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The performance of a clay mineral geomembrane used in the context of a geological barrier for industrial and radioactive waste
confinement must pass through the understanding of its hydrous response as well as the limits of the cation exchange process
which are closely related to the solid/liquid ratio constraint. The Na-rich montmorillonite is used, as starting material, to
evaluate the link between the applied external constraint (variable solid/liquid ratio) and the structural response of the
material. The geochemical constraint is realized at the laboratory scale, and the possible effects are investigated in the cases of
Ba2+ and Ni2+ heavy metal cations. The structural analysis is achieved using the XRD profile modeling approach to quantify
the interlayer space (IS) deformation. The quantitative XRD analysis, which consists of the comparison of experimental 001
reflections with the calculated ones deduced from structural models, allowed us to determine the optimal structural parameters
describing IS configuration along the c ∗ axis. The obtained result showed an interstratified hydration character, for both
studied exchangeable cations, regardless of the solid/liquid ratio being described probably by a partial cation exchange process.
The theoretical mixed layer structure (MLS) suggests the coexistence of more one cristallite species saturated by more than one
exchangeable cations, indicating a partial saturation of all exchangeable sites. The optimum structural parameter values, from
the theoretical model, allowed us to follow the evolution of several intrinsic properties versus the applied constraint strength.
The variable solid/liquid ratio effect on the material porosity is examined by the BET-specific surface area and BJH pore size
distribution (PSD) analyses. The adsorption measurement outcomes confirm XRD results concerning mainly the link between
several intrinsic clay properties and the constraint strength.

1. Introduction

Clays are considered among the best candidates as a depol-
luting agent, specifically montmorillonite (2 : 1 phyllosilicate
groups), which belongs to the smectite family [1–4]. In addi-
tion to their great use in the pharmaceutical and cosmetic
fields, smectite is used in the concept of the natural geological
barrier for industrial and radioactive waste confinement
[5–10]. The phyllosilicate structure specificity (layered struc-
ture, cation exchange capacity (CEC), permeability, hydra-
tion characteristics, specific surface area (SSA), porosity,
mechanical resistance, great availability in nature, low-cost
materials…) makes it possible to achieve these objectives

[11–13]. Also, montmorillonite, attapulgite, zeolite, kaolinite,
sepiolite, vermiculite, and illite are used for remediation and
fixing heavy metal pollution in soil. Several works [14–16]
confirmed that clay minerals are one of the main compo-
nents of heavy metal adsorption and passivation in soil.
Several determining factors make clay a strong candidate in
the context of heavy metal adsorption. Indeed, [17–19]
demonstrate that the adsorption capability is mainly affected
by the CEC and the SSA values. Also, [20] shows that the
contact time (CT) influences the heavy metal adsorption rate
of clay mineral. For laboratory experiments, a satisfactory
amount of heavy metals can be adsorbed within the first
3 h, and in some cases, a total adsorption was achieved in
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6h depending on other factors such as clay mineral composi-
tion, heavy metal cation type, and pH of the system [21, 22].
Many authors [21–26] demonstrate the important role
played by the pH of the system in the adsorption of heavy
metals by the clay mineral process as it affects the leachability
of heavy metal cations. There is a linearly proportional rela-
tionship between the pH rate fluctuation and the rate of
adsorption. The clay dosage is among the influencing heavy
metal adsorption parameters. Indeed, the adsorption of
heavy metals in soil and water is ensured by clay minerals
in minute proportions. Reference [27] shows that a clay dose
of four to eight percent can achieve 70% removal of heavy
metals. References [28, 29] show that the adsorption rate
increases with increasing clay dose and [24] demonstrates
that variation in clay mineral composition from region to
region may likely affect remediation strength and required
dosage. In the same perspective, previous research has shown
that temperature is a key parameter that should not be over-
looked during the heavy metal adsorption process. In fact, an
optimum adsorption rate is obtained under ambient temper-
ature conditions, although slightly lower or higher tempera-
tures of 22–29°C may still be ideal [22, 25]. The works of
[27, 30] show good results at relatively high temperatures
36°C, while some studies have observed an adsorption rate
decrease as increasing temperature above 30°C [21, 31]. This
probably indicates that very high temperatures promote
desorption of heavy metals already adsorbed. Chemical
adsorption reactions generally become faster as the tempera-
ture gradually increases and then decreases with a continu-
ous increase in temperature [32, 33].

The montmorillonite layer structure is constituted by the
stacking of two types of sheet [34–36]: an octahedral sheet O
(MO4 (OH)2 with M as metal cation (Al, Mg)) sandwiched
between two tetrahedral sheets T (SiO4) often labelled T-O-
T with an average layer thickness of around 10Å. The layer
charge is mainly related to existing isomorphic substitutions
in the tetrahedral sheet (Al3+ and Si4+) and/or octahedral ones
(Mg2+/Li+ and Al3+/Mg2+). To fill this charge deficit, compen-
sator cations, coming mainly from the soil solution and
inserted in the interlamellar space (IS), play the major role to
achieve electrical neutrality of the sheet. Generally, exchange-
able cations have a discrete hydrous sphere [37–39] which
facilitates their insertion into IS and enables layer separation
(exfoliation) and mineral dispersion (colloidal properties) in
the soil solution and micro/macroscopic clay swelling
properties. The insertion of the IS water molecule and
exchangeable cations is accompanied by a progressive
expansion of the basal spacing value dð001Þ which is done
by the discrete hydration state going from the dehydrated
state (0W, dð001Þ ≈ 10Å) to the strongly hydrated ones
(4W, dð001Þ ≈ 21Å) passing by the 1Wðdð001Þ ≈ 12:4ÅÞ,
2Wðdð001Þ ≈ 15:4ÅÞ, and 3Wðdð001Þ ≈ 18:2ÅÞ hydration
states [37, 40]. On the other hand, the study of the clay struc-
ture finds its diversity in the multitude of possibilities of the
adopted size scale, ranging from layer thickness (≈0.96nm)
along the c ∗ axis to an aggregate size around (≈1μm) [41–43].

The application of clays in the context of deep geological
waste confinement constitutes a well-developed research
theme in this last decade given the multidisciplinary aspect

of the identified problems [44–47]. The coating of these sites
is ensured by a clay membrane, which, with its low perme-
ability, is the main material used in the design and architec-
ture of these landfills [48]. Clay membranes are now
commonly used in the removal of toxic gases, coming from
the landfill, and the trapping of trace metallic elements
(TME), coming from a possible release. The use of com-
pacted swelling clays as geological barriers is also considered
under the multibarrier concept to ensure safe storage for
several hundreds or thousands of years due to their high
adsorption capacity for radionuclides, their low permeability
resulting in very slow water molecule movement in the host
rock, and a good capacity to conserve radionuclides by phys-
icochemical adsorption [49]. One of the main components
of engineered barriers is bentonite, which contains 70 to
95% of montmorillonite. The use of bentonite as a buffer
in disposal galleries excavated between waste containers
and tunnel walls achieves several strategic outcomes
[49–54]. Several parameters overlap when designing under-
ground facilities and disposal packages. As an example, we
cite (i) the position of the repository in the middle of the
geological formation, (ii) structures limiting environment
mechanical disturbances, (iii) dimensioning limiting thermal
disturbances, and (iv) durable disposal structures and pack-
ages. On the other hand, exploitation of clays in the context
of the repository requires a deep understanding, based on
the functionalities and the expected responses of these
minerals, with respect to their natures, their abundance,
their physicochemical properties, their location, their
surrounding atmospheric conditions, their soil solution, the
natural mechanical stress field, their soil hydrogeology/water
chemistry, and the nature of the waste [55, 56]. Indeed, the
main technical obstacles to radionuclide migration are
mainly the disposal package and the surrounding bentonite.
The bentonite (used as a buffer) interacts physically and
chemically simultaneously with the soil and with the dis-
posal package as a function of time, which induces the struc-
ture and intrinsic property changes, subsequently affecting
the durability and safety of the material. According to the
current concepts [50, 57], a bentonite barrier must retain
its properties for several thousand years. Thus, when analyz-
ing the prospects for the use of bentonite, it is necessary to
consider not only their sorption properties in their natural
state but also a possible loss of sorption capacity and other
parameters necessary to preserve the stability of a barrier
in “aggressive” environments. For that, we must study and
predict the behavior of these minerals according to the
constraints imposed by this “aggressive” environment. This
response can vary from a significant transformation in struc-
ture and/or intrinsic properties towards performance
affected by the nature of the stress [40, 58]. Despite the
advances made and the results obtained in this context,
several concepts related to permeability, the durability, the
fatigue/stress of the geomembrane, the reversibility of the
confinement process, and its relationship to the geomem-
brane performance and the material response under variable
disturbance types remain unclear or even unanswered.
Among the unresolved issues are the “obsolete” relationship
between the crystallite size and the CEC, the link between
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the nature and concentration of the radionuclide on the
reversibility of the containment process, the mechanisms
governing the physicochemical balance of clay and its envi-
ronment, the relation between the crystallochemistry of the
phyllosilicates and the geochemical constraints, etc.

