, Character: H(homogeneous), I (interstratified).

4318 M. Ammar et al. / Desalination and Water Treatment 52 (2014) 4314–4333



or asymmetry). Furthermore, we can use the full
width at half maximum intensity (FWHM) for 001
reflection and the irrationality (n) parameter [29],
which is calculated as the standard deviation of the
l� d(00l) values calculated for all Xi measurable reflec-
tions (i.e. Xi6 5 measurable reflections) over the
explored 2h˚ angular range. Nevertheless, these quali-
tative examinations remains insufficient to determine
the evolution of different structural parameters, such
as the position and organization of exchangeable cat-
ions with water molecule in the interlamellar space
along the c⁄ axis.

2.4.2. Quantitative XRD analysis

The quantitative study is based on the modeling of
00l reflections for different samples, performed using
the algorithms developed by [30]. This method con-
sists of comparing the experimental patterns with the
theoretical intensities calculated according to the
matrix formalism given by Drits and Tchoubar [31].
The XRD patterns are calculated using the z-coordi-
nates of [32]. The origin of these coordinates was
placed on the plane of surface oxygen atoms [33]. The
modeling of XRD patterns is accomplished using the
fitting strategy described by [33,34] which consists of
reproducing the experimental XRD pattern using a
main structure with only one type of layer if possible,
and if necessary, additional contributions of a mixed
layer structure MLSs to the diffracted intensity, are
introduced in order to achieve the optimum agree-
ment between calculated and experimental patterns.
The abundances (Wi), the mode of stacking of the dif-

Fig. 4. Evolution of the d001 basal spacing value versus %RH rate along dehydration (a) and hydration (b) process.

Fig. 5. Comparison between experimental (——) and
calculated XRD patterns (⁄⁄⁄⁄) as a function of %RH, along the
dehydration (a) and hydration (b) process, in the case of SbId-
1- Na. (⁄) supplementary reflection due to 1:1 clay (Kaolinite).

M. Ammar et al. / Desalination and Water Treatment 52 (2014) 4314–4333 4319



ferent kinds of layers, and the average number of lay-
ers per coherent scattering domain (CSD) [31] can be
determined also from this theoretical method. Within
a CSD, the stacking of layers is described by a set of
junction probabilities (Pij).

2.4.3. Theoretical water molecule distribution

Smectites have the best swelling properties which
depend on the layer charge, charge location (octahe-
dral vs. tetrahedral), the nature of exchangeable
cations, the CEC (i.e. Cation Exchange Capacity), and
the specific surface value. It is controlled by the bal-

ance between repulsive forces between neighboring
2:1 layers and attractive forces between hydrated
interlayer cations and the negatively charged surface
of their 2:1 layers [35–41].

Based on XRD analysis, the expansion characteris-
tics under variable RH rates is widely studied
[21–23,42–46] revealing that the position of 00l basal
reflections, which is shifted from the high angular
2h range towards small ones, varied with the
interlamellar water content. By increasing of %RH
amounts, smectite expands stepwise, with the differ-
ent steps corresponding to the insertion of 0, 1, 2, or 3
sheets of H2O molecules in the interlayer space easily
detected by XRD by an increase in basal spacing.

Table 4
Structural parameters used to reproduce experimental patterns of SbId-1-Na as a function of RH along the dehydration–
hydration process

%
RH

L.T
2W

nH2O

2W
ZH2O

2W
nNa

2W
ZNa

2W
L.T
1W

nH2O

1W
ZH2O

1W
nNa

1W
ZNa

1W
L.T
0W

nNa

0W
ZNa

0W
Total 0W/
1W/2W

M

80 15 10 10/14 0.36 12.90 12.65 3 9.50 0.36 9.50 10.00 0.36 8.00 12.00/54.27/
33.73

8

70 14.80 10 9.5/
14

0.36 12.80 12.45 1.8 9.40 0.36 9.40 9.65 0.36 8.00 21.88/52.82/
25.30

8

60 14.60 10 9.6/
13.9

0.36 12.80 12.15 1.8 9.60 0.36 9.20 9.90 0.36 8.00 28.26/49.06/
22.68

11

50 14.60 10 9.6/
13.9

0.36 12.50 12.15 1.5 9.70 0.36 9.00 9.65 0.36 8.20 36.62/47/
16.38

10

40 14.65 8 9.8/
14

0.36 12.60 12.20 1.5 9.50 0.36 9.50 9.65 0.36 8.00 37.98/50.52/
11.50

12

30 14.50 7.4 10.5/
14

0.36 12.60 12.00 1.4 9.00 0.36 9.00 9.50 0.36 8.00 42.80/49/
8.20

10

20 14.20 7 10.4/
13.8

0.36 12.60 12.00 1.4 9.00 0.36 9.00 9.50 0.36 8.00 60.37/37.78/
1.85

9

10 14.20 7 10.4/
13.8

0.36 12.60 12.00 1.4 9.00 0.36 9.00 9.50 0.36 8.00 65.30/33.45/
1.25

9

20 14.90 7 10.4/
13.8

0.36 12.40 12.40 1.4 9.00 0.36 9.10 9.70 0.36 8.10 60.67/37.10/
2.23

8

30 14.40 7.2 9.3/
14

0.36 12.60 12.20 1.6 9.60 0.36 9.60 9.65 0.36 8.00 53.65/42.90/
3.45

8

40 14.70 7.8 9.5/
13.8

0.36 12.60 12.45 1.6 9.60 0.36 9.60 9.70 0.36 8.20 50.47/45.78/
3.75

8

50 14.50 8.5 9.7/
14

0.36 12.80 12.00 1.6 9.70 0.36 9.70 9.50 0.36 8.20 42/44.50/
13.50

12

60 14.60 9 9.5/
13.9

0.36 12.50 12.00 2.2 9.90 0.36 9.90 9.50 0.36 8.10 33.82/48.36/
17.82

12

70 14.70 9 9.5/
13.9

0.36 12.50 12.25 3 9.30 0.36 9.70 9.60 0.36 8.00 30.95/51.85/
17.20

10

80 14.65 10.4 9.6/
14

0.36 12.70 12.30 3.5 9.30 0.36 9.30 9.60 0.36 8.00 15.75/59.50/
24.75

8

Note: 2W, 1W, and 0W attributed to the layer hydration state. (Layer thickness (LT in Å). n: number of H2O molecules for hydrated lay-

