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Abstract The employment of clay minerals in
the transport of water, nutrients, and contaminants
depends on a few factors, including permeability,
hydration behavior, ion-exchange -efficiency, and
more. With the application of external stress, it is
still difficult to understand how clay particles swell
and collapse, how water is retained, how hydration
heterogeneities are formed within crystallites, and
how interlamellar space is organized. The present
work studied the link between geochemical, ther-
mal, kinetic constraints (established at the labora-
tory scale), and intrinsic clay features by exchanging
Na-rich montmorillonite (SWy2) with Ni**, Mg,
or Zn** cations. By comparing the experimental 00/
reflections with the calculated reflections obtained
from the structural models, quantitative X-ray dif-
fraction (XRD) analysis has enabled the building
of a theoretical profile describing the layer stacking
mode (LSM) and allowed the description of interlayer
space (IS) configuration along the c* axis. Regardless
of the type of the exchangeable cations (EC), XRD
modeling revealed that all samples exhibited inter-
stratified hydration behavior within the crystallite
size, which probably indicates partial or incomplete

Associate Editor: Andrey G. Kalinichev

C. Mejri (<) - W. Oueslati - A. Ben Haj Amara

Faculté des Sciences de Bizerte, LR19ES20, Ressources,
Matériaux et Ecosystemes (RME), Université de Carthage,
7021 Bizerte, Tunisie

e-mail: chadha.mejri@fsb.ucar.tn

https://doi.org/10.1007/s42860-023-00253-5 Published online by Cambridge University Press

saturation of the IS. This theoretical result was
defined by the appearance of two hydration states
(IW and 2W), which were unrelated to the strain
strength creating a higher degree of structural hetero-
geneity. Using the theoretical decomposition of the
observed XRD patterns, the identification of all dis-
tinct layer populations and their stacking mode was
achieved. The segregated LSM are, therefore, obvi-
ously superior as a function of stress strength.

Keywords Coupling Second-order Stresses -
Geochemical, Thermal, and Kinetic Constraints -
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Introduction

Montmorillonite (Mnt) belongs to the smectite (Sme)
family; smectite is a 2:1 phyllosilicate (Kretz, 1983;
Whitney & Evans, 2010; Warr, 2020). The Mnt struc-
ture is composed of a stack of two types of sheets:
an octahedral sheet (MO, (OH),), represented by O,
where M can be either Al or Mg, surrounded by two
tetrahedral sheets (SiO,), symbolized by T. This struc-
ture is known as T-O-T or 2:1, and has a layer thick-
ness of ~9.6 A (Brown, 1982; Drits & Tchoubar, 1990;
Giiven & Bailey, 1988; Moll, 2001; Newman, 1987).
Additionally, there are isomorphic substitutions in the
(T) and/or (O) sheets caused by the localization of
cations of various natures in the various cavities. The
Mnt is characterized by their large cation exchange
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capacity (CEC), permeability, layered structure, vari-
ous hydration properties, very large specific surface
area (SSA), porosity, and resistance to mechani-
cal stresses (Oueslati et al., 2022b). The CEC is an
intrinsic feature of phyllosilicates and is defined by
the compensating cations (CC) from the soil solution
(SS) located in the interlamellar space (IS) (Bérend
et al., 1995; Cases et al., 1997; Sato et al., 1992). The
type of CC, amount and location of charge, as well as
external factors such as thermal gradient, pressure,
relative humidity (RH), and pH of the SS significantly
affect this feature, which is the origin of the mineral
hydration behavior. Indeed, the location of intrinsic
layer charge and compensating cations, as well as the
presence of water molecules in the interlamellar space
(IS), determine the progressive expansion of the IS,
known as the hydration process. This process causes
the basal spacing of the 001 plane to vary discontinu-
ously. Different hydration states (HS) can be defined
based on the number of water layers intercalated in
the IS: the dehydration state OW (dj;, ~10 A), one-
water hydration state 1W (dyy ~12.2 A), two-water
hydration state 2W (dy,, ~15.4 A), three-water layers
3W (dyy, ~18.2 A), and eventually four-water layers
AW (dyy, ~21 A). The type, amount, and location of
compensating cations, as well as external factors such
as thermal gradient, pressure, relative humidity (RH),
and pH of the soil solution, affect significantly the
hydration process, which is responsible for the min-
eral’s hydration behavior (Bérend et al., 1995; Dazas
et al., 2014, 2015; Oueslati & Meftah, 2018; Oueslati
et al., 2011; Sato et al., 1992; Yan & Zhang, 2021).
There are several other properties of clay minerals that
are highly sensitive to changes in temperature gradi-
ents, kinetics during cation exchange processes, fluc-
tuations in relative humidity, atmospheric pressure,
the type and nature of CCs, as well as the solid-liquid
ratio for heavy-metal removal (Ammar et al., 2014a,
2014b, 2014c; Berend, 1991; Coles & Yong, 2002;
Es-Sahbany et al., 2019; Karmous et al., 2009; Marty
et al., 2020; Meftah et al., 2010; Oueslati, 2019; Oue-
slati et al., 2006, 2012, 2017; Potgieter et al., 2006;
Pufahl et al., 1983; Schroeder et al., 2004; Tournassat
etal., 2013; Vidal et al., 2012; Yin & Zhu, 2016; Yuan
et al., 2013).