This work focuses on the structural response, analyzed
from the CEC, swelling properties, and porosity viewpoint
when Na-montmorillonite was subjected to hydrogeological
and/or geochemical constraints created at the laboratory
scale. In this work, the constraint is the variation of the soli-
d/liquid ratio between the soil solution (solvent) and the clay
fraction (solute) and all resulting specific problems. Struc-
tural analysis is achieved through quantitative XRD analysis
based on the modeling of the 001 reflections.

2. Materials and Methods

2.1. Baseline Material. Wyoming montmorillonite origi-
nates from Wyoming mineral deposit (USA), which
belongs to the smectite family, with an octahedral CEC
origin, and is used as a starting sample. The used reference
montmorillonite sample (SWy-2) is a collected from the
source clay repository of The Clay Minerals Society [59].
The half-cell montmorillonite structural formula is as
follows [60]: ðSi4+3:96, Al3+0:04Þ ðAl3+1:53, Fe3+0:18, Mg2+0:26,
Ti4+0:01ÞO10 ðOHÞ2 ðCa2+0:07, K+

0:01, Na+0:2Þ:

2.2. Pretreatment. A pretreatment of the starting material to
prepare a Na-rich montmorillonite suspension, labelled
Swy-Na, is prepared according to a classical protocol
detailed by [61]. This process is assured by dispersing
~10 g of solid in ~100mL of 1M NaCl solution. Indeed,
SWy-2 suspensions in this saline solution were shaken
mechanically for 24h before separation of the solid fraction
by centrifugation and addition of fresh saline solution. These
steps were repeated five times to ensure a complete cation
exchange. Excess salt was washed out by four 24 h cycles that
included sedimentation, removal of the supernatant, and
immersion in deionized water. The recovered clay suspen-
sion is first dried in an oven for 24 h at 60°C, then grinded,
and weighted.

2.3. Exchangeable Cations. Two heavy metal cations (Ba2+

and Ni2+) were the subject of the cation exchange process.
The cation preference is explained by the wonderful abun-
dance of the latter in industrial and radioactive waste and
the specific characteristics of each one [46, 58].

2.4. Variable Solid/Liquid Ratio. The solid/liquid ratio (RM−i)
fluctuation is assured by varying the volume of the (0.5M)
BaCl2 and (0.5M) NiCl2 solutions associated with a constant
mass (0.1 g) of the starting dried SWy-Na powder. The RM−i
values for both exchangeable cations (Ba2+ and Ni2+) are
reported in Table 1. This ratio is determined after a simple
homogenization of the relation mass (solid fraction) on
volume (liquid fraction) which takes the dimensions of a
concentration (g·L−1) in the logic.

In addition, it is necessary to take into account the
porous texture of clay and its very large internal specific
surface area which gives it a considerable internal volume.

To obtain dimensionless ratio values, a simple calcula-
tion was carried out on the volume of each solution (BaCl2
and NiCl2) to transform it into mass.

The main objective is to obtain an oriented RM−i ratio
series which allows us to investigate the effect of the series
fluctuation on the structural response for each cation indi-
vidually. After that, a comparison between the effects of
the exchangeable cation nature can be discussed.

2.5. Cation Exchange Process. After purification and impu-
rity removal from the baseline materials (SWy-Na), the
cation exchange process for Ba2+ and Ni2+ cations is started
with a variable solid/liquid ratio (RM−i) as shown in Figure 1.
The same experimental protocol is approved for each series
of RM−i values. Each sample is subjected to 48-hour mechan-
ical shaking to ensure the exchange process, followed by cen-
trifugation at 6000 rpm. After recuperation of the solid
fraction, the salt excess (chloride ions) is removed by wash-
ing with distilled water accompanied by an AgNO3 test. The
cation exchange is controlled by XRD analysis. Therefore,
the obtained samples are referred to as RBa−i and RNi−i
(i = 1, 2, 3, 4, 5, and 6).

The cation exchange process suggests a succession of
mechanical shaking, centrifugation, and washing cycles with
well-defined durations to ensure achievement of the process
and to reach equilibrium [46]. This approach is not really
respected in this work considering that the centrifugation
and washing cycles will affect the main parameter to be
investigated which is the solid/liquid ratio, and subse-
quently, they will really distort the possible reached equilib-
rium. To overcome experimentally this ambiguity and so
as not to disturb the reached equilibrium imposed by the
RM−i solid/liquid ratio, several approximations have been
considered. Indeed, there is an increase over time in the
single mechanical stirring sequence (48 h) with a relatively
high concentration of the metallic solution (0.5M) and a
single extended washing cycle (24 h) after possible cation
exchange process.

Oriented slides were prepared for all complexes, by
depositing the sample suspension on a glass slide and then
drying it at room temperature for a few hours to obtain an
air-dried preparation. The results obtained by [40, 46, 58,
62–65] are adopted for a possible comparison in the case
of reference montmorillonite exchanged Ba2+ and Ni2+. It
remains to be noted that the developed experimental
approach was respected for the two exchangeable cations
and the quantitative characterization of the ion exchange
process is ensured by the XRD analysis.

Table 1: RM−i solid/liquid ratio. M: Ba2+ or Ni2+; RM−i (i = 1, 2, 3, 4,
5, and 6).

i 1 2 3 4 5 6

RBa−i 9.16 7.49 6.20 5.50 4.25 3.12

RNi−i 7.54 5.21 4.08 3.10 2.29 1.74

3Adsorption Science & Technology



2.6. X-Ray Diffraction (XRD). XRD is the basic analysis
method for the structural characterization of clay minerals.
A Bruker D8 ADVANCE X-ray diffractometer (Bruker
AXS GmbH, Karlsruhe, Germany) with a monochromatic
CuKα radiation (λ = 0:15406 nm) was used to investigate
the crystalline structures at 40 kV and 20mA.

The usual scanning parameters were 0.01 2θ° as the step
size and 6 s as the counting time per step over the explored
angular range. Indeed, the XRD profiles were recorded in
the 2θ° range from 3 to 35 for all specimens. The Scherrer
equation was used to determine the average crystallite size.
All records are made at room temperature under atmo-
spheric pressure. XRD investigations were directed by the
correlation between qualitative and quantitative analyses.