ers (per O20 (OH)4). Z: position of H2O molecule along the c⁄ axis. n: number of exchangeable cations per half unit cell. Z: position of

exchangeable cations per half unit cell calculated along c⁄ axis.) respectively for 2W, 1W, and 0W and M: average layer number per

stacking.
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3. Results

3.1. Study under room conditions (reference sample)

3.1.1. Qualitative XRD analysis

The XRD patterns produced by all samples studied
under room conditions are reported in Fig. 2. In the
case of SbId-1-Na and SbId-1-Cs, a supplementary
reflections attributed to the presence of a 1:1 clay min-
eral fraction (Kaolinite) in starting sample (i.e. SbId-1)
are shown.

The d001 basal spacing values, the FWHM of the
001 reflection, and the n parameter are calculated for
all experimental patterns and they are illustrated in
Table 1.

XRD patterns produced by SbId-1-Na sample
presents a 001 reflection situated at 2h= 7, 12˚
(d001= 12, 41 Å) (Fig. 2(a)) and characterized by an
asymmetric peaks profile accompanied by a high n
and FWHM value (i.e. 0.17 Å and 1.82) indicating a
heterogeneous hydration character.

For SbId-1-Cs, the XRD pattern (Fig. 2(b)) present
a 001 basal reflection situated at 2h= 7, 26˚ (d001= 12,
19 Å) attributed to “1W” hydration state phase [23].
The n and FWHM values (i.e. 0.10 Å and 0.83) show a
rational series of the 00l reflection positions confirmed
with the symmetric peaks shapes, which indicate a
homogeneous hydration state character.

On the other hand, for SWy-2-Na complex, the 001
reflection is situated at 2h= 7.18˚ (d001 = 12, 29 Å)
(Fig. 2(c)) characterizing the “1W” hydration state [23].
According to Ref. [21], the calculated values of the n
and FWHM which are, respectively, 0.15A˚and 0.74˚,
assign the quasi-homogeneous hydration character.

The XRD pattern related to SWy-2-Cs sample is
characterized by d001= 12.36 Å indicating the insertion
of one water sheet in the interlamellar space. The
peaks’ symmetry description, n parameter, and
FWHM value (i.e. 0.23 Å and 0.67) confirm the
obtained rational reflections series and indicate the
homogeneous hydration state character [33].

3.1.2. Quantitative XRD analysis

The theoretical XRD model related to SbId-1-Na
sample is obtained using two MLSs types. The first
layer type is composed by (1W:0W at 55:45 ratio,
respectively) mixed with a second one characterized
by (1W:0W at 80:20 ratio, respectively). For SbId-1-Cs
sample, the best fit is achieved using two MLSs types
exhibiting random interstratification between 1Wand
0W layers. For the monohydrated layer, the H2O mol-
ecules sheets are located at 9.50 Å along the c⁄ axis
and the exchangeable cation (i.e. Cs+) is placed at
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ZCs= 9.65 Å. For the 0W layers, the Cs+ cation is
located at 9 Å. The theoretical model of SWy-2-Na
sample shows the presence of four types of MLS char-
acterized by different hydration state (2W, 1W, and
0W), randomly distributed. The total proportions of
these layers are as follows; 2W:1W:0W ratio 9:85:6 and
the average number of layers per stack is 11. For
SWy-2-Cs complex, the quantitative analysis confirms
the qualitative ones , in fact, the experimental XRD
pattern is reproduced using one homogeneous phase
containing 1W layer with an average of eight layer
per stacking. All structural parameters used in the
simulations are illustrated in Table 2 and the relative
proportions of different mixed layer types (summing
up all mixed layer structures), deduced from the
quantitative study, are reported in Fig. 3.

3.2. Study under controlled RH conditions

All parameters deduced from the qualitative XRD
investigation for different complexes are calculated

and illustrated in Table 3. In order to predict the layer
types present in structure of different samples along
the dehydration–hydration process, we present in
Fig. 4 the evolution of d001 basal spacing value
deduced from the 001 reflection positions, for different
samples, as function as the %RH rate throughout the
dehydration (a) and the hydration (b) process.

