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a  b  s  t  r  a  c  t

This  work  aims  at determining  the effect  of  hydrous  strain  produced  by a  continuous,  in  situ,
hydration–dehydration  cycles,  using  a variation  of relative  humidity  (%RH)  rate  here,  variable  (%RH),
on  the  cation  exchange  process  in  the  case  of  Na  rich-montmorillonite.  This  goal  is  accomplished  in  two
steps. First,  the  starting  material  (Na rich-montmorillonite)  is  reported  “in  situ”  at  variable  RH  values  in
order to  prepare  and  characterize  a final  stressed  product  that  will  be used  later  in the  selective  exchange

2+ 2+
eywords:
yoming montmorillonite

isordered systems
n situ hydrous strain
uantitative XRD analysis

study, in  the  case  of solution  containing  (Cu , Co ). An  XRD  profile  modeling  approach  is  used  to describe
all  structural  changes  caused  by the  environmental  evolution  of the  RH  rate. The  quantitative  analysis  of
XRD  patterns  is achieved  through  an  indirect  method,  which  is  based  on  the  comparison  of  experimental
XRD  patterns  with  calculated  ones.  This  investigation  allows  us  to  determine  several  structural  parame-
ters  related  to  the  nature,  abundance,  size,  position  and  organization  of exchangeable  cation  and  water
molecule  in  the  interlamellar  space  along  the  c*  axis.

© 2012 Elsevier B.V. All rights reserved.
. Introduction

Smectite minerals are the most active constituents of soils
nd are the main component of bentonite rocks. The stuructural
ormula of dioctahedral alumina-smectites in the series montmo-
illonite beidellite is:

(Al2−yMgy)(Si4−xAlx)O10(OH)2 Mx±y, nH2O when y ≥ x, smectite
s called montmorillonite.

Montmorillonite is a “T-O-T” clay mineral that is characterized
y its capacity to exchange cations in the interlamellar space with
thers present in external solutions. The structure of the “T-O-T”
lay mineral subgroups consisting of an octahedral sheet sand-
iched by two tetrahedral sheets [1–3]. The half-cell structural

ormula of Wyoming montmorillonite determined by microprobe
nalysis [4] is as the following:

Si3.923 Al0.077) (Al1.459 Ti4+
0.018 Fe3+

0.039 Fe2+
0.045 Mg2+

0.382) O10(OH)2
(Ca2+
0.177 Na+

0.027)
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anomatériaux Hybrides (PMLNMH), Faculté des Sciences de Bizerte, Zarzouna
021, Tunisia. Tel.: +216 20 843 705; fax: +216 72 590 566.

E-mail address: walidoueslati@ymail.com (W.  Oueslati).

169-4332/$ – see front matter ©  2012 Elsevier B.V. All rights reserved.
ttp://dx.doi.org/10.1016/j.apsusc.2012.05.144
Very often isomorphic substitutions in octahedral and/or tetra-
hedral sheets make the clay platelets negatively charged, which is
compensated by exchangeable cations.

The cation exchange capacity (i.e. CEC), makes montmorillonite
a perfect Ion exchanger. As a consequence, smectite minerals have
an effect on the hydration capacity of soils, contaminants and plant
nutriments [5–7].

Several researches [8–13] are interested in the characteri-
zation of all physico-chemical phenomena (i.e. ionic exchange
process, surface damage, modification of clay properties, adsorp-
tion phenomena, clay–water interface, etc.), which appear when
montmorillonite is in contact with the heavy metal solution and
waste water constituents, coming from its surrounding environ-
ment. Claret et al. [8] show the irreversible confinement possibility
of heavy metal cation in the most active soil fraction (i.e. clay min-
eral) and the influence of organic matter on clay mineral evolution.
Oueslati et al. [11] investigates the effect of exchangeable cation
nature and abundance on the cationic exchange process in the
case of di octahedral smectite and demonstrates the influence of
the solution species abundance on the intrinsic selective exchange
capacity (SEC). Moreover, they show that the exchange process was
stopped for a limited concentration value (i.e. 10−3 N) characterized
by a weak ions population in the case of Cu(II) and Co(II) cations

[1].