The wide abundance of Mnt in nature and its
low cost have made it suitable for various applica-
tions. It is known as one of the most effective mate-
rials for pollutant removal, especially in the field of
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mineralogy (Chaari et al., 2011; de Queiroga et al.,
2019; Mahy et al., 2022; Nistor & Miron, 2007). Fur-
thermore, it is utilized as a geological barrier for the
containment of industrial and radioactive waste in
deep disposal sites (Bobin et al., 2021). These sites
are built on the multibarrier concept, which involves
the combination of four interfaces: waste/metal pack-
age, metal package/concrete, concrete/clay, and clay/
host rock (Abadie, 2020; Antoine et al., 2005; Dizier,
2011; Landrein, et al., 2013). These storage locations
are situated typically at~500 m below sea level. The
main advantages of using geological clay liners in
these sites are their large adsorption capacity for radi-
oactive elements and their low permeability, which
helps to slow down the migration of radionuclides
in the host rock (Anasticio et al., 2008; Huber et al.,
2015; Laverov et al., 2016; Pusch et al., 2012; Sellin
& Leupin, 2013).

In the field of medicine, Mnt has shown promise
as a drug-delivery system due to its large surface area
and biocompatibility (Massaro et al., 2017; Mousavi
et al., 2018; Neves et al., 2022; Panchal et al., 2018).
In cosmetic compounds, Mnt has been used as a natu-
ral alternative to synthetic thickeners and emulsifiers
(Whittaker et al., 2019). As an ion exchanger, Mnt
can be used for the removal of heavy metals and other
pollutants from wastewater (Carretero & Pozo, 2009,
2010; Gomes & Silva, 2007; Gubitosa et al., 2019;
Hussain & Ali, 2021; Kang et al., 2019; Otunola &
Ololade, 2020; Papadopoulos et al., 2014; Yingying
et al., 2020).

Many studies have been conducted to investigate
the adsorption properties of Mnt in various applica-
tions. The solid/liquid ratio is frequently a factor in
the adsorption efficiency, as it affects the availability
of active sites on the Mnt surface (Mejri et al., 2021).
Overall, the unique properties of Mnt make it a valu-
able resource in many different fields. Usman et al.
(2004) reported that a mere 4 to 8% of clay suspen-
sion can remove effectively up to 70% of heavy met-
als from a solution with an initial concentration of
100%. Furthermore, studies have shown that increas-
ing the dose of the clay mineral results in an increase
in adsorption (Wahba et al., 2017; Zhang et al., 2011).