3.2.1. Case of Na-saturated samples

3.2.1.1. SbId-1-Na sample. Qualitative XRD analysis:
In the case of SbId-1-Na complex, all experimental
XRD patterns (Fig. 5) are characterized by an asym-
metric 001 reflection with a relative high FWHM value
and an irrationality for all measurable reflection posi-
tions justified by the high n parameter values signify-
ing heterogeneous hydration character [29] (Table 3).
The evolution of the 001 reflection related to SbId-1-
Na vs. RH rates, (Fig. 4) showed a slow increase of
interlamellar water content and the structure present,

Table 6
Structural parameters used to reproduce experimental patterns of SbId-1-Cs as a function of RH along the dehydration–
hydration process

%
RH

L.T
2W

nH2O

2W
ZH2O

2W
nCs
2W

ZCs

2W
L.T
1W

nH2O

1W
ZH2O

1W
nCs
1W

ZCs

1W
L.T
0W

nCs
0W

ZCs

0W
Total 0W/
1W/2W

M

80 – – – – – 12.10 2.8 9.55 0.36 9.70 10.00 0.36 8.50 28/72/0 10

70 – – – – – 12.10 2.8 9.60 0.36 9.60 10.00 0.36 8.70 28/72/0 10

60 – – – – – 12.15 2.7 9.70 0.36 9.65 10.00 0.36 8.70 28.75/71.25/
0

10

50 – – – – – 12.10 2.7 9.75 0.36 9.50 9.95 0.36 8.70 31.25/68.75/
0

7

40 – – – – – 12.10 2.5 9.60 0.36 9.70 9.90 0.36 8.50 31.50/68.5/0 9

30 – – – – – 12.05 2.5 9.60 0.36 9.70 9.85 0.36 8.50 32.60/67.40/
0

9

20 – – – – – 12.05 2.2 9.6 0.36 9.60 9.85 0.36 8.20 37.50/62.50/
0

9

10 – – – – – 12.00 1 9.40 0.36 9.40 9.80 0.36 8.20 67/33/0 9

20 – – – – – 12.00 1.5 9.45 0.36 9.50 9.80 0.36 8.10 56/44/0 10

30 – – – – – 12.00 2 9.60 0.36 9.80 9.80 0.36 8.10 54.63/45.37/
0

10

40 – – – – – 12.00 2.2 9.70 0.36 9.70 9.80 0.36 8.20 52.25/47.75/
0

10

50 – – – – – 12.10 2.2 9.80 0.36 9.60 9.90 0.36 8.40 50.25/49.75/
0

9

60 – – – – – 12.10 2.4 9.50 0.36 9.70 9.90 0.36 8.50 40.75/59.25/
0

9

70 – – – – – 12.10 2.7 9.60 0.36 9.60 9.90 0.36 8.40 32/68/0 9

80 – – – – – 12.15 2.7 9.70 0.36 9.70 9.85 0.36 8.30 31.25/68.75/
0

9

Note: 2W, 1W, and 0W attributed to the layer hydration state. (Layer thickness (LT in Å). n: number of H2O molecules for hydrated lay-

ers (per O20 (OH)4). Z: position of H2O molecule along the c⁄ axis. n: number of exchangeable cations per half unit cell. Z: position of

exchangeable cations per half unit cell calculated along c⁄ axis.) repectively for 2W, 1W, and 0W and M: average layer number per stack.
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over the all investigated RH field, three major hydra-
tion domains.

Indeed, along the dehydration process, the d001
values decrease from 14Å at 80%RH to 13.11Å at 50%
RH; this value was probably recognized to an inter-
mediate hydration character including 1W and 2W
layers. From 40 to 20% RH, the structure is dominated
by monohydrated layer. At 10%RH, d001 decline to
11.15 Å indicating a heterogeneous hydrated state
between 1W and 0W layers. By increasing RH values
to 20% RH, d001 expand to 11.66 Å attributed to layer
interstratifications exhibiting two hydration states (1W
and 0W) with a major proportion of monohydrated
layers. Between 30 and 40% RH, the 00l basal spacing
values shift from 12.60to 12.83 Å, which indicates that
samples present a quasi-homogeneous 1W hydration
state. From 50 to 80% RH, global structure is charac-
terized by an intermediate hydrated state between 1W
and 2W. We note that the maximum d001 value
13.72 Å is obtained at 80% RH.

Quantitative XRD analysis. Dehydration process: The
experimental XRD patterns recorded at 80% RH is
modeled using four different contributions consisting,
respectively, of two homogeneous 1W and 2W layers
phases and two mixed layer structure—2W:1W ratio
with 45:55 and 1W:0W ratio with 60:40. Hence, the
global structure of the tetrahedral substituted smec-
tites is characterized by the presence of the three layer
types (i.e. 2W, 1W, and 0W), respectively, with 33.73,
54.27 and 12% contributions. The number of layers
per stacking is 8. Only three contributing structures
are needed to fit the obtained experimental profiles
recorded at 70% RH, the first contribution incorpo-
rates 1W and 2W layers (2W:1W ratio with 45:55 ratio)
whereas the others MLSs present different proportions
of 1W and 0W layers. The full structural composition
includes 2W:1W:0W ratio with 25.3:52.82:21.88 abun-
dances. At 60% RH, the theoretical model includes
four interstratified structures by combining three
homogeneous hydration states (bihydrated, monohy-
drated, and dehydrated). The decrease of the RH
value from 50 to 30% is accompanied by a progressive
“growth” of the 0W layer proportion to the detriment
of the dehydrated layer type. In whole, the smectite
presents three varying mixed structures vs. the RH
value. From 50 to 20%RH, the global structure is mod-
eled using three types of layer (i.e. 2W, 1W, and 0W).
The theoretical model presents a heterogeneous struc-
ture dominated by the dehydrated layer with 60.37%
abundance, 37.78% of monohydrated layer, and a
lower relative proportion of bihydrated layer (1.85%).
At 10% RH, four mixed-layer structures were used to
reproduce the experimental XRD patterns. Quantita-
tive study shows that the 0W layers abundance

increases in the structure at the expense of 1W layers
and 2W layers (2W:1W:0W ratio 1.25:33.45:65.3). The
number of layers per stack is 9 and all optimum struc-
tural parameters used to fit XRD profiles are summa-
rized in Table 4.