2.6.1. Semiquantitative XRD Analysis. The identification and
characterization of all studied samples are carried out by
XRD analysis, which is a basic technique for the structural
change investigation [66–68]. In practice, XRD analysis is
carried out in two complementary steps. The first step con-
sists of a semiquantitative way focusing on the qualitative
identification of the mineral type based on some parameters
such as the basal spacing dð001Þ from the first-order (001)
Bragg reflections, the FWHM (full width at half maximum)
of the 001 reflection, and the deviation rationality parameter
(ξ) of the 001 reflection position [49].

Indeed, this parameter is calculated as the standard
deviation of the l × dð001Þ values calculated for the Xi
measurable reflections over the explored 2θ° CuKα angu-
lar range [69]. The second step consists of the use of a
specific quantitative XRD analysis to access a realistic
description of the structure. Indeed, this goal was
achieved using an indirect method based on the compar-
ison of experimental XRD patterns to calculated ones
from theoretical ones.

The semiquantitative parameter indication, combined
with the profile geometry (i.e., symmetric or asymmetric
X-ray peaks) description, provided preliminary information
about the hydration evolution and IS content of the studied
complex all over the explored RM−i value.

The qualitative analysis remains insufficient for a deep
investigation targeting nanometric structural information
at the basic layer scale (i.e., position and arrangement of
exchangeable cations M2+ with H2O molecules in the IS
along the c ∗ axis, crystallite heterogeneities, crystallite
defaults, and layer interstratification); for these reasons, a
quantitative XRD analysis was performed.

2.6.2. XRD Profile Modelling: Theoretical Diffracted Intensity
and Modelling Strategy. The XRD modeling method is used
to quantify the mixed layer structure, the layer hydration
state, CEC fluctuations, optimum IS configuration, crystallite
size, average layer number per crystallite, and structural het-
erogeneities. The modelling approach is based on a matrix
formalism initially developed by [70] and whose expression
of the diffracted intensity along the (001) rod belonging to
the reciprocal space is given by [70]:

I001 2θð Þ = LpSpur Re ∅½ � W½ �ð I½ � + 2 〠
M−1

n

M − nð Þ
n

� �
Q½ �n

( )
,

ð1Þ

where Re means the real part of the final matrix, Spur
is the sum of the diagonal terms of the real matrix,
Lp is the Lorentz-polarization factor, M is the number
of layers per stack, n = 1,⋯, 1 –M – 1, ½Ф� is the struc-
ture factor matrix, ½I� is the unit matrix, ½W� is the
diagonal matrix of the proportions of the different kinds
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Figure 1: Experimental protocol for the exchange process with the variable solid/liquid ratio. M: Ba2+ or Ni2+.
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of layers, and ½Q� is the matrix representing the interfer-
ence phenomena between adjacent layers.

The modelling approach allowed us to determine the
abundance of the different layer types (Wi), the stacking
mode of the different kinds of layers, and the mean number
of layers per coherent scattering domain (CSD) [40]. Within
a CSD, the stacking of layers is described by a set of junction
probabilities (Pij). Briefly, the relationship between probabil-
ities and theWi abundance of two different types of layers (i
and j) can be summarized as follows: (i) the segregation ten-
dency is given by Wi < Pii andWj < Pjj, (ii) the total demix-
ion is obtained for Pii = Pjj = 1, (iii) the regular tendency is
obtained if Wi < Pji < 1 and Wj < Pij < 1, and (iv) finally,
the limit between the last distribution labelled chaotic/or
random distribution is obtained when Wi = Pji = Pii and
Wj = Pij = Pjj with ∑Wi = 1 and∑Pij = 1 [70, 71].

The fitting strategy consists of reproducing the experi-
mental XRD pattern using a main homogeneous structure.
If necessary, additional contributions to the diffracted inten-
sity are introduced to account for improve agreement
between calculated and experimental patterns (i.e., if we
have more one main structure, a mixed layer structure can
be introduced).

The presence of two mixed layer structures (MLSs) does
not imply that two populations of particles are physically
present in the sample [46, 72, 73]. Therefore, layers with
the same hydration state present in the different MLSs con-
tributing to the diffracted intensity are assumed to have
identical properties (chemical composition, layer thickness,
and z coordinates of atoms). The details of the XRD model-
ling approach are sufficiently and widely explained in previ-
ous works by [32, 33, 40, 46, 72, 73].

The z atomic coordinates within the 2 : 1 layer frame-
work (tetrahedral and octahedral sheet) in the case of this
study are reported in Table 2.

The z coordinates of the IS content (exchangeable cation,
molecules, etc.) are optimized, during the modeling process,
to improve the agreement quality. This later is controlled
using the unweighted Rp parameter [52]:

Rp =

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
∑ I 2θið Þobs − I 2θið Þcalc½ �2

∑ I 2θið Þobs½ �2
s

: ð2Þ

The optimum quantitative structural characterization of
a given sample necessarily involves the search for an agree-
ment between the calculated profiles and experimental ones.
Regardless of the hydration state type, the metallic
exchangeable cations (per half-unit cell) are positioned at
the center of the IS along the c ∗ axis. This configuration
respects the provided literature data [38, 39, 73].

2.7. BET and BJH Pore Size Distribution Analyses. The nitro-
gen adsorption–desorption measurements (BET method)
onto the clean surface of dry solid powders are used to
determine the surface area (SA) (using the BET equation)
and the pore size distribution (PSD) of porous materials
such as montmorillonite.

In this case, powders are obtained after drying each sam-
ple. Physical gas adsorption is often the technique of choice
for examining the pore characteristics of materials [74]. The
technique determines the amount of gas adsorbed; this is a
direct indication of the porous properties and, therefore,
the overall structure of the material [75, 76]. Adsorption iso-
therms were performed at 77K and at the relative pressure
up to P/P0 ~ 0:95. Adsorbed nitrogen and oxygen were
removed under reduced (vacuum) pressure at 100°C for 8 h
before measuring SA and PSD.

A BET-specific surface area and PSD of the studied
sample, under each RM−i value, were determined using a
Quantachrome NOVA 2000e series volumetric gas adsorp-
tion instrument, which is a USA-automated gas adsorption
system using nitrogen as the adsorptive. The analysis pro-
cedure is automated. The PSD was determined by the BJH
method [76–78] to the desorption section of the isotherms
of nitrogen at 77K, assuming the pores to be cylindrical in
shape [79].

3. Results and Discussion

3.1. Qualitative and Quantitative Description of
Experimental XRD Patterns of the Baseline Sample: Swy-
Na. The XRD experimental profile of the starting SWy-Na
complex (Figure 2) shows three characteristic reflections
(n = 1, 2, and 4). The 001 reflection is located at 2θ = 7:04°
(dð001Þ = 12:54Å) indicating probably a 1W hydration state
(Table 3). The investigation of the calculated FWHM and
the ξ parameter value confirms the homogeneous character
which is consistent with the results obtained by [73] on the
same sample. Indeed, the Na exchangeable montmorillonite
(SWy-2-Na) sample is well studied earlier since it is a refer-
ence sample [33, 37–40, 45, 61, 73]. Our objective in this
stage of the study was to refine the obtained results related
to the SWy-Na sample with those founded in the literature.

The mixed layer structure (MLS) used to obtain the best
agreement, between experimental and theoretical XRD pat-
terns, shows a heterogeneous hydration character which is
displayed by the coexistence of three hydrous layer types
(Table 4). Indeed, an unfair contribution of different layer
types, in favor of the 1W layer state, is used. The IS water
molecule distribution respected previous works [32, 37–39,
72] with one water sheet located in the middle of the IS for
the 1W phase and two water sheets on either side of the
middle of IS for the 2W hydration state. Regardless of the

Table 2: The z atomic coordinates within the 2 : 1 layer framework along the c ∗ axis [70].