While significant research has been conducted on
the use of clay membranes for various applications,
the impact of external stress coupling on clay mem-
branes has not yet been addressed fully. Recent stud-
ies have shown that the binding selectivity of various
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phases in a clay membrane can be affected by both
chemical and mechanical stress activities (Whit-
taker et al., 2019). Additionally, clay membranes can
change their structure in response to changes in pH
and temperature (Meftah et al., 2011). In a recent
study, Mejri et al., (2022a, 2022b) found that the
exfoliation process and mesopore diameter of clay
membranes increased with increasing strength of
constraint coupling, including changes in SS pH and
thermal gradient. The behavior of clay membranes
in relation to hydration, porosity, selectivity, mem-
brane permeability, CEC, adsorber performance, ion
exchanger completion, and aging geomembranes can
all be affected by constraint coupling (Ammar et al.,
2014a, 2014b, 2014c; Bataillon et al., 2001). Further-
more, Marty et al. (2020) emphasized the relationship
between the chemistry and hydration of clays and
the preponderance of H,O, considering the relative
humidity and interstitial solution composition.

Many studies (Ammar et al., 2014a, 2014b, 2014c;
Bataillon et al., 2001; Ishidera et al., 2022; Kar-
mous et al., 2006; Oueslati et al., 2022b; Saravanan
et al., 2015) have focused on the impact of individual
parameters on clay material functionality, without
taking into consideration the interplay of multiple
environmental parameters that affect its behavior in
real-world conditions.

A limited number of studies have employed this
highly realistic methodology, as seen in works such
as those by Chalghaf et al. (2013) and Whittaker
et al. (2019). This methodology involves simulating
real-world stresses at the laboratory scale using a
well-defined scientific approach, including: (1) iden-
tifying the nature and intensity of the stresses applied
to the mineral; (2) selecting the order of stress cou-
plings to be performed; (3) implementing the chosen
stress coupling in the laboratory; (4) characterizing
the material’s structural response; and (5) evaluating,
optimizing, or explaining the results obtained.

The objective of the current study was to com-
bine multiple physicochemical constraints at the
laboratory scale to study the hydration behavior
and structural response of Wyoming montmoril-
lonite (W-Mnt) under the combined influence of

geochemical, thermal, and kinetic perturbations.
These constraints included variations in the pH of
the SS saturated with different divalent cations such
as Ni(II), Mg(Il), or Zn(Il), as well as modifica-
tions in temperature gradients and contact periods.
The main goal of this study was to investigate the
CEC and hydration behavior of the mineral, par-
ticularly the modifications in IS. The aim was to
gain a comprehensive understanding of how these
perturbations influence the mineral’s response, spe-
cifically the changes in layer spacing configuration.
To achieve this, a set of structural parameters was
analyzed, including the type of compensating cat-
ion, the abundance of different layer types and their
relative probability, the positioning of atoms/ions
within the structure, the average number of layers
(M), layer stacking modes, and the quantity of water
molecules. The quantification of mineral structure
relied on the quantitative analysis of 00!/ reflec-
tions. This work is based on two main hypotheses.
The first approach involved studying the impact of
the dominance of a single applied constraint (zero
order) while ignoring the coupling effects of the
kinetic, thermal, and geochemical (second order)
constraints on the mineral’s structural response.
The second hypothesis suggested that a direct rela-
tionship would be found among the properties of
ionic potential (Ip), the electronegativity (Ey) of
CC, and the migration of water molecules (H,O)
within the IS, resulting from changes in the d,, dis-
tance, thereby leading to the emergence of specific
hydration behavior.

Materials and Methods
Baseline Material

Wyoming montmorillonite (W-Mnt), represented by
SWy-2, is an American bentonite that served as the ini-
tial material. This Sme was obtained from the Source
Clays Repository of The Clay Minerals Society (Moll,
2001). The W-Mnt is described by a half-cell structural
formula, as follows (Mermut & Cano, 2001):

(Si* 306 AP 00 ) (AP 53, Fe¥ 15, Fe™ 045, Mg 56, Ti* )01 o(OH),(Ca™ 177, K+ g, Na* ) &y
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Pretreatment