Hydration process: Due to the structure heterogene-
ities observed at 20% RH, up to four mixed-layer
structures, dominated by the dehydrated phases
(60.67%), are necessary to reproduce the experimental
patterns. A slow evolution in structural properties is
observed at 30–40% RH characterized by a low
decreasing of the dehydrated layers proportion.
Indeed, for 30%RH, the proposed model includes
2W:1W:0W ratio with 3.45:42.9:53.65 abundance,
whereas at 40%RH, the structure presents 2W:1W:0W
ratio with 3.75:45.78:50.47. Only two MLS are needed
to fit the obtained experimental profiles recorded at
50% RH. The first MLS consist of an arrangement
between 0W and 1W hydration states with a major
proportion of dehydrated layers (60%) whereas the
second contribution incorporates 55 and 45%, respec-
tively, for 1W and 2W layers. At 60% RH, the hydra-
tion heterogeneity increases, this required an
enhancement of mixed-layer contributions number
uses for modeling. Such hydration heterogeneity is
systematically observed at 70% RH where the best fit-
ting of the experimental 00l reflections is performed
assuming four various mixed-layer structures. Sum-
marily, the structure presents 2W:1W:0W ratio with
17.82:48.36:33.82 and 2W:1W:0W ratio with
17.20:51.85:30.95, respectively, at 60% RH and 70%
RH. By increasing the RH rate to 80%, hydration
heterogeneity disappears. Indeed calculation is
performed using just tow MLS including 2W, 1W, and
0W layers with variable amounts. In global, the rela-
tive proportion of the dehydrated layers (0W)
decreases to15.75% while the abundance of the mono-
hydrated and dehydrated layers increases respectively
to 59.50 and 24.75%. The 0W, 1W, and 2W layers
compositions and the relative proportions of the
different mixed layer structures used in modeling are
illustrated in Table 4.

3.2.1.2. SWy-2-Na sample. Qualitative XRD descrip-
tion: The qualitative observation of experimental XRD
patterns related to SWy-2-Na sample shows that the
major part of the 001 reflection is characterized by an
asymmetric peak profiles accompanied with a “shoul-
der” which indicates the appearance of new hydration
phases, except at the higher RH condition in both
dehydration and hydration process, the shoulder dis-
appear and the 001 reflections become more symmet-
ric signifying a new homogenous hydration trend
(Fig. 6, Table 5). The evolution of the d001 as function
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as RH condition (Fig. 4) showed that, the SWy-2-Na
complex is characterized by a rapid evolution on the
hydration behavior from homogeneous phases to het-
erogeneous ones through the intermediate hydration
state. The dehydration process is characterized by
three major hydration phases associated to three
ranges of RH values. Indeed, from 80 to 60%RH, the
d001 value varied from 16.73 to 15.74 Å which means
the presence of a major contribution of 2W layer in
structure. From 50% RH, a slow evolution of the d001
towards 13.36 Å at 20% RH is observed. This d001
value is ascribed probably to an interstratified
“1W-2W” hydration character. Finally, at 10% RH, the
basal spacing value (d001= 12.20 Å) indicates that sam-
ple presents a homogeneous 1W hydrated state. Along
the hydration process, three major hydration states
types were observed (i.e. from 10 to 80% RH). From
10 to 20% RH, the sample is characterized by 1W
hydration state. From 30% RH to 50RH %, a slow
increase of the d001 spacing values is observed (i.e.
From 13.62 to 13.86 Å) indicating the coexistence of an
intermediate 1W–2W hydrated state. An important
alteration of the d001 basal spacing value was
perceived at 60% RH which increases to 16.27 Å and
continues its growth until it expects 16.55 Å at 80%
RH condition. Thus all over this range of RH values,
structure is dominated by the 2W layers type.

Quantitative XRD description. Dehydration process:
The dehydration process begins from 80% RH where
the obtained experimental XRD pattern is simulated
assuming three types of MLSs including 1W and 2W
layers with different proportion. The proposed model
includes, in total, a major proportion of the bihydrated
layers (2W:1W ratio 68:32). From 70 to 20% RH, it is
possible to reproduce the experimental XRD pattern
using three hydration states types (dehydrated.0W,
monohydrated.1W, and bihydrated 2W). All structural
parameters used to reproduce the experimental pro-
files are reported in Table 5. At 10%RH, a notable
change in the coexisting relative proportions of 0W,
1W, and 2W layers is noted. In fact, the modeling of
the experimental XRD patterns shows a dominance of
the dehydrated layers (58.9%) which is the highest
proportion detected along the dehydration process for
the 0W layers. On the other hand, a low abundance
(0.5%) of the bihydrated layers is noted. All structural
parameters that made it possible to obtain the best
agreement between calculated and experimental XRD
patterns are summarized in Table 5.

Hydration process: Experimental XRD patterns
recorded at 20% RH and 30% RH is reproduced using
random layer-type interstratifications (i.e. 2W, 1W,
and 0W). The total proportions of these layers are as
follows 1.2(2W):46.36(1W):52.44(0W) and 5.2(2W):

Table 7
Structural parameters used to reproduce experimental patterns of SWy-2-Cs as a function of RH along the dehydration–
hydration process