Atom type O1 O2 O3 O4 O5 O6 OH1 OH2 Si Si Al

Number 2 1 2 2 1 2 1 1 2 2 2

Zn (Å) 0 0.20 2.25 4.31 6.26 6.59 1.98 4.28 0.59 6.04 3.43
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hydration state type, the Na exchangeable cations (per half-
unit cell) are positioned at the center of the IS along the c ∗
axis. This configuration respects the provided literature data
[37–39]. The average layer number per crystallite is 15.

Structural parameters summarized in Table 4 show a
discretization of the hydration heterogeneity indicating
the interstratification of the different hydration state types
(0W, 1W, and 2W) within the same layer. Physically, this
can be translated into fluctuations in the layer thickness as
a function of the extended lateral specific surface area,
which affects the average of the crystallite size, the clay
particle size, and the porosity value.

3.2. Qualitative Description of Experimental XRD Patterns of
the SWy-Ba Sample. Experimental XRD patterns, in the case
of SWy-Ba, obtained by varying the constraint strength RBa−i
(i = 1, 2, 3, 4, 5, and 6) are summarized in Figure 3. For RBa−i
values ranging from 1 to 4, the experimental XRD patterns
are characterized by a main 001 reflection
(dð001Þ = 12:62Å) probably attributed to high Na+ cation
residue from the starting sample. This deduction is essen-
tially based on the works of [39, 58] which show that a com-
plete cationic exchange in the case of barium is accompanied
by the insertion of two water layers in IS and thereafter a
minimum basal distance of 15Å.

The 001 reflection is accompanied by a shoulder
towards small angles around dð001Þ = 15:23Å and proba-
bly attributed to the 2W hydration state synonym of the
presence of a minor Ba2+ cation fraction in IS. Generally,
the observed asymmetric 001 reflection reflects the coexis-
tence of several hydration states within the stack and/or an
incomplete (partial) cation exchange. The exploitation of
the FWHM and ξ parameter values confirms this supposi-
tion (Table 5).

For RBa−5 and RBa−6, the 001 reflections are more
symmetric with a remarkable shoulder (around 15.23Å)
intensity decrease explained, at this stage, by the dominance
of the 1W hydrated fraction attributed to the starting
sodium. The sodium cation presence in the IS in this situa-
tion is explained by the exchange process failure, which is
attributed to the always existing possibility of the natural
cationic exchange and which results in a minor fraction of
Ba2+ and the experimentally induced cation exchange by
the intensity and the mechanical stirring time. This homoge-
neity trend results in low FWHM and ξ parameter values
[72, 73]. This result is not consistent with previous works
focusing the same exchanged Ba2+ sample. Indeed, the works
of [38, 39, 58] show that the associated XRD patterns are
generally characterized by homogeneous 2W phases with d
ð001Þ ≈ 15:2Å. The objective of this anterior work was to
obtain and characterize reference specimen exchanged

0 5 10 15 20

(2𝜃°Cu-Kα)

25 30 35

I (
a.u

) X3

�eo
Exp

SWy_Na

Figure 2: Best agreement obtained between theoretical and experimental profiles in the case of the SWy-Na complex.

Table 3: Qualitative XRD investigation in the case of the SWy-Na sample.

Sample 2θ° d 001ð Þ (Å) FWHM (2θ°) Aver. cryst. size D (Å) ξ (Å) Hydration characters

SWy-Na 7.04 12.54 0.69 20.13 0.086 Homogenous
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Ba2+. This study seeks, rather, to characterize a limit of the
cationic exchange, under variation of the solid/liquid ratio,
which, of course, makes the difference and the novelty of
the work.

3.3. Qualitative Description of Experimental XRD Patterns of
the SWy-Ni Sample. Regardless of the RNi−i value, the exper-
imental XRD patterns (Figure 3) in the case of SWy-Ni com-
plexes show a main 001 reflection characterizing an
intermediate 1W/2W hydration state with 2W hydration
state trend dð001Þ = 14:43Å. Bibliographic data [22, 46]
demonstrate that, under room atmospheric conditions and
in the case of Ni2+ exchangeable cations, a homogeneous 2
W hydration state is developed when SWy-Na is used as
starting material. This result is not really respected in our
case even for an initial RNi−1 value (i.e., in the absence of
any constraint). Indeed, a right-handed profile asymmetry
towards the large angles (2θ = 7:1°; dð001Þ = 12:62Å), which
is ascribed to the minor 1W hydration state phase, was
observed independently of the applied constraint strength.
The appearance of this profile asymmetry seems to be unaf-
fected by the variation in the solid/liquid ratio. These
observed heterogeneities are confirmed by fairly close and
high values of the FWHM and ξ parameters (Table 5). This
interpretation remains qualitative since the coexistence of
two or more phases cannot be demonstrated by simple semi-
quantitative calculation.

Several characteristics, at this stage, remain undefined, at
least by way of example but not limited: (i)
thedð001Þ = 14:43Åis explained by an incomplete exchange-
able site saturation or a maximum hydration process due to
the layer exfoliation process, (ii) the existence of the minor
layer population at 12.62Å is it attributed to an unfinished
exchange process, and in this case, why or to a partial
exchange and with stirring time, it will evolve towards
the2Wstate properly, and (iii) what is the relation between
the coexistence of two layer types and the effect of the layer
stacking on the experimental diffractogram. Quantitative
XRD analysis must give accurate and precise answers.

3.4. Modeling of X-Ray Diffraction Profiles

3.4.1. Case of the SWy-Ba Sample. The qualitative XRD anal-
ysis suggested, whatever the RBa−i strength, a heterogeneous
hydration behavior. This interstratification was approved by
the 001 reflection modelling approach which supposes the
coexistence of three different hydration states (e.g., 0W, 1

W, and 2W). To improve the agreement between the calcu-
lated and experimental patterns (Figure 3) and for each RBa−i
(i = 1,⋯, 6) value, the proposed mixed layer structure is the-
oretically decomposed into different layer populations (i.e.,
0W L:Th ≈ 10:00Å), 1W L:Th ≈ 12:20Å, and 2W L:Th ≈
15:20Å) stacked according to specific succession probability
laws. The structural parameters associated with this model-
ling approach is summarized in Table 6. The proposed
MLS are obtained by the weighted layer type populations
which are supposed to have identical chemical composi-
tion, identical layer thickness, and identical z coordinates
of the atoms [80].

The CEC of the starting materials is partially saturated
by Na+ and Ba2+ cations seen that, under room conditions,
sodium always presents a 1W hydration state [73]; on the
other hand, the barium presents 2W hydration ones [58].

The fitting quality is controlled by the Rp parameter. The
phase ponderation is in favor of the 1W hydration state
attributed to the Na+ cation whatever the RBa−i (i = 1,⋯, 6)
value is. The 2W phase minor contribution, in the used
MLS, describes clearly the observed 001 reflection asymme-
try and confirms the partial barium cation exchange process.

3.4.2. Case of the SWy-Ni Sample. The best fit of all experi-
mental XRD patterns (Figure 3) obtained along the RNi−i
range is obtained through theoretical models with a main
interstratified structure using three MLSs including various
relative proportions of the layer with different hydration
states (Table 6). This variability confirms the heterogeneous
hydration character and the intermediate 1W/2W observed
hydration phase regardless of the RNi−i value.

In detail, a minor contribution of the 0W phase, not
exceeding 3% but omnipresent, is observed regardless of
the solid/liquid ratio. On the other hand, the dominance of
the 2W hydration phase with weighting fluctuations is the
proof of a cation exchange process. Indeed, the 2W hydra-
tion phase implemented in the theoretical model was man-
datorily assigned to the fraction whose CEC is saturated
Ni2+ [46]. The presence of the 1W layer hydration state pop-
ulation (where the CEC is saturated by the starting Na+) is
interpreted by the existence of a (fairly large) fraction
“unconcerned” to the applied constraint (Figure 4).