To prepare a Na-rich montmorillonite suspension, a
pretreatment of the starting material was performed.
A small amount of clay (~10 g) was dispersed in a
1 M NaCl solution (~100 mL). The suspensions,
named ‘SWy-2; underwent mechanical shaking
for 24 h in the saline solution. Then, the solid frac-
tion was separated by centrifugation, and fresh saline
solution was added. This process was repeated four
to five times to ensure the cation exchange process
(CEP) was complete. Excess salt was removed by
four to five washing cycles, each lasting 24 h, accom-
panied by sedimentation, supernatant removal, and
immersion in deionized water. After the clay suspen-
sion (SWy-Na) was recovered, it was subjected to
oven drying at 60°C for a period of 1 day. Following
the drying process, it was removed from the oven.

Second-Order Coupling Constraints

Three metal cations (Ni>*, Mg**, and Zn**) were
studied and were selected mainly because of their
common presence in industrial and radioactive waste,
as well as their various properties (Ammar et al.,
2018; Oueslati et al., 2009).

Second-order constraints were coupled by combin-
ing three external factors: geochemistry (variation of
the pH of the soil solution), thermal gradients (varia-
tion of temperature, T in °C), and kinetics (variation
of the duration of cationic exchange ¢ in hours) at the
laboratory scale.

To implement this approach, solutions of NiCl,,
MgCl,, and ZnCl, (from MP Biomedicals, Illkirch-
Graffenstaden, France) were prepared separately
(250 mL, each sample) with a well defined pH (ini-
tially, pH=2). The CEP was initiated by adding
SWy-Na (0.5 g of powder for each solution). For
each sample, a specific duration of mechanical agi-
tation (initially set at r=5 h) was applied concur-
rently with a specific temperature (initially set at
50°C). Afterward, a sample of the solution was taken
and centrifuged at 4000 rpm (~Xx0.9 g) to separate
the solid fraction from the liquid fraction. The solid
fraction obtained was washed several times with dis-
tilled water to remove chloride ions (excess salt). The
resulting samples were designated as SWy-M, where
M represents a type of metal cation (e.g. SWy-Ni,
SWy-Mg, and SWy-Zn).
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For the solutions agitated for 5 h at pH=2 and
T=50°C, an adjustment of the total volume of the
MClI, solution was made to reach 250 mL by adding
drops of hydrochloric acid or sodium hydroxide (HCl/
NaOH) and distilled water, compensating for the vol-
ume decrease of the soil solution due to evaporation
at 50°C (in the case of the first sample). The addition
of NaOH was not random; it was done to increase the
pH of the new solution by one pH unit (from 2 to 3).
Then, a temperature increase was performed (in 25°C
increments) by adjusting the 7 value on the magnetic-
stirrer hot plate after each sampling, accompanied by
a significant increase in the stirring duration (contact
time of the sodic clay with the heavy metal), in steps
of 5 h each time. This process was repeated multiple
times until the final sample was obtained (pH=6,
T=150°C, t=25 h), (Fig. 1).

The three experiments were carried out simulta-
neously under the same atmospheric pressure, at the
laboratory scale. The acidity and temperature of the
solutions (MCl,) were monitored using a pH meter
and a thermometer, respectively. The duration of the
cation exchange was measured using a stopwatch
(Table 1).

To analyze the complexes obtained by X-ray dif-
fraction, oriented samples were prepared by deposit-
ing the suspensions on glass slides in a dry environ-
ment for 24 h.

X-ray Diffraction (XRD)

To study crystal structures, a Bruker D8 ADVANCE
X-Ray diffractometer (Bruker AXS GmbH,
Karlsruhe, Germany) was used, equipped with CuKa
monochromatic radiation (A=0.15406 nm) at 40 kV
and 20 mA. The scan settings consisted of a step size
of 0.01°20, a counting time of 6 s per step, and an
angular range from 3.5 to 60°20. All experimental
diffractograms were recorded at room temperature
(Bizerte, Tunisia). The XRD research was carried out
using a combination of semi-quantitative and quanti-
tative analyses.