On the other hand, Laird [14] has studied the influence of layer
charge on smectite swelling and demonstrated that the increase in
layer charge was accompanied by a decrease in crystalline swelling

dx.doi.org/10.1016/j.apsusc.2012.05.144
http://www.sciencedirect.com/science/journal/01694332
http://www.elsevier.com/locate/apsusc
mailto:walidoueslati@ymail.com
dx.doi.org/10.1016/j.apsusc.2012.05.144
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smaller basal spacing values) characterized by an expansion in the
ize of smectite particles. The expansion of the interlamellar space
s accompanied by a d0 0 1 basal spacing value fluctuation. Indeed,
he study’s of [15–20] investigates the dioctahedral smectite hydra-
ion properties using XRD profile modeling approach in order to
ssess the evolution of the water content in the interlamellar space
nder variable RH rates. They have shown that the increase in layer
harge affects the transition from 2W to 1W (i.e. respectively two
nd one water layer hydration state) and from 1W to 0W (i.e. dehy-
rated layer).

In extension with earlier works [1],  this study aims at charac-
erizing the effect of an in situ applied hydrous strain (i.e. created
ith variable %RH rates) on the selective exchange process.

This process is developed when Na rich-montmorillonite is
n contact with solutions containing (50%Cu2+, 50%Co2+) cations
ccurring from industrial wastewater, which impose a competitive
on exchange process. This problem often emerges if we  want to
pply clay properties as a natural geological membrane for a long
eriod.

The choice of 50/50 for the Co2+/Cu+2 ratio is adopted in order
o compare obtained results, in the case of stressed sample, with
n earlier study focusing unstressed ones [1].  This goal is achieved
sing XRD analysis with both its quantitative and qualitative
nalysis. The quantitative analysis consists in the comparison of
xperimental XRD patterns with theoretical ones and allows us to
etermine structural parameter characterizing structural changes
long c* axis.

. Materials and methods

.1. Starting materials

The starting materials are originated from bentonites of
yoming. The <2 �m fraction of montmorillonite (SWy, Wyoming,

SA) is supplied by the Source Clay Minerals Repository Collec-
ion [21]. This montmorillonite exhibits a low octahedral charge
nd extremely limited tetrahedral substitutions. The clay cation
xchange capacity (CEC) is 101 mequiv./100 g [22].

.2. Pretreatment

A pre-treatment of the starting material consists in preparing a
a-rich montmorillonite suspension. This process is assured by dis-
ersing ∼10 g of solid in ∼100 mL  of 1 M NaCl solution. Indeed, the
Wy  suspensions are shaken mechanically for 24 h in this saline
olution before the separation of the solid fraction through cen-
rifugation and the addition of fresh saline solution. These steps
re repeated five times to ensure a whole cation exchange. The
xcess of salt is washed out in 24 h cycles, which include sedimenta-
ion, removal of the supernatant and immersion in deionized water.
he obtained suspensions labeled as Swy-Na constitute the starting
aterials.

.3. Experimental modeling of “in situ” hydrous strain

The”in situ” hydrous strain is created by varying content of
ater molecule in the environment of the studied sample (Swy-
a). This step is achieved by varying relative humidity rates using

 diffractometer installation (Brüker D8-advance) and equipped
ith an Ansyco rh-plus 2250 humidity control device coupled

o an Anton Paar TTK450 chamber. The relative humidity range
xtends from almost saturated condition (90%RH) to an extremely

ry ones (10%RH). All XRD patterns are recorded following the same
equence of RHs, starting first from 10% up to 90% and then reduc-
ng RH to 10%. This step is repeated 15 times which means a series
f 15 hydration–dehydration cycles. Based on XRD analysis, the
ience 258 (2012) 9032– 9040 9033

expansion characteristics under variable RH rates is widely stud-
ied [18–20,23] revealing that the position of 0 0 1 basal reflections,
which is shifted from the high angular 2� range towards small ones,
varied with the interlamellar water content.

By increasing of %RH amounts, smectite particles expand step-
wise, with the different steps corresponding to the insertion of 0–3
sheets of H2O molecules in the interlayer easily detected by X-ray
diffraction by an increase in basal spacing.