The obtained agreements between theoretical and exper-
imental profiles (Rp ≈ 5 to 7%) are generally acceptable,
despite the misfit observed after widening (zoom 10x) of
the peaks around 30° (2θ). In fact, this disagreement can

Table 4: Optimal structural parameters obtained from quantitative XRD analysis in the case of the SWy-Na sample.

Layer types % L.Th d 001ð Þ nH2O zH2O nexch:cat Na+ zexch:cat Na+ WA PAA M Rp
0W 15 10.50 0 0 0.0495 8.5

1 1 15 4.31%
1W 70 12.40 2 9.8 0.2310 9.8

2W 15 15.40
1 11.3

0.0495 12.6
1 13.9

L.Th: layer thickness (Å); dð001Þ: basal spacing value (Å); nH2O: number of water molecules; zH2O: position of water molecules along IS thickness; nexch:cat:
number of compensating cations; zexch:cat: position of compensating cations along IS thickness; WA: relative abundance of the A-type layer; PAA:
probabilities of the successive A-type layer; M: average layer number per stack.
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be broken down into a positional agreement and a diffracted
intensity disagreement probably linked to the distribution
and the number of water molecules in the SI. This disagree-
ment led us to explore the areas of large angles, later to find
an eventual link between CEC saturation, IS filling, and
hydration heterogeneities degree.

The logical increase of the Rp factor in the case of the Ba
exchanged sample finds its explanation in the 001 reflection

asymmetry (which contains all structural defaults), the ele-
vated FWHM value, and the ξ rationality parameter. Theo-
retically, this result is linked to the variability of possible
MLS configurations allowing a good fit of the 001 reflection.

The exploitation of the WA, PAA, M, and Rp factor
values allowed us to characterize a specific distribution of
the normalized n layers within the crystallites according to
the generated stacking modes and the contribution of each
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Figure 3: Best agreement between theoretical and experimental XRD profiles obtained in the case of the SWy-Ba and SWy-Ni samples. ∗

Halite (NaCl).
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phase. This layer statistical representation can help in under-
standing the low or the high CEC sensitivity (of the starting
sample) towards the soil solution concentration regardless of
the RM−i strength.

3.5. Evolution of the nH2O, 0W, 1W, and 2W Amounts versus
Constraint Strength

3.5.1. Case of the SWy-Ba Sample. For a given RM−i value, the
sample hydration state is governed by the cation nature, the
layer charge value, and the layer charge location [37–39, 41,
81–84]. All studied samples belong to the Wyoming mont-
morillonite specimen characterized by the same layer charge
and the charge location value. The exchangeable cation
nature and abundance (variable solid/liquid ratio) are at
the origin of this specific hydration behaviors. The water
affinity of the exchangeable cation is related to the ionic
potential defined by the ratio of the valence of the cation
to its ionic radius [85]. This potential increases as the affinity
of the cation for water rises. Thus, a cation like barium hav-
ing a high water affinity will generate a 2W hydration state
(dð001Þ ≈ 15:2Å) [38, 39]. On the contrary, cations like
sodium or potassium having a lower affinity for water will
exhibit generally monohydrate states 1W (dð001Þ ≈ 12:2Å
). With quantitative XRD analysis, a discretization of the IS
content is achieved. Indeed, the evolution of the H2O mole-
cules, fraction per half-unit cell, versus constraint strength is
determined (Figure 5(a)). For the SWy-Ba sample, an overall
linear decrease in the number of water molecules as a func-
tion of the increase in the solid/liquid ratio is observed.
Using a linear regression approach, a further equation related
to the decrease in the amount of H2O molecules per half-unit
cell (nH2O) versus the RBa−i value can be developed. The behav-
ior and evolution of the nH2O amounts versus constraint
strength are perfectly described by these regressions. Indeed,
from the observed dependence of the latter parameter on the
RBa−i value, the equations were derived which allow the quan-

tification of the hydration behavior when increasing the soli-
d/liquid ratio. In the case of Ba2+ cation,

nH2O = 2:657 − 0:285 ∗ RBa−i, with i = 1, 2, 3, 4, 5, and 6:
ð3Þ

The nH2O fluctuation ðΔnH2OÞ range varies from 2.3 to 0.8,
with a negative slope of −0.285 (zones I and II).

For the first three values of RBa−i (i = 1, 2, 3) (zone I), a
slow decrease of nH2O fluctuation is observed
(ΔnH2O = 0:45Þ. This fluctuation accelerates for ivalues > 3
(zone II) to reach ΔnH2O = 0:98.

Physically, this is in accordance with the experimentally
observed variations on the intensity and the shape of the 001
reflection.

In fact, up to RBa−3 (zone I), the appearing shoulder
towards the low 2θ values is attributed to a partial CEC sat-
uration with Ba2+ cation; a fairly large crystallite fraction
presents a 2W hydration state indicating the interlayer Ba
presence. Also, the global description of the crystallite’s
nature shows a coexistence of two-layer type populations
with a different IS filling characterized by a dominance of
sodium-saturated clay particles. Thus, it is like a barium cat-
ion exchange beginning, which did not persist for high
values of RBa−i. For ivalues > 3 (zone II), the nH2O trends
towards weakly hydrated states (1W) are noted. This results
in the conservation of the starting hydration state and the
practical absence of cationic exchange.

3.5.2. Case of the SWy-Ni Sample. The same study was car-
ried out for nickel cations. The obtained results show a
completely different behavior from that of the barium case,
which was expected, but a considerable difference was noted.
Indeed, the amount of H2O molecules per half-unit cell
(nH2O) always respects a linear variation according to the
intensity of the applied constraint (Figure 5(b)). A similar

Table 5: Qualitative XRD investigation in the case of the SWy-Ba and SWy-Ni samples.

Samples RM−i 2θ° d 001ð Þ (Å) FWHM (2θ°) D (Å) ξ (Å) Characters

SWy-Ba

RBa−1 7.21 12.24 1.08 12.86 0.151

Interstratified

RBa−2 6.94 12.73 1.19 11.67 0.281

RBa−3 6.96 12.68 1.08 12.86 0.192

RBa−4 7.03 12.57 0.97 14.34 0.114

RBa−5 6.98 12.66 0.80 16.15 0.097

RBa−6 7.02 12.59 0.78 17.81 0.094

SWy-Ni

RNi−1 6.15 14.36 1.10 12.62 0.444

Interstratified

RNi−2 6.12 14.43 0.97 14.31 0.426

RNi−3 6.13 14.40 1.02 13.61 0.449

RNi−4 6.12 14.43 1.17 11.87 0.406

RNi−5 6.11 14.45 0.94 14.77 0.456

RNi−6 6.10 14.48 1.10 12.62 0.546

RM−i (i = 1,⋯, 6) solid/liquid ratio (M; Ba or Ni cations); D: aver. cryst. size.
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Table 6: Structural parameters of SWy-Ba and SWy-Ni complexes.