%
RH

L.T
2W

nH2O

2W
ZH2O

2W
nCs
2W

ZCs

2W
L.T
1W

nH2O

1W
ZH2O

1W
nCs
1W

ZCs

1W
L.T
0W

nCs
0W

ZCs

0W
T OTAL 0W/
1W/2W

M

80 14.90 2 9.30/
14.00

0.36 12.50 12.30 1 9.00 0.36 9.00 10.30 0.35 8.80 14/70.50/
15.50

8

70 14.90 2 9.30/
14.00

0.36 12.50 12.30 1 9.00 0.36 9.00 10.30 0.35 8.80 25.50/68.50/6 6

60 15.20 1.6 10.50/
14.00

0.36 12.40 12.20 0.7 8.50 0.36 8.90 10.20 0.35 8.00 16.80/79/4.2 8

50 – – – – – 12.20 0.7 9.00 0.30 9.00 10.40 0.30 8.60 15/85/0 8

40 – – – – – 12.20 0.7 9.00 0.30 9.00 10.40 0.30 8.60 18/82/0 9

30 – – – – – 12.23 0.65 9.00 0.28 9.00 10.40 0.28 8.70 20/80/0 10

20 – – – – – 12.25 0.5 9.00 0.30 9.20 10.35 0.30 8.85 35/65/0 9

10 – – – – – 12.10 0.4 9.20 0.36 9.70 10.35 0.27 9.00 55/45/0 7

20 – – – – – 12.30 0.4 9.20 0.36 9.70 10.35 0.27 9.00 55.75/44.25/0 8

30 – – – – – 12.30 0.5 9.40 0.36 10.20 10.35 0.35 9.00 52.25/47.75/0 8

40 – – – – – 12.30 0.6 9.50 0.36 10.20 10.35 0.35 9.00 50.50/49.50/0 8

50 – – – – – 12.28 0.7 9.50 0.36 10.15 10.50 0.35 8.90 20/80/0 9

60 – – – – – 12.30 0.7 9.20 0.30 10.30 10.20 0.35 8.50 18/82/0 8

70 – – – – – 12.20 0.8 9.20 0.27 10.00 10.30 0.35 8.70 10/90/0 6

80 15.40 1.6 10.00/
14.00

0.36 12.70 12.20 0.9 9.20 0.33 10.00 10.30 0.35 8.70 16.50/79.50/4 6
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66.24(1W):28.56(0W), respectively, for XRD patterns
related to 20%RH and 30%RH. (Fig. 6(b)). From 40 to
50% RH, the H2O sheets insertion becomes easier
which facilitates the 0W–1W and 1W–2W transitions.
The quantitative study showed an increasing in the
relative proportion of bihydrated (2W) and monohy-
drated layers at the expense of dehydrated layers
(0W). For 50% RH, the optimum structure model is
described using three types of MLS; the first types
contain essentially (65%) of 2W and (35%) of 1W lay-
ers. The second population is composed by 30% of
2W and 70% of 1W layers. The third one presents 90%
of monohydrated layers and 10% of dehydrated
phases. By increasing RH rate to 70% RH, a decrease
of the 0W layers abundance is observed. The theoreti-
cal model is characterized by 49.8%(2W):47.95%
(1W):2.25%(0W) and 54.05(2W):44.75(1W):1.2(0W)
ratio, respectively, at 60 and 70% RH. For the extreme
% RH conditions (80% RH), the structure is character-

ized by a logical disappearance of the dehydrated
layer (i.e.0W). Only two types of MLS including 1W
and 2W layer randomly distributed are used to fit
experimental data. The relative proportions of the dif-
ferent layers type are as follows 75(2W):25(1W) and 20
(2W):80(1W) ratio. All structural parameters used in
the simulation are summarized in Table 5.

3.2.2. Case of Cs-saturated samples

3.2.2.1. SbId-1-Cs sample. Qualitative XRD analysis:
For SbId-Cs, the observed XRD patterns (Fig 7) and
the examined n and FWHM value showed that, along
the dehydration process, the structure is characterized
by a homogenous hydration state character. By
increasing RH values, an interstratified hydration
state is observed, except at 80% RH, where structure
presents a homogenous hydration character. The

Fig. 6. Best agreement between theoretical (⁄⁄⁄⁄) and
experimental (——) XRD pattern for all measured %RH
rates along the dehydration (a) and hydration (b) process
of SWy-2-Na.

Fig. 7. Comparison between experimental (——) and
calculated XRD patterns (⁄⁄⁄⁄) as a function of RH, along
the dehydration (a) and hydration (b) process, in the case
of SbId-1-Cs. (⁄) supplementary reflection of 1:1 clay
(Kaolinite).
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evolution of the d001 vs. % RH rates (Fig. 4) shows an
exceptional hydration behavior comparing to others
complex. Indeed, the evolution of d001 is very slowly
especially along the dehydration process, in fact, from
80 to 20% RH, the d001 decrease from 11.92 to11.79 Å
and the smectite fraction is dominated by the 1W
layer hydration state, a simple shift is observed at
10% RH were d001 values decrease to 11.15 Å indicat-
ing an interstratifications between 0W and 1W layers.
Along the hydration process and from 10 to 50% RH,
the d001 basal spacing shift from 11.15 to 11.65 Å
attributed probably to an interstratified character
between “0W and 1W” hydration state. Beyond 50%
RH, the structure is characterized by the dominance
of the monohydrated layers.

Quantitative XRD analysis. Dehydration process: The
XRD patterns related to 80%RH towards 60%RH are
reproduced assuming coexisting of two MLSs contri-
butions with a random layers interstratifications
exhibiting two hydration states (0W and 1W). The first
contribution is dominated by 1W phases and the sec-
ond one contains a few amounts of 0W layers. Even at
50% RH, the structure is reproduced using two contri-
butions related, respectively, to 1W:0W ratio with
80:20 and 1W:0W ratio with 35:65. From 40 to 20%
RH, samples present in total (1W:0W ratio with 68.5:
31.5), (1W:0W ratio with 67.4:32.6), and (1W:0W ratio
with 62.5:37.5) attributed, respectively, to 40, 30, and
20% RH. For extreme desiccated conditions (10% RH),
the structure is characterized by a high MLS number.
Indeed, sample is characterized by a dominance of
dehydrated layers with the highest proportion of 0W
(67%) at the expense of the monohydrated layer 1W
(33%). The relative proportions of different mixed
layer structures and their compositions used in
modelling are reported in Table 6.