2.4. Experimental modeling of the selectivity problem

The selectivity problem is simulated at the laboratory scale by
dispersing the host material (i.e. Swy-Na) for 24 h in a solution
containing (0.5Cu2+, 0.5Co2+) with various concentrations (10−1 N
and 10−2 N). This process is developed for the unstressed start-
ing sample and stressed ones (i.e. after applying hydrous strain).
The obtained samples will be named respectively: SWy-1N, SWy-
2N, SWy-1N-S and SWy-2N-S.  An oriented film is prepared by the
depositing of the obtained clay suspension onto a glass slide in
order to get ready for XRD analysis.

2.5. XRD analysis

2.5.1. XRD equipment
All exchange process is monitored by qualitative XRD analysis.

The XRD patterns were recorded using a Brüker D8-advance using
Cu K� monochromatic radiation. Usual scanning parameters were
0.02◦ 2� as step size and 80 s as counting time per step over the
angular range of 3–40◦ 2�. The divergence slit, the two  Soller slits,
the antiscatter, and resolution slits were 0.5◦, 2.3◦, 2.3◦, 0.5◦, and
0.06◦, respectively.

2.5.2. Qualitative XRD analysis
The qualitative analysis is based on a whole description of the

experimental XRD profile along all explored 2� range. This descrip-
tion is based on: the d0 0 1 basal spacing value, determined using
EVA release Diffrac plus software (Bruker AXS GmbH, Karlsruhe,
Germany), the FWHM (i.e. full width at half maximum intensity
of 0 0 1 reflections) related to the 0 0 1 reflection which contain
all structural information, the rationality of the reflection position
which can be calculated using the Bailey [24] criteria and a global
profile geometry description (i.e. symmetric and asymmetric X-ray
peaks, identification of the supplementary reflection if they exist).

2.5.3. X-ray profile modeling method
The efficiency of XRD profile modeling approach in the

investigation of hydrations properties and structural changes
which accompanied any clay mineral perturbation was  used and
described by several works. The fitting strategy was detailed by
[18,19] in the case of 00l reflections. Briefly, this method allowed us
to determine structural characteristics along the normal to the (Z)
plane. It consists on the comparison of the experimental X-ray pat-
terns with theoretical ones calculated from structural models [2].
The method allowed determination of the number and the posi-
tion of the exchanged cations and water molecules, the stacking
layer thicknesses, the stacking mode along the normal to the layer
plane. The theoretical diffracted intensity was given by the matrix
formalism detailed by Drits and Tchoubar [2]:

I00(2�) = Lp Spur

(
Re[�][W]

{
[I] + 2

M−1∑
n

[
M − n

n

]
[Q ]n

})
where Re, indicates the real part of the final matrix; Spur, the sum of
the diagonal terms of the real matrix; Lp, the Lorentz-polarization
factor; M,  the number of layers per stack; n, an integer varying
between 1 and 1–M–1; [�], the structure factor matrix; [I], the unit
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Table  1
d0 0 1 basal spacing and FWHM value deduced from the qualitative XRD description in the case of stressed and unstressed Swy-Na sample.

Sample Hydration process (increase of %RH) Dehydration process (decrease of %RH)

10 20 30 40 50 60 70 80 90 80 70 60 50 40 30 20

Unstressed sample
d0 0 1 (Å) 11.04 11.82 12.58 12.31 12.30/14.19 14.50 14.74 14.91 14.94 14.89 14.57 14.10 12.26/14.10 12.21 12.20 12.03

FWHM (2�) 1.88 2.08 1.93 1.34 1.57 0.82 0.68 0.57 0.52 0.55 0.86 1.53 1.07 0.96 0.95 0.97
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Stressed sample (after 15 hydration–dehydration cycles)
d0 0 1 (Å) 11.84 11.98 11.57 11.71 12.05/12.76 14.66 14.74 

FWHM (2�) 1.43 1.72 1.63 1.48 1.57 0.72 0.66 

atrix; [W], the diagonal matrix of the proportions of the different
inds of layers and; [Q], the matrix representing the interference
etween adjacent layers. This method allowed us to determine the
bundances (Wi), the mode of stacking of the different kinds of lay-
rs and the mean number of layers per coherent scattering domain
CSD) [25,26]. Within a CSD, the stacking of layers is described by a
et of junction probabilities (Pij). The relationships between these
robabilities and the abundances Wi of the different types of layers
re given by Drits and Tchoubar [2].  Where Pij is the probability of
n i layer to be followed by a j layer.