RM−i %MLS xW_excha.cat L.Th (Å) nH2O WA PAA M Mtot %Rp

RBa−1

54.3 1W Na 12.2 0.5 1 1 12

9 8.49

39.1 1W Ba 12.2 1 1 1 5

3.25

1W Ba 12.2 0.1 0.4

0.5 5
2W Ba 15.2

0.3
0.6

0.3

3.35 0W Na 10 0 1 1 4

RBa−2

52.36 1W Na 12.2 0.8 1 1 12

9 7.12

33.84

1W Ba 12.2 0.1 0.7

0.59 5
2W Ba 15.2

0.1
0.3

0.1

12.30

1W Ba 12.2 0.4 0.5

0.5 5
2W Ba 15.2

0.3
0.5

0.3

1.5 0W Na 10 0 1 1 4

RBa−3

59.44 1W Na 12.65 0.5 1 1 12

9 7.4339.52

1W Ba 12.2 0.15 0.7

0.71 5
2W Ba 15.2

0.1
0.3

0.1

1.04 0W Na 10 0 1 1 4

RBa−4

68.61 1W Na 12.55 0.4 1 1 12

10 8.3330

1W Ba 12.2 0.1 0.7

0.72 5
2W Ba 15.2

0.1
0.3

0.1

1.39 0W Na 10 0 1 1 4

RBa−5

65.21 1W Na 12.65 0.7 1 1 12

10 6.8433.52

1W Ba 12.2 0.1 0.7

0.6 5
2W Ba 15.2

0.1
0.3

0.1

1.27 0W Na 10 0 1 1 4

RBa−6

72.22 1W Na 12.6 0.5 1 1 12

10 8.6625.48

1W Ba 12.2 0.1 0.7

0.7 5
2W Ba 15.2

0.1
0.3

0.1

2.30 0W Na 10 0 1 1 4

RNi−1

70.47

1W Ni 12 0.1 0.3

0.3 8

7 4.37

2W Ni 15
0.1

0.7
0.1

27.57

1W Ni 12.5 0.5 0.7

0.7 5
2W Ni 15.5

0.8
0.3

0.8

1.96 0W Na 10 0 1 1 5
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equation to that found in the case of barium has been devel-
oped according to a linear regression approach:

nH2O = 2:152 + 0:219 ∗ RNi−i, with i = 1, 2, 3, 4, 5, and 6,
ð4Þ

which shows a high sensitivity of water response to the pres-
ence of the Ni2+ cation in the solution. Moreover, this result
confirms the XRD analysis, which shows a quasiachievement
of the cation exchange process whatever the value of RNi−i is.

3.6. Evolution of the Layer Type Abundance versus
Constraint Strength. An “ephemeral” cation exchange

Table 6: Continued.

RM−i %MLS xW_excha.cat L.Th (Å) nH2O WA PAA M Mtot %Rp

RNi−2

77.91

1W Ni 12.5 0.1 0.3

0.3 8

7 5.74

2W Ni 15.5
0.1

0.7
0.1

20.38

1W Ni 12.5 0.6 0.6

0.65 5
2W Ni 15.5

0.85
0.4

0.85

1.71 0W Na 10 0 1 1 5

RNi−3

76.45

1W Ni 12.5 0.1 0.3

0.3 8

7 3.39

2W Ni 15.5
0.1

0.7
0.1

22.01

1W Na 12.5 0.7 0.7

0.7 5
2W Na 15.5

0.9
0.3

0.9

1.54 0W Na 10 0 1 1 5

RNi−4

73.33

1W Ni 12.5 0.1 0.3

0.3 8

7 4.86

2W Ni 15.5
0.1

0.7
0.1

24.59

1W Na 12.5 0.68 0.82

0.8 5
2W Na 15.5

1
0.18

1

2.08 0W Na 10 0 1 1 5

RNi−5

82.77

1W Ni 12.5 0.1 0.3

0.2 8

7 6.09

2W Ni 15.5
0.1

0.7
0.1

15.01

1W Na 12.5 0.8 0.75

0.7 5
2W Na 15.5

1.1
0.25

1.1

2.22 0W Na 10 0 1 1 5

RNi−6

78.67

1W Ni 12.5 0.1 0.3

0.35 8

7 4.19

2W Ni 15.5
0.1

0.7
0.1

19.20

1W Na 12.5 1 0.8

0.75 5
2W Na 15.5

1.1
0.2

1.1

2.13 0W Na 10 0 1 1 5

xW_excha.cat: layer type and the associated exchangeable cation; L.Th: layer thickness in Å. 2W, 1W, and 0W are attributed to the layer hydration state. nH2O:
the number of H2O molecules per half-unit cell; zH2O: the position along the c ∗ axis of the H2O molecule is fixed to 9.5 Å and 11.3 Å - 13.9 Å for the 1W and
2W hydration states, respectively. The position of exchangeable cations per half-unit cell calculated along the c ∗ axis is fixed to 8.30 Å, 9.50 Å, and 12.25 Å for
the 0W, 1W, and 2W hydration states, respectively [80]. nexcha:cat: the number of exchangeable cation per half-unit cell is fixed to 0.33 (for Na+ cation) and
0.165 (for Ba2+ and Ni2+ cation), indicating full saturation of the cation exchange capacity (CEC).
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Phases RBa-1 Phases RBa-2

54.30% 100% 52.36% 100%

39.10% 100% 33.84% 70% 30%

3.25% 40% 60% 12.30% 50% 50%

3.35% 100% 1.50% 100%

Phases RBa-3 Phases RBa-4

59.44% 100% 68.61% 100%

39.52% 70% 30% 30% 70% 30%

1.04% 100% 1.39% 100%

Phases RBa-5 Phases RBa-6

65.21% 100% 72.22% 100%

33.52% 70% 30% 25.48% 70% 30%

1.27% 100% 2.30%

(a)

(b)

100%

Layers

Ph
as
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Phases RNi-1 Phases RNi-2

70.47% 30% 70% 77.91% 30% 70%

27.57% 70% 30% 20.38% 60% 40%

1.96% 100% 1.71% 100%

Phases RNi-3 Phases RNi-4

76.45% 30% 70% 73.33% 30% 70%

22.01% 70% 30% 24.59% 82% 18%

1.54% 100% 2.08% 100%

Phases RNi-5 Phases RNi-6

82.77% 30% 70% 78.67% 30% 70%

15.01% 75% 25% 19.20% 80% 20%

2.22% 100% 2.13% 100%
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Layers
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Figure 4: Graphic Representation of the hydration state in the case of SWy-Ba (a) and SWy-Ni (b) samples via modelling of X-ray
diffraction. Colors white, light-brown, and dark-brown represent the type 0W, 1W, and 2W layer hydration states, respectively. Each
line thus represents a layer with his own hydration state. The configuration considered here is extracted from validated MLS and based
on 100 layers per crystallite.
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process was observed in the case of SWy-Ba samples by
varying the surrounding solid/liquid ratio. For SWy-Ni, the
cation exchange rises and the starting material response is
more understood. Structural changes (such as layer thick-
ness fluctuations, FWHM, ξ parameter, and even more up
to the layer stacking mode and the average layer number

in the crystallite) and the insight of the mineral CEC run-
ning mode are closely related to the discretization of the
hydration states. The individual layer type abundance
deduced from the optimized theoretical MLS used to repro-
duce the experimental XRD profiles was presented in
Figure 6. For SWy-Ba samples, a minor hydration state
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Figure 5: nH2O abundance fluctuation versus RM−i values in the case of (a) SWy-Ba and (b) SWy-Ni complexes. Red color: the used linear fit.

13Adsorption Science & Technology



1 2 5 6
0.0

0.5

1.0

1.5

2.0

2.5

3.0

3.5

4.0

4.5

5.0

3 4

RBa-i (i = 1,2,3,4,5 and 6)

%
0W

 

0W
Polynomial fit

1 2 5 63 4

RBa-i (i = 1,2,3,4,5 and 6)

0W
Polynomial fit

(a)

1 2 5 6

86

88

90

92

94

96

3 4

RBa-i (i = 1,2,3,4,5 and 6)

%
1W

1W
Polynomial fit

(b)

Figure 6: Continued.
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Figure 6: Continued.
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fluctuation for the 0W and 2W (2.4% (0W) and 10% (2W))
is observed.