Semiquantitative and quantitative XRD analysis

The compounds studied were characterized and iden-
tified using XRD, as reported in previous studies
(Leoni, 2008; Scardi & Leoni, 2002; Scardi et al.,
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Fig. 1 Detail of the experimental protocol of the CEP under the effect of the second-order coupling of the applied constraints

Table 1 Experimental values of soil solution pH, temperature
(T), and contact time (f) of the second-order constraint cou-
pling applied

Coupling of the 2™ order

Soil solution pH Temperature Time (h) V (mL)
(O]
Acid 2 50 5 250
3 75 10
4 100 15
5 125 20
6 150 25

https://doi.org/10.1007/s42860-023-00253-5 Published online by Cambridge University Press

2011). Two associated analysis concepts were utilized
to achieve this. The first was the ‘semi-quantitative
XRD analysis,” which involved determining the struc-
ture of the compounds by calculating the d,, basal
intercalated value, the full width at half maximum
(FWHM), the crystallite size (solved using the Scher-
rer equation), and the rationality parameter (£). The
expression for & is as follows (Bailey, 1980; Ben Bra-
him et al., 1984):

5(10\) _ i <d001 _;Xd001>

@
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The second was ‘quantitative XRD analysis,” which
involved determining the structural parameters (SP)
at the nanoscale and provided a detailed overview of
the interlamellar space (IS) contents, the arrangement
of hydrated CC (M** +H,0 molecules), the average
number of layers per stacking M, the layer stacking
mode (LSM), the homogeneity, and/or heterogeneity
of the crystallites, crystallite defects, and more. This
approach was implemented using an indirect modeling
technique that involved comparing experimental pro-
files with theoretically predicted ones. This highlights
the importance of conducting a quantitative investiga-
tion and the limitations of semiquantitative analysis in
understanding the lamellar structure.

XRD profile modeling: Theoretical diffracted inten-
sity and modeling strategy

Modeling diffractograms enables the quantification of
mixed-layer structures (MLS) (Lanson, 2005), identi-
fication of the hydration state (OW —3W), determi-
nation of structural heterogeneities, CEC variations,
crystallite size D, optimal IS configuration, and aver-
age number of layers per crystallite. This indirect
method follows a well determined mathematical for-
malism (Drits & Tchoubar, 1990), and the expression
of the diffracted intensity for the space following the
reciprocal z-axis is given by:

M-n
n

M-1
Ipo; (°26) = L, S, Re[¢][W] [IJ+2Z[ ][Q]"

3)

In the above equation, Re represents the real part
of the final matrix, S, is the sum of the diagonal
terms of the real matrix, L, is the Lorentz polariza-
tion factor, M is the number of layers per stack, and n
ranges from 1 to (1-M-1). [®@] is the matrix of struc-
ture factors, [I] is the identity matrix, [W] is the diag-
onal matrix of the proportions of the different types
of layers, and [Q] is the matrix representing the inter-
ference phenomena between adjacent layers.

This indirect method allows for the determination of
the abundance of different types of layers (W,), the layer
types of LSM, and the average number, A_/I, for the distri-
butions of layers per coherent scattering domain (CSD)
(Oueslati et al., 2012). Within a CSD, the stacking of
layers is described by a set of junction probabilities (Py).
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The relationship between probabilities and the abun-
dance W; of two different layer types (i and j) can be
described as follows: (1) segregation tendency is given
by W;<P; and W;<P;;; (2) total demixing is obtained for
P;=P;=1; (3) regular tendency is obtained if W; <P; <1
and Wj<Pij< 1; and (4) the boundary between the last
distribution labeled chaotic or random is obtained when
Wi=P;=P;, W;=P;=P; with IW;=1 and XZP;=1
(Drits & Tchoubar, 1990; Sakharov & Lanson, 2013).