During the simulation of the XRD patterns, some corrections
ust be taken into account, such as the Lorentz-polarisation factor

nd the preferred orientation [27,28].  The XRD patterns were calcu-
ated using the Z coordinates of Drits and Sakharov [29]. The origin
f these coordinates was placed on the plane of surface oxygen
toms. For calculating structural model, a water molecule distri-
ution in accordance with the literature’s description was used
16,18,23].

.6. CEC and specific surface area measurements

Under an appropriate condition, both surface areas and cation
xchange capacities CEC of studied clay minerals (before and after
pplied hydrous strain) are measured using the method based on
he absorption of methylene blue from aqueous solutions [30].
ndeed, methylene blue (MB) dye has been used to determine the
urface area of clay minerals for several decades. The chemical
ormula is C16H18ClN3S, with a corresponding molecular weight
f 319.87 g/mol. Methylene blue in aqueous solution is a cationic
ye, C16H18N3S+, which absorbs to negatively charged clay sur-
aces. Hence, the specific surface of particles can be determined
y the amount of absorbed methylene blue. The surface area cov-
red by one methylene blue molecule is typically assumed to be
30 Å2 (1 Å = 0.1 nm). It is important to highlight that the technique

s done in water suspensions, thus expansive minerals can expose
ll available surface area. Specific surface is particularly relevant
n the interpretation of a soil response that is significantly affected
y surface processes, such as liquid limit, hydraulic and electrical
onduction, chemical diffusion and atmospheric conditions.

. Results and discussion

.1. Qualitative XRD description

.1.1. XRD investigation of unstressed sample
The hydration behavior of the unstressed sample is charac-

erized using XRD analysis. We  report in Fig. 1 experimental
RD patterns related to the first hydration–dehydration cycle. The
esults obtained from qualitative analysis, reported in Table 1,
hows a hydration behavior in accordance with what has been

ound in previous works [31] related to the same sample spec-
men. Indeed, the evolution of the amounts of the interlamellar

ater molecule, in the Na rich montmorillonite, is reached through
teps. Moreover, the transition “1W–2W” is obtained for RH rates
91 15.01 14.91 14.88 14.44 12.59/13.84 12.33 12.22 12.13
54 0.51 0.52 0.57 1.03 1.64 1.44 1.05 0.84

between 40% and 60%. From high %RH value towards extremely
saturated conditions (i.e. 90%RH), the sample remains character-
ized by 14.94 Å, d0 0 1 basal spacing value, which is attributed to a
homogeneous “2W hydration state”. In the downing dehydration
cycle (Fig. 1), the same hydration behavior law is respected. But,
a fast apparition of “1W hydration state,” at70%RH, is noted and
explained by a right broadening of the 0 0 1 reflection characterized
by a 12.31 Å basal spacing value.

This hydration transition is completely achieved at 20%RH,
which is logically interpreted by the hysteresis effect on the
hydration–dehydration process. By lowering this RH range (i.e.
<20%RH), a beginning of 0W layer hydration state appears, char-
acterized by 11.04 Å d0 0 1 basal spacing value. The investigation of
FWHM value (Table 1) shows that the intermediate hydration state,
which accompanied all the hydration transition phases, is charac-
terized by an interstratified hydration character recognized by the
highest calculated value of FWHM and an irrational 00l reflection
position.

3.1.2. XRD investigation of stressed sample
After 15 hydration–dehydration cycles, the stressed material is

recorded under the same sequence of RHs.
The obtained experimental XRD patterns are reported in Fig. 2

and we  summarize, in Table 1, all parameters deduced from the
qualitative XRD analysis.