This is explained by an almost absence of the cation
exchange process, and the starting sample is indifferent
to the applied constraint variation despite the exchange
equilibrium time provided. Knowing that water phase
abundances are normalized to 100%, we find this result

in the evolution of the 1W hydration state which even
though with these fluctuations, the sample remains practi-
cally at 1W and the IS retains its original identity. This
evolution was fitted using a polynomial regression
approach in order to characterize the observed fluctuations
by an empirical rule (Table 7). We reported in Figure 6 an
individually polynomial regression approach which directs
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Figure 6: Simulation of 0W , 1W, and 2W amount evolution versus constraint strength. (a) 0W Ba; (b) 1W Ba; (c) 2W Ba; (d) 0W Ni; (e)
1W Ni; (f) 2W Ni.
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the progress of the layer abundance, related to all exchange-
able cations, along the RBa−i value. For the SWy-Ni sample,
a main increase of the 2W phase amounts versus the RNi−i
value is observed. This major fluctuation is accompanied by
a slow decrease of 0W and 1W phases. The evolution of all
layer type abundance respects a polynomial regression
approach (Figure 6 and Table 7). This result can be inter-
preted by a cation exchange establishment whatever the value
of the constraint in the case of the Ni2+ cation is.

The polynomial equation is as follows:

y = A0 + A1x + A2x
2 + A3x

3 + A4x
4: ð5Þ

3.7. Evolution of the Layer Stacking Mode. In this section, the
evolution of the proportions of the different kinds of layers
Wi and the layer stacking mode, which is described by a
set of junction probabilities (Pij) within the clay particle, is
investigated [70, 86]. These succession probabilities depend
on the phase’s composition and the structure order degree.
The order is characterized by the “Reichweit (R)” factor indi-
cating the layer range interactions detailed by [87].

The relationship between the solid/liquid ratio and the
layer stacking mode within crystallite in the cases of SWy-
Ba and SWy-Ni complexes is reported in Table 7.

For Ba2+ exchanged montmorillonite, a domination of
the segregated stacking mode is observed (Table 8) indi-

cating that it is no longer a question of interstratification
or intracrystallite heterogeneity attributed to the coexis-
tence, within the same crystal, of two or more layer types
but a real physical mixture between different layer popula-
tions. This reading confirms the low achieved cation
exchange degree.

Table 7: Theoretical value deduced from polynomial regression
fitting which is used to study the evolution of the layer type
abundance.

Layer type Analytical values Ba2+ Ni2+

0W

A0 9.2400 2.3033

A1 −8.9966 −0.4228
A2 3.7154 0.0934

A3 −0.6552 −0.0167
A4 0.0412 0.0012

Reduced chi-sqr 0.0069 0.0057

Adj. R-square 0.9913 0.9942

1W

A0 110.0723 42.3833

A1 −21.6798 −0.5287
A2 7.2986 0.4779

A3 −1.0671 −0.1755
A4 0.0575 0.0134

Reduced chi-sqr 0.0865 0.0272

Adj. R-square 0.9916 0.9956

2W

A0 −19.3123 55.3133

A1 30.6765 0.9515

A2 −11.0140 −0.5714
A3 1.7224 0.1923

A4 −0.0987 −0.0146
Reduced chi-sqr 0.1423 0.0199

Adj. R-square 0.9914 0.9974

Table 8: Layer stacking mode versus the RM−i value.

RM−i Phases Layer stacking mode Description

RBa−1

1 R0 Total segregation

2 R1seg Partial segregation

3 R0 Total segregation

4 R0 Total segregation

RBa−2

1 R0 Total segregation

2 R1 Partial order

3 R0 Random order

4 R0 Total segregation

RBa−3

1 R0 Total segregation

2 R1seg Partial segregation

3 R0 Total segregation

RBa−4

1 R0 Total segregation

2 R1seg Partial segregation

3 R0 Total segregation

RBa−5

1 R0 Total segregation

2 R1 Partial order

3 R0 Total segregation

RBa−6

1 R0 Total segregation

2 R0 Random order

3 R0 Total segregation

RNi−1

1 R0 Random order

2 R0 Random order

3 R0 Total segregation

RNi−2

1 R0 Random order

2 R1seg Partial segregation

3 R0 Total segregation

RNi−3

1 R0 Random order

2 R0 Random order

3 R0 Total segregation

RNi−4

1 R0 Random order

2 R1 Partial order

3 R0 Total segregation

RNi−5

1 R1 Partial order

2 R1 Partial order

3 R0 Total segregation

RNi−6

1 R1seg Partial segregation

2 R1 Partial order

3 R0 Total segregation
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For Ni2+ exchanged montmorillonite, the ordered stacking
mode distributions, with its two aspects (e.g., partial and ran-
dom order, Table 8), are present along the RNi−i value. Indeed,
on the diagram of [67], the partial order is the upper limit of the
MPDO maximum order zone with R = 1, which is defined by
prohibiting the succession of two layers in minority proportion
[70]. On the other hand, in the random stacking order, no
stacking sequence is prohibited and the probability of a layer
appearing in a sequence does not depend on therefore its pro-
portion. This confirms the interstratification within the crystal-
lite which will generate a loss of rationality in the 001 reflections
series on the XRD diffractogram.

3.8. BET and BJH Pore Size Distribution Analysis. The stack-
ing of the TOT layers in montmorillonite in the c direc-
tion is the master variable that determines the specific
internal and external surface areas. The montmorillonite
layers, and the saturated pores which delineate, control
the diffusion properties and the transport of solutes in
engineered environments. Indeed, the variation of the soli-
d/liquid ratio affects the colloidal properties of the final
clay suspension in addition to these effects on the intrinsic
structural properties of the starting materials. Clay is a
mineral which occurs at the nanometric scale with a 2D
layer structure whose cohesion is ensured by physical
interactions [88]. The structural basis of montmorillonite
porosity remains poorly characterized due to the difficulty
in visualizing hydrated samples in their native state. Here,
the BET and BJH pore size distribution analyses are used
to decode the possible links and relation between the soli-
d/liquid ratio of the global solution, the CEC, and the size
and/or shape of the crystallites. BET is an appropriate
method to assess chemical transformation on the external
surface of a porous 2D structure, like a clay layer, due to
the impermeability of the interlamellar space versus nitro-
gen. In this work, both single-point and multipoint BET
methods were considered to determine the surface area

(SA) from nitrogen isotherms [76]. The mean pore diam-
eter for each sample is determined by the BJH method.
The BET surface area and the average nanopore diameter
regardless of the RM−I value are summarized in Table 9.
The obtained results show an increase in the calculated
external surface in the case of the Ni exchange specimen
compared to the barium-saturated sample. This growth
depends on the value of the solid/liquid ratio imposed by
the starting solution. The calculated external surface for
the SWy-Ni sample increases proportionally with the con-
straint strength, contrary to that for the SWy-Ba sample,
where the sample practically maintains values very close
to those of the starting sample which probably indicates
minimal IS disturbance. This can be interpreted by the dif-
fusion coefficient change with the preparation and packing
density of the montmorillonite and with the concentra-
tions of the major ions [89–95].

Using the BET method and SA measurement (Figure 7),
a nitrogen adsorption- (ads-) desorption (des) isotherm has
been traced for all studied samples. Indeed, the shapes of the
obtained curves can be described by a pore distribution cat-
egorized under type II adsorption isotherms in the classifica-
tion of Brunauer, Deming, Deming, and Teller (BDDT)
[75–77]. This classification is attributed to the sample meso-
porous texture with large pores (in addition to the nano-
pores). Indeed, according to an IUPAC definition, porous
materials are classified into three major categories depend-
ing on their pore sizes: microporous materials with pore
sizes below 2nm, mesoporous materials with pore sizes
between 2 and 50nm, and macroporous materials with pore
sizes exceeding 50nm [96].