Hydration process: In spite of the steadily increasing
of RH conditions to 40% RH, quantitative analysis
shows that the 0W layer persists with a major
proportion. All XRD patterns are fitted assuming the
presence of two MLS. Up to 60% RH, the optimum
structure model determined for SbId-1-Cs, include
two interstratified structures with various proportions
of 0W and 1W layers. The obtained model shows that
the increase of RH rate is accompanied by an augment
of the monohydrated layer proportion to the detri-
ment of dehydrated layers. From 70 to 80% RH, the
Theoretical model shows that the 1W layers dominate
the main structure. Optimum structural parameters
used to fit XRD profiles are summarized in Table 6.

3.2.2.2. SWy-2-Cs investigation. Qualitative XRD
analysis: The obtained XRD patterns related to SWy-2-
Cs smectite showed that overall the investigated RH

field, all 001 picks is characterized by a symmetric
profile geometry (Fig. 8) which indicates a homoge-
nous hydrated state, whereas the high FWHM and n
parameter value (Table 3) and the irrationality of the
00l reflection positions, at the high and the low RH
values, indicate probably an interstratified character.
The evolution of the 001 reflection is very slow over
all RH ranges (Fig. 4) and the d001 value does not
exceed 13.13 Å. In both dehydration-hydration
processes the smectite crystallite is dominated by the
monohydrated layer types except at the high RH
values (80% RH), where structure present an interme-
diate hydration state (1W–2W).

Quantitative XRD analysis. Dehydration process: From
80 to 60% RH, the theoretical structure is described
using three MLS configurations randomly distributed.
The decreasing of the RH rate is accompanied by a
progressive declining of the relative 2W layers

Fig. 8. Best agreement between theoretical (⁄⁄⁄⁄) and
experimental (——) XRD pattern for all measured %RH
along the dehydration (a) and hydration (b) process of
SWy-2-Cs.
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amount. At 50% RH, the best fit is achieved using one
MLS configuration including a significant proportion
of 1W layers (85%) with a few proportion of 0W lay-
ers (15%) randomly distributed. The number of layers
per stack is 8. The best agreement obtained between
theoretical and experimental profiles recorded at 40 to
20% RH is achieved using one MLS with different
proportion of monohydrated and dehydrated layers
randomly distributed. The relative abundances of
these two types of layers are (1W:0W ratio 82:18),
(1W:0W ratio 80:20), and (1W:0W ratio 65:35), respec-
tively, for 40, 30, and 20% RH. The modeling of the
experimental XRD patterns recorded at the extremely
dry conditions (10%RH) showed interstratifications
between 0W and 1W layer hydration state with a
major contribution of the dehydrated layer (1W:0W
ratio 45:55). All structural parameters that made it

possible to have these agreements are summarized in
Table 7.

Hydration process: To satisfactorily reproduce the
experimental positions and profiles of 00 l reflections,
from 10 to 20%RH, two contributions, including dif-
ferent proportions of 0W and 1W layers, are used.
The first MLS is composed by (1W:0W) ratio with
(15:85) abundance and the second one contains
(1W:0W) ratio with 60:40.

At 30 and 40% RH, the structure is characterized
by two populations including 1W and 0W layers. For
50% RH, the experimental XRD patterns is repro-
duced using a single structure exhibiting 80% of mon-
ohydrated layer (1W) and 20% of dehydrated ones
randomly distributed. From 60 to 70% RH, the experi-
mental XRD patterns are reproduced using a just one
MLS exhibiting 1Wand 0W with a major proportion

Fig. 9. Relative contribution of the different layer types (0W, 1W, and 2W) as function of %RH rates along the
dehydration–hydration process. Case of SWY-2-Na and SbId-1-Na.
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for the monohydrated layer. The 1W-2W transition is
observed at the high RH rate (80% RH) characterized
by an increase of the MLSs number. The total struc-
ture contains a major contribution of 1W layer
(79.5%), 16.5% of 0W, and a few proportions for 2W
phases (4%). The structural parameters that made it
possible to have these agreements are summarized in
Table 7.

4. Discussion

4.1. Relation between hydration heterogeneities and the
number of mixed layer structure

Removal of cesium from aqueous solutions repre-
sents one of the topics that many studies are widely
focused based on different methods. In this respect,
[47] studied the efficiency of aluminum-pillared mont-
morillonite (PILMs) on the removal of cesium from
aqueous solutions, where the main results reported
that the kinetic studies shows an equilibrium time of
a few minutes was needed for the adsorption of metal
ions on PILMs and that cesium sorption isotherms
were best represented by a two-site Langmuir model.
Furthermore, [48] use batch and radioactive tracer
technique to measure the distribution coefficients
of cesium on natural and cation-enriched (Na+, K+,
NH4+, and Ca+2) forms of clinoptilolite where the fit is
achieved by Langmuir, Freundlich, and Dubinin–Rad-
ushkevich (D–R) models proving a breakthrough
behavior of cesium on natural and cation-enriched
forms of clinoptilolite for a particular set of conditions
were also determined in a small-sized column.