Indeed, for 70% ≤ RH ≤ 90% range, the studied sample present
a 15.01 Å basal spacing value attributed to the homogeneous
2W hydration state. By lowering this RH rate towards extremely
dried condition (10%RH), a heterogeneous hydration behavior is
observed and characterized by a continuous hydration transition
from 2W to 0W.  This continuous transition was accompanied by a
shift of d0 0 1 basal spacing value from 15.0 Å to 11.84 Å and with an
increase in the FWHM value (Table 1) which can be explained by an
interstratified hydration character. The same hydration behavior is
observed by decreasing RH rate (Fig. 2). It is also noticed that there
is a total absence of homogeneous 1W phases not even in room con-
ditions (40%RH). This performance is probably due to the instability
of the interlamellar space water molecule content which is affected
by the intensity of the applied hydrous strain (i.e. number of hydra-
tion dehydration cycles). The final stressed materials behave as a
homogeneous 2W hydrated state for RH > 70% and by lowering this
RH range a dominant interstratified hydration character appears
(Table 1).

3.2. Quantitative XRD description

Calculated and experimental profiles of unstressed and stressed
Swy-Na samples are shown as a function of relative humidity in
Figs. 1 and 2. The best agreement between theoretical and experi-
mental XRD patterns is reached using several relative proportions

of the different mixed-layer structures MLS. Proportions and com-
positions of the used MLS  are reported in Tables 2 and 3.

Indeed, for unstressed Swy-Na sample three interlamellar
water molecule configurations are used. That is to say, a random
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Fig. 1. Comparison between experimental and calculated XRD

istribution of three types of layers (i.e. 0W,  1W and 2W)  with the
arious abundance (see Table 2) are used. The water molecule dis-
ribution along c* axis used to fit experimental data is in accordance
ith bibliographical data [16,18,23].  The average number of layers
er “particle” [26] varied from 6 to 12.

The same explanation is well given for stressed Swy-Na sample
i.e. after 15 hydration dehydration cycle). Besides, we report in
able 3 all structural parameters obtained from the best agreement
etween theoretical and experimental XRD data.

This quantitative XRD investigation shows that all experimental
rofiles is simulated using a mixed layer structure, which indicates
he existence of heterogeneous hydration behavior inspite of the
ualitative description result. The average number of layers per
article varied from 7 to 10, thus, indicating a probable change in
he crystallite size. We  report in Fig. 3 the evolution of the theoret-
cal relative proportions of 0W,  1W,  and 2W layers, deduced from
uantitative analysis, as a function of %RH rates, of the host and the

nal studied samples.

By comparing the evolution of “0W” phases for unstressed
nd stressed Swy-Na sample along the hydration process (i.e. by
ncreasing RH rates) we show, in the case of unstressed materials
rns as a function of %RH rate in the case of unstressed sample.

(Fig. 3a), an obvious reduction in the 0W phases amount when %RH
increases.

From 40%RH the dehydrated phases “0W” contribution become
weak (≈0). The monohydrated phases (1W) present a maximum
contributing value at room conditions (40%RH). However, these
phases are always present, whether more or less than this RH
value. This indicates, in its turn, the absence of a real homogeneous
hydrated state. Concerning the bi-hydrated layer (2W) phases,
there is an apparent increase versus %RH amounts. It presents a
maximum contributing value for 90%RH, in which a minor contri-
bution of 1W phases is introduced in the MLS.

For stressed Swy-Na sample, some change in the hydration
behavior is noticed. Indeed, the contributions of the dehydrated
layer (0W) in the MLS  are present up to 60%RH (Fig. 3b). At 20%RH,
the contribution of 0W phases decreases. This indicates that after
15 hydration dehydration cycles the interlamellar configuration
has been changed and the amount of swelling clay fraction has

been improved. As for monohydrated (1W) and bihydrated (2W)
layer, a similar behavior is noticed with a weak variation in its
mixed contribution at 90%RH in support of the 2W phases. Along
the dehydration process (Fig. 3c and d) a similar profile evolution
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Fig. 2. Comparison between experimental and calculated XR

or all hydration phases is observed. This evolution is character-
zed by a demixion of 1W and 2W phases for high RH value (i.e.
rom 70%RH for unstressed sample and from 60%RH for the stressed
ample). For 40% ≤ RH ≤ 60% and for both samples, the structure
as described by a major contribution of 1W phases randomly
istributed with 2W and 0W phases. As regards to low RH value
nd in the case of unstressed materials, a reasonable amounts of
ater molecule sheets are used to describe the MLS, characterized

y a major contribution of 0W phases, randomly distributed with
W phases. Moreover, in the case of stressed material reported at
0%RH, we show that the XRD profile is modeled using a major
ontribution of 1W phases, demixed with a minor contribution
f 0W phases. This remark is interpreted by a probable retained
ater molecule quantity in the interlamellar space after hydration
ehydration cycles