The fitting strategy is an approach used to determine
the structural parameters of materials from experi-
mental XRD data (Oueslati et al., 2022a). It involves
comparing the experimental diffractogram model with
a theoretical model that is created using a principal
interstratified structure. This theoretical model can be
adjusted by introducing extra contributions, such as a
mixed-layer structure, to account for any discrepancies
between the experimental and theoretical models. The
aim of this fitting process is to achieve an improved
agreement between the theoretical and experimental
models, which allows for the determination of the struc-
tural parameters of the material being studied.

The presence of two MLS does not imply that two par-
ticle populations exist physically in the sample (Ammar
et al., 2014a, 2014b, 2014c; Ferrage et al., 2005a, 2005b;
Lanson, 2005; Oueslati & Meftah, 2018). Therefore, lay-
ers with a similar HS appear in different MLS, contribut-
ing to the diffracted intensity, and are expected to have
identical properties such as chemical composition, layer
thickness, and z-coordinates of atoms. The XRD mod-
eling method’s details are explained extensively in previ-
ous work (Ammar et al., 2014a, 2014b, 2014c; Ferrage
et al., 2005a, 2005b; Manohar et al., 2002; Oueslati &
Meftah, 2018; Oueslati et al., 2012).

The z-coordinates in the T-O-T layer of the IS
content (exchangeable cation, molecules, etc.) are
optimized during the modeling process to reduce the
disagreement between the theoretical and experimen-
tal findings (Table 2). This is controlled using an Ry
unweighted factor, expressed by Lanson (2011) and
Laverov et al. (2016) as:

2 {1629,),, ~1(-20).,. }
Y {I(ozei)exp}2

Ryp = x 100% (4)

To achieve optimal quantitative structural charac-
terization of a given sample, it is necessary to search
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Table 2 The types of atoms, their number, and their z-positioning along the c¢* axis for the case of a TOT phyllosilicate

Atom type 0O, 0, (O (O O, O¢ OH, OH, Si; Si, Al
Number 2 1 2 2 1 2 1 1 2 2 2
Zn (A) 0 0.20 2.25 431 6.26 6.59 1.98 4.28 0.59 6.04 3.43

for agreement between the calculated profiles and
the experimental profiles (Bérend et al., 1995; Cases
et al., 1997; QOueslati & Meftah, 2018), regardless of
the type of hydration state of the layers or the position
of the exchangeable metal cations (located in the mid-
dle of the IS along the c* axis).

Modeling Strategy

Optimizing the structural parameters involves two
steps. The first step is identifying the ‘modulation
function,” which is related to the positions of the
characteristic XRD reflections. This is achieved by
varying parameters such as the W, proportions of dif-
ferent distances and Py relative probabilities of suc-
cession between different layer types (i and j), as well
as the M average number of layers per stack. In the
second step, adjustments are made to parameters such
as the z-layer position atom composition along the
c* axis, the number and z-position of the exchange-
able cations, and the abundance and configuration
of interlayer water molecules, to improve the agree-
ment between experimental and calculated profiles.
The aim is to reduce the Ry, value to<10%. The
modeling strategy was summarized by Oueslati et al.
(2022a), and previous studies have highlighted the
importance of considering the abundance and con-
figuration of interlayer water molecules in the opti-
mization process (Ben Brahim et al., 1984; Ben Haj
Amara, 1997; Oueslati et al., 2006; Sakharov & Drits,
1973; Sakharov & Lanson, 2013).

Results and Discussion

Semi-quantitative XRD Investigation of the Baseline
Samples

The XRD experimental profile of the baseline
SWy-Na (Fig. 2) of the reference (Mejri et al.,
2022a, 2022b) exhibited the presence of three
characteristic reflections (n=1, 2, and 4). The

https://doi.org/10.1007/s42860-023-00253-5 Published online by Cambridge University Press

first reflection (n=1) was observed at a position
of 7.16°20 (dy, =12.33 A), suggesting the pres-
ence of a 1W HS (Table 3). The homogeneity of
the observed character was verified by calculat-
ing the FWHM and & parameter value (Ferrage
et al., 2007a, 2007b). The SWy-Na has been the
subject of many studies as it was considered a ref-
erence sample (Ahmed et al., 2021; Altin et