In this work, the hydration behavior of Cs and Na
exchanged smectite is studied after having undergone
one dehydration–hydration cycle. Indeed, several for-
mer works focus similar studies while being based on
XRD investigations. Ferrage et al. [21], demonstrate in
the case of high-charge montmorillonite (i.e. SAz-1)
and low-/high-charge beidellites (i.e. SbId-1 and
Sb-Ca), studied under controlled atmosphere and
saturated by Sr and Ca cation, that structure models
are more heterogeneous for beidellite than for mont-
morillonite. They also show that the increase of the
hydration heterogeneity in beidellite originates from
the presence of 0W (nonexpandable) and of 1W layers
under high RH conditions. Through this study, the
proposed theoretical models used to fit beidellite
specimen are more heterogeneous and present more
complex structure in “crystallite” characterized by
numerous contributions of MLSs than those used in
the case of montmorillonite, along the dehydration–
hydration cycle. This result is in accordance with
earlier study, especially in term of structures heteroge-

neities. Indeed, for SbId-1-Na sample, and along dehy-
dration process, the structure is characterized by fours
MLSs contributions including different relative pro-
portion of the three layer types (0W, 1W, and 2W).
The maximum structural heterogeneity is observed
with increasing RH rate to 20% RH where structure
presents five layer types dominated by the dehydrated
layers (0W); the lowest heterogeneity is observed, near
to the room condition, at 50% RH, whereas at 80%
RH, along the hydration process, theoretical model
include just two MLSs types. For SbId-1-Cs sample,
over all dehydration process, the structure is
described using two MLSs contributions composed of
two hydration states (0W and 1W) types. On the other
hand, the gradual evolution of the relative proportion,
related to the dehydrated and monohydrated layers,
is relatively slow vs. decreasing RH rate. Along the
hydration process, the most heterogeneous hydration
behavior is observed between 20 and 40% RH where
the number of MLSs used to fit experimental data
increases to three MLS contributions. In the case of
Na and Cs exchanged montmorillonite, quantitative
investigation reveals that the hydration heterogeneities
level varied with RH conditions. Indeed, hydration
heterogeneities increase with the RH rate and the
structure is described using three MLSs types includ-
ing three hydrated layer types (i.e. 2W, 1W, and 0W)
for (60% � RH � 80%). From 50% to the extremely
dry condition (10%RH), heterogeneity decrease and
the bihydrated layers disappeared from structure.

4.2. Hydration heterogeneities origin: charge location and
ionic radius

4.2.1. Effect of Ionic radius

The observed hydration heterogeneities in the case
of Na and Cs saturated specimen can be interpreted
by the ionic radius effect which induces a different
water affinity for the exchangeable cation. Indeed, the
comparison of the relative abundance evolution of dif-
ferent layer types between SWy-2-Na and SWy-2-Cs,
as a function of RH rates shows that the relative abun-
dance of dehydrated layers (i.e. 0W) is much more
important in the case of SWy-2-Cs samples than SWy-
2-Na along the dehydration-hydration process. For
SWy-2-Na complex (Fig. 9), the increasing of the RH
rate, during the hydration process, is accompanied by
a fast and a significant decreasing of 0W layers begin-
ning from 20% RH and continued to 40%RH where
the dehydrated layers proportion shift to 2.75% and
maintain a lower amount towards high RH condition.
Whereas for SWy-2-Cs (Fig. 10), a notable decrease of
the relative abundance of 0W layers is started at 50%
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RH and continued to 80% RH with a proportion
around 15%. The comparison of the relative contribu-
tion of the monohydrated layer (i.e. 1W) between the
two samples shows a fast and continued shift in the
progress of this layer types populations as a function
as % RH condition along the hysteresis cycle espe-
cially for SWy-2-Na. At high RH rate, the SWy-2-Cs
keeps the uppermost proportions of 1W layers. The
most important proportion of 2W layers is noted for
SWy-2-Na complex , whereas the SWy-2-Cs present a
small amount that does not exceed 4% at the high RH
condition, in hydration process and 15.5% in the
dehydration process. Figs. 9 and 10 display the rela-
tive layer type abundances evolution as a function of
% RH over the dehydration–hydration process, in the
case of SbId-1-Na and SbId-1-Cs samples. We show
that at the high RH rate, the SbId-1-Cs complex has
the highest proportion of dehydrated layer (31.25%)
comparing to SbId-1-Na (15.75%). By decreasing %RH
value, the relative proportion of 0W layers decreases
so slowly from the structure of SbId-1-Cs and it
remains almost constant turning around 30% from 80
to 30% RH. Whereas the decreasing of 0W layers
abundance along the dehydration process is faster for
SbId-1-Na. On the other hand, along the hydration
process, the relative abundance of 0W layers of
SbId-1-Cs decreases slower than SbId-1-Na, and it
maintains the elevated proportion from 30 to 80%RH.
For the monohydrated layer, the SbId-1-Cs have the
maximum relative proportion throughout all studied
%RH ranges, whereas, it has unfounded proportion of
the bihydrated layers (i.e. 2W) along the dehydration–
hydration cycle. As a conclusion, the beidellite present
more complex structure characterized by an elevated
number of MLS contributions than the montmorillon-
ite in both dehydration and hydration process. Also,
the presence of Cs cation in the interlamellar space
induces heterogeneous hydration character.

4.2.2. Effect of charge location

Several authors [22,49,50] investigate the effect of
exchangeable cation nature on the swelling properties
of dioctahedral and/or trioctahedral smectite. Oueslati
et al. [22] studied the hydration properties of reduced-
charge montmorillonitesseries, saturated by several
metallic cation, using in situ XRD analysis at different
RHs. They demonstrate that the decrease of the nega-
tive charge on the layers had a minor effect on the
water uptake at all investigated RHs. Ferrage et al.
[50] studied the influence of layer charge and charge
location on the hydration properties of dioctahedral
smectite. Where they demonstrate that distribution of
layers with different hydration states (dehy-

drated—0W, monohydrated—1W, bihydrated—2W, or
tri-hydrated—3W) within smectite crystals often leads
to two distinct contributions to the XRD pattern, each
contribution having different layer types randomly
interstratified. In order to assess the effect of the
charge location on the hydration behavior of different
samples, the evolution of the relative proportion of
different layer types (0W, 1W, and 2W) as a function
of RH is compared between the octahedral substituted
charge (SWY-2) and the tetrahedral substituted ones
(SbId-1) saturated at the first time with Na+, then
saturated with Cs+ cations.