.3. XRD analysis of the selective exchange capacity (SEC)
.3.1. Case of unstressed Swy-Na sample in contact with solution
ontaining (0.5Cu2+, 0.5Co2+)

The selectivity study of the Na-rich montmorillonite, in con-
act with a solution containing (Cu2+, Co2+) cation, is investigated
erns as a function of %RH rate in the case of stressed sample.

by Oueslati et al. [1] using XRD profile modeling approach. They
demonstrate that for high metals concentrations (i.e. 10−1 N)
the host material is considered to be a homogeneous with 2W
hydration state (i.e. 2W:  two water sheet), characterized by
d0 0 1 = 15.17 Å basal spacing value that is attributed to Co2+ cation.
As for low normality, clay remains homogeneous with 1W hydra-
tion state, which is probably attributed to Na+ and/or Cu2+ cation.
In this work the same problem, is focused, taking into account the
presence of a hydrous strain caused by applying an “in situ” vari-
ation of the RH rates around the host material (i.e. Swy-Na). The
experimental XRD patterns related to the unstressed sample, in
contact with 10−1 N and 10−2 N solution, are reported in Fig. 4.

In the case of 10−1 N solution, the XRD pattern is character-
ized by d0 0 1 = 15.17 Å spacing. This indicates that the exchangeable
sites are entirely saturated by Co2+, which is characterized by 2W
hydration state [18]. The irrationality of the reflections positions is
explained using quantitative XRD analysis. Indeed, the best agree-
ment is reached using theoretical model which consists in stacking

two  phases with variable proportion related, in a major contribu-
tion, to Co2+ cation with 87% (i.e. 2W)  and Cu2+ cation with 13%
(i.e. 1W)  (Table 4). In the case of SWy-2N complex, an asymmetric
0 0 1 reflection characterized by two  basal spacing values related
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ig. 3. Evolution of the relative contribution of the different layer types for: (a) unst
nstressed SWy-Na sample along dehydration process and (d) stressed along dehyd

espectively to 2W and 1 hydration state (i.e. d0 0 1 = 14.19 Å and
0 0 1 = 12.59 Å) is noted. The 2W hydration state existence is prob-
bly due to a partial presence of Co2+ cation in the interlamellar
pace. The irrationality of reflection position is interpreted by an
nterstratified character with a minor contribution of 1W phase

˚ 2+ +
i.e. d0 0 1 = 12.59 A) related to Cu and/or Na . The best agreement
etween experimental and calculated profile is reported in Fig. 4.
his agreement is reached using structural parameter summarized
n Table 4.

ig. 4. Best agreement between experimental —- and theoretical *** XRD pattern
btained in the case of unstressed Swy-Na sample in contact with solution contain-
ng  (0.5Cu2+, 0.5Co2+).
 SWy-Na sample along hydration process, (b) stressed along hydration process, (c)
n process.

3.3.2. Case of stressed Swy-Na sample in contact with solution
containing (0.5Cu2+, 0.5Co2+)

In the case of 10−1 N and 10−2 N solution, the experimental XRD
patterns related to the stressed Swy-Na sample (after 15 hydra-
tion dehydration cycles) are characterized, respectively, by 14.70 Å
and 14.50 Å d0  0 1 basal spacing value (Fig. 5), attributed to a par-
tial exchange with Co2+ cations [18]. All diffractograms present an
asymmetric 00l reflection profile indicating the interstratified char-
acter. The quantitative XRD analysis shows that the MLS  presents a
random demixion between three hydration states (i.e. 0W,  1W and
2W).