Larges pores are partly due to the CEC saturation in the
case of Ni2+ cation. Given the applied constraint strength
(RM−i) and the exchangeable cation nature that this interca-
lation promotes, the exfoliation process and that thereafter
increase the porosity degree. In addition and because of
the limited nitrogen capacity to cover only the outer primary

Table 9: SABET (single and multipoint BET) and BJH method average pore diameter.

Sample
SABET (m2/g)

Single-point BET
SABET (m2/g)

Multipoint BET
Average nanopore diameter (nm)

BJH method

SWy-Na 14.7248 14.9021 3.6987

SWy − Ba RBa−1 14.8724 14.7324 3.8012

SWy − Ba RBa−2 16.0894 16.3198 3.7581

SWy − Ba RBa−3 20.9641 21.7342 3.8937

SWy − Ba RBa−4 21.8647 21.4286 4.0214

SWy − Ba RBa−5 20.5478 20.8674 4.0152

SWy − Ba RBa−6 19.7283 20.1798 3.9864

SWy −Ni RNi−1 25.8756 25.9756 4.8679

SWy −Ni RNi−2 26.8426 26.9924 4.8721

SWy −Ni RNi−3 28.4628 28.9745 4.9334

SWy −Ni RNi−4 29.2587 29.8674 5.0158

SWy −Ni RNi−5 32.1597 32.4421 4.9901

SWy −Ni RNi−6 32.1897 32.2019 4.9860
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surface without having access to the interlayer space (IS), an
asymptotic approach to the restrictive quantity is observed
along the nitrogen isotherms. It should be noted that the
surface area concept is unable to give a global description
of the texture in the case of 2D porous materials (clay frac-
tion). Indeed, it is essential to differentiate between external,
internal, and interlamellar surface areas for clays. For this
and for a more quantitative description of the porosity tex-
ture, pore size (PS) and pore size distribution (PSD) studies
are imposed. The PSD in the mesopore region can be deter-
mined by the BJH method assuming several propositions
and approximations such as

(i) P0 and P are the vapor pressure of the bulk liquid
nitrogen and the equilibrium pressure of desorption
at the liquid nitrogen temperature (∼77K),
respectively

(ii) VMi, VMe, and VMa (all in mL/g), define the vol-
umes of micropores, mesopores, and macropores
including nanopores in one-gram solid

(iii) The specific micromesopore volumes
(V = VMi +VMe) are obtained from the desorption
data, at the relative equilibrium pressure (P/P0)

(iv) Cylindrical pores shape (with a radius (r) approxi-
mately half of its width)

(v) Cylindrical mesopores (with radii (r) corresponding
to v values which were calculated from the corrected
Kelvin equation using P/P0 values)

(vi) Macropores do not affect the adsorptive properties
[79]

The V − r (cumulative pore volume vs pore radius) plots
and the mesopore PSD are given in Figure 8. An increase in
the pore sizes in the case of the Ni2+ cation is observed com-
pared to the Ba2+ cation.

By intercepting the extrapolations of each PSD curve
related to each sample, the VMi and VMe can be determined.
The VMe ranges from 0.045 for RNi−1 to 0.07 for RNi−6 which
proves a remarkable increase probably due to the comple-
tion of the cation exchange process (Figure 8). The radius
derivative of the V − r curve for all samples is given in Figure
9. Indeed, the maximum mesopore volume (0.00674mL/g)
is obtained for the RNi−6 sample. All the determined V − r
values, in the case of SWy-Ni, are far greater than those
relating to SWy-Ba. For the SWy-Ba sample, the maximum
mesopore volume is 0.00351mL/g and obtained at RBa−2.
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Figure 7: Nitrogen adsorption- (ads-) desorption (des) isotherms.
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This behavior persists up to RBa−4 which is consistent with
the quantitative XRD analysis which predicts the cation
exchange process beginning at RBa−2. Commonly, the varia-

tion of the solid/liquid ratio affected the volume of the meso-
pores, which are in any case greater than those determined
for the starting sample. For all samples, the mesopore radii
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Figure 8: The pore size distribution (PSD) curve for the different studied samples (V − r).
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varied between 1.586 and 16.739 nm (Figure 9). In addition
and due to the applied constraint and the exchangeable cat-
ion nature, a reduction of the microporous distribution in
favor of mesoporous distribution is observed. The porosity
investigation using the BET-BJH method confirms the
obtained results from the XRD modelling approach indicat-
ing the quasiachievement of the exchange process regardless
of the RNi−i value, layer exfoliation, and crystallite size fluctu-
ations. This structural response to the hydrological distur-
bance clearly shows a very specific behavior depending on
the constraint strength and the nature of the exchangeable
cation.

4. Conclusion

This work focuses on the hydration behavior, the IS pertur-
bation, the CEC fluctuations, and the structural changes of
Wyoming montmorillonite according to the geochemical
constraints which are created at the laboratory scale (e.g.,
variable solid/liquid ratio (RM−i) in the case of solution satu-
rated by Ba2+ or Ni2+). These goals are achieved by combin-
ing the results from the XRD profile modelling approach
with the developed mathematical arsenal behind and the
adsorption measurement outcomes. Indeed, this theoretical
approach allows us to quantify the IS configuration versus
applied constraint (e.g., the nature, abundance, size, posi-
tion, organization of the interlamellar species along the c
-axis, and the stacking modes in the crystallites). The model-
ling approach also allowed us to identify the heterogeneities
of structures in the samples studied, to shed light on
unknown hydration behavior, and disclosed the influence
of macroscopic constraints on the microscopic hydration
properties. The obtained results, at room temperature and
without any applied constraint, show that the starting SWy-
Na complex exhibits a homogeneous 1W hydration state and
the SWy-Ba and SWy-Ni complexes a homogeneous 2W
hydration state, which is in accordance with the previous work
of [26, 38, 54]. The qualitative XRD investigation of the RM−i
variation effect on CEC properties shows an interstratified
hydration character for all complexes probably attributed to
the incomplete or partial cation exchange process. The quanti-
tative XRD analysis shows in the case of Ba2+ cation that

(i) Whatever the constraint strength, the sample
exhibits a heterogeneous hydration behavior tra-
duced by the coexistence of 0W, 1W, and 2W
hydration states within the crystallite

(ii) The theoretical decomposition of the experimental
XRD profiles allowed us to identify all existing dif-
ferent layer populations and their stacking mode

(iii) A domination of the segregated stacking mode versus
the RBa−i value indicating the formation of a real
physical mixture between different layer populations

The quantitative investigation of the effect of the varia-
tion of the solid/liquid ratio in the case of the Ni2+ cation
shows that

(i) An interstratification was approved by the coexis-
tence of the three hydration states (i.e., 0W, 1W,
and 2W) whatever the RNi−i value is

(ii) There is coexistence within the crystallite of differ-
ent kinds of layer populations stacked according to
a specific set of junction probabilities

(iii) For low RNi−i values, the appearance of intrinsic
layer hydration heterogeneity with variable filling
of the IS confirms the partial cation exchange
process

In addition, the XRD modelling approach allowed us to
assign a hydration footprint response and to map the inter-
stratification of the different populations of layers, for each
RM−i value. The adsorption measurement results based on
BET and BJH pore size distribution analyses confirm the
exfoliation process versus applied constraint. Indeed, the
mesopore V − r shows elevated values in the case of Ni2+

cation indicating new IS configuration at the layer scale
and a size decrease at the crystallite scale.
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