4.2.2.1. Na-saturated specimen. The relative propor-
tions of different hydrations states (0W, 1W, and 2W),
respectively, for SWy-2-Na and SbId-1-Na sample are
presented in Fig. 9. This comparison showed that all
over the dehydration-hydration process, the Na-satu-
rated beidellite has much more important relative
proportion of 0W layers than Na-saturated montmoril-
lonite. The beidellite sample keeps a high 0W layer
proportion even at the uppermost rate of RH condi-
tion (15.75% in the hydration sequence and 12% in
dehydration sequence). Whereas the dehydrated
layers (i.e. 0W) were completely disappeared from the
montmorillonite structure at 80% RH. For 1W layer
hydration state, we showed, along the dehydration
process, that the relative proportion of the monohy-
drated layers of SbId-1-Na decrease slowly with RH
rates, while SWy-2-Na present two different hydration
behaviors respectively from 10 to 40%RH and 40 to
80%RH. All over the dehydration–hydration cycle, the
SWy-2-Na present a main relative proportion of the
bihydrated layers (i.e. 2W) compared to SbId-Na
complex at different RH condition.

4.2.2.2. Cs-saturated specimen. The evolution of dif-
ferent hydration state contribution of SWy-2-Cs and
SbId-1-Cs are illustrated in Fig. 10. The comparison of
the relative abundance of the dehydrated layers (i.e.
0W) shows that, the nonexpandable layers are mostly
present in the structure of Cs-saturated beidellite
more than in the case of Cs-saturated montmorillon-
ite along the dehydration and hydration process. In
addition SbId-1-Cs complex retains a high proportion
of 0W layers at high % RH rate. For the monohy-
drated layers (i.e. 1W), SWy-2-Cs complex preserves
high 1W layer abundance. Finally, the evolution of the
relative proportion of the bihydrated layers indicates
that SbId-1-Cs sample does not exhibit this hydration
layer type in the structure along the hydration and
dehydration process. For SWy-2-Cs sample, the 2W
phases disappear completely from structure at 50%
RH in dehydration sequaence and appeared again just
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at high RH rate along the hydration process (80%
RH).

Summarily, the effect of the location charge on the
hydration behavior for the studied smectite can be
detected throughout the dehydration–hydration cycle
in particular at the high %RH value. Indeed the attrac-
tive forces between adjacent 2:1 layers and interlayer
cations restrict the penetration of the H2O molecule in
interlamellar spaces and limits the hydration
“growth” at 2W hydration state .Which can be
explained by the important relative proportion of
dehydrated layers even at high RH rate for the
smectites with tetrahedral deficit charge (SbId-1-Cs,
SbId-1-Na) and the total absence of dehydrated layers

(i.e. 2W), from their structure in hydration and
dehydration process.

5. Conclusion

The present work is based on the XRD profile
modeling method in order to study the hydration
behavior, of dioctahedral smectites, as a function of
RH along the dehydration–hydration cycle. This
method allowed us to study the structure heterogene-
ities degree affected by the ionic radius of exchange-
able cation and the charge location of the host
materials. The obtained results showed that:

Fig. 10. Relative contribution of the different layer types (0W, 1W and 2W) as function of %RH rates along the
dehydration–hydration process. Case of SWY-2-Cs and SbId-1- Cs.
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(1) Overall, the dehydration and hydration process,
the structure of Na+ and/or Cs+ saturated beid-
ellite is characterized by a heterogeneous
hydration state and presents numerous contri-
butions of MLSs at the crystal scale more than
those used for Na+ and/or Cs+ saturated mont-
morillonite specimens.

(2) The investigation of MLSs content shows that
the presence of Cs+ cations in exchangeable
sites is accompanied by a decrease of the
hydration heterogeneities degree in smectite
“crystallite”, thus the Cs-saturated samples
present a MLSs number lower than in the case
of samples saturates with Na+ cations.

(3) The theoretical models related to the Cs-satu-
rated smectites present a main structure with a
major contribution of 0W and 1W layers.
Whereas in the case of Na-saturated samples,
the structure models obtained at different RH
rates, are characterized by the presence of three
layer types (0W, 1W, and 2W) with different rel-
ative proportion. Therefore the presence of Cs+

cation, characterized by its huge size, in
exchangeable sites limit the opening of interlayer
spaces and the insertion of H2O molecules which
prevent the 1W–2W transition at high RH rate in
both hydration and dehydration procedure .

(4) The deficit charge origin is also an important
intrinsic property which influences the hydra-
tion behavior. Indeed, the tetrahedral charge
location, contribute to increase attractive force
between cation and the 2:1 layers which pre-
vent the 1W-2W transition. This may explain
the dominance, in term of abundance, of 0W
and 1W layer types. This result is confirmed for
SbId-1-Cs and SbId-1-Na (tetrahedral-substi-
tuted charge) samples which are described by
the upper proportion of dehydrated and mono-
hydrated layers, compared to SWy-2-Cs and
SWy-2-Na (octahedral-substituted charge),
where MLSs show the coexistence of 2W, 1W,
and 0W layers at the crystal scale throughout
the dehydration and hydration process.
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