For 10−1 N solution, the totality of the experimental XRD pro-
file is reproduced using random demixion of 3.6% (0W), 59.4%
(1W) and 37% (2W). The average number of layers per parti-
cle is 6. The presence of dehydrated layer (0W) on the structure
after stress, can be explained by a new organization in the inter-
lamellar space. For 10−2 N solution, the XRD profile is reproduced
using 44% of (1W) phases related to Cu2+ cation randomly dis-
tributed with 56% of (2W) phases related to Co2+ cation. In general,
for the sample undergoing an “in situ” hydrous perturbation, the
ionic exchange process is altered and the sample exchange per-
formance is improved. Indeed, stressed samples are characterized
by an interstratified structure confirmed by the theoretical mod-
els which prove the coexistence of three types of MLS  involving
different hydration states due to the presence of more than one
exchangeable cations in the interlamellar space (Co2+, Cu2+and

may  also Na+). The theoretical water molecule distribution is in
accordance with bibliographical data and the structural param-
eters deduced from the modeling approach are summarized in
Table 4.
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Table 2
Structural parameters used to reproduce experimental XRD patterns in the case of unstressed Swy-Na sample.

%RH d0 0  1 (Å) (2W) Zn (Å) (Na+) nH2o ZH2O (Å) d0 0 1 (Å) (1W) Zn (Å) (Na+) nH2o ZH2O (Å) d0 0  1 (Å) (0W) Zn (Å) (Na+) %Abundance of layer type
0W//1W//2W

M

Hydration process (increase of %RH)
10 15.40 12.60 2.40 10/14 12.15 11.20 1.20 09.70 09.70 08.90 58.9//40.6//0.5 7
20  15.60 12.60 2.40 10.3/14.2 12.25 11.20 1.20 09.70 09.65 08.90 52.44//46.36//1.2 7
30 15.00  12.60 2.60 10/14 12.25 11.20 1.30 09.70 09.95 08.90 28.56//66.24//5.2 6
40 15.20  12.60 4.40 10.2/14 12.30 11.20 1.80 09.70 10.20 08.90 2.75//79.5//17.75 11
50 15.20  12.60 5.00 10.2/14 12.40 11.20 2.00 09.30 10.20 08.90 3.8//68.9//27.3 10
60 15.00  12.60 5.60 10.5/14 12.40 11.20 2.80 09.70 10.20 08.90 2.25//47.95//49.8 9
70  15.35 12.60 5.60 10.35/14.1 12.40 11.20 2.80 09.70 10.30 08.90 12//44.75//54.05 10
80 15.45  12.60 5.80 10.5/14.2 12.45 11.20 2.80 09.00 – 08.90 0//33.25//66.75 12
90  15.35 12.60 5.80 10.6/14.2 12.40 11.20 2.80 09.00 – 08.90 0//27.5//72.5 11

Dehydration process (decrease of %RH)
80 15.35 12.60 5.80 10.5/14.1 12.45 11.20 2.90 09.00 – 08.90 0//32//68 11
70 15.35  12.60 5.60 10.8/14.1 12.40 11.20 2.80 09.00 10.30 08.90 0.75//52.65//46.6 11
60  15.20 12.60 5.60 9.8/14 12.40 11.20 2.80 09.70 10.20 08.90 3.50//67.9//28.6 10
50  15.20 12.60 3.90 10.2/14 12.35 11.20 1.95 09.80 10.20 08.90 7.7//79.1//13.2 12
40 15.20  12.60 3.60 10.2/14 12.30 11.20 1.80 09.70 10.20 08.90 9//83//8 11
30 15.20  12.60 3.00 10/14 12.30 11.20 1.50 09.70 10.20 08.90 9.3//83.2//7.5 12
20 15.20  12.60 3.00 10/14 12.26 11.20 1.50 09.70 10.20 08.90 21.75//75//3.25 10

Table 3
Structural parameters used to reproduce experimental XRD patterns in the case of stressed Swy-Na sample.

%RH d0  0 1 (Å) (2W) Zn (Å) (Na+) nH2o ZH2O (Å) d0 0 1 (Å) (1W) Zn (Å) (Na+) nH2o ZH2O (Å) d0 0 1 (Å) (0W) Zn (Å) (Na+) %Abundance of layer
type 0W//1W//2W

M

Hydration process (increase of %RH)
10 15.50 12.60 2.4 9/14 12.20 11.20 1.2 9.8 9.7 08.90 32.55/66.75/7 7
20  15.50 12.60 3 9.1/13.9 12.10 11.20 1.5 9.8 9.6 08.90 38/61/1 7
30  15.50 12.60 3 9/14 12.30 11.20 1.5 9.8 9.7 08.90 32.2/65.8/2 7
40  15.50 12.60 3.2 9.2/14 12.15 11.20 1.6 10 9.65 08.90 34.2/62.5/2.5 7
50  14.80 12.60 3.6 9/14 12.15 11.20 1.8 10 9.65 08.90 25.2/68.76/6.04 6
60  15.20 12.60 5 10/14 12.40 11.20 1.8 10.3 – 08.90 0/44.9/55.1 10
70  15.25 12.60 5.8 10.2/14 12.30 11.20 2.4 9.7 – 08.90 0/32.5/67.5 8
80  15.35 12.60 6.4 10.2/14.2 12.55 11.20 2.7 9.9 – 08.90 0/24.64/75.36 10
90  15.35 12.60 7.4 10.2/14.2 12.55 11.20 3 9.7 – 08.90 0/23.25/76.25 9

Dehydration process (decrease of %RH)
80 15.30 12.60 7 10.3/14 12.45 11.20 3 9.9 – 08.90 0/20.13/79.87 9
70  15.20 12.60 6.4 10.2/14 12.45 11.20 2.8 9.7 – 08.90 0/24/76 10
60  15.10 12.60 6 9.9/14 12.38 11.20 2.5 9.8 – 08.90 0/52.8/47.2 7
50  15 12.60 5.8 9.8/14 12.40 11.20 2.2 10 10.2 08.90 6/71.8/22.2 8
40 15.20  12.60 5 10/14.2 12.30 11.20 2 9.7 10.3 08.90 7.9/80.20//11.9 8
30 15.20  12.60 4.4 10.2/14 12.30 11.20 1.9 9.9 10.2 08.90 10.65/82.5/6.85 9
20 15  12.60 4 10/14 12.25 11.20 1.3 9.7 10 08.90 10/84.25/5.75 10
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Fig. 5. Best agreement between experimental—- and theoretical*** XRD pattern
obtained in the case of stressed Swy-Na sample in contact with solution containing
(0.5Cu2+, 0.5Co2+).

Table 5
CEC and specific surface area measurement before and after applying hydrous strain.

Sample CEC (mequiv./100 g)
clay

Surface area
(m2/g) of clay
Unstressed sample 101 750
Stressed sample 53.33 436

3.4. Cation exchange capacity (CEC) and surface area (SA)
measurement

In order to determine the effect of the applied hydrous strain
on the intrinsic cation exchange properties of montmorillonite,
we conduct a measurement of the CEC and the specific surface
area respectively before and after applying hydrous constraint. We
report in Table 5 the obtained results and we show a remark-
able change in the CEC value which decreases from 101 to
53.33 mequiv./100 g clay, thus, indicating the lessening of the
exchangeable site in the host materials after stress. The specific sur-
face area decreases from 750 to 436 m2/g, indicating major changes
in the morphological geometry of the studied complex. This results
can be attributed to the new organization of the interlamellar space
content.

4. Conclusion

In this work we try to characterize the strain effect, that is pro-
duced by a continuous hydration–dehydration cycles, using “in
situ” variation of %RH rate, on the cationic exchange process in
the case of Na rich-montmorillonite (Swy-2). In this regard, the
final results show: (1) a similar hydration behavior, of stressed and
unstressed materials, characterized by an interstratified hydration
character for RH ≤ 60% rates. (2) After 15 hydration dehydra-
tion cycles, the observed structural change is characterized by a
decrease in the amount of exchangeable sites. (3) The selective
exchange process is developed for both stressed and unstressed

materials. (4) For low concentration (10−2 N), all samples are char-
acterized by an interstratified hydration character with a major
contribution of 2W phase related to a partial saturation with
Co2+ cations. (5) For high concentration (10−1 N), all samples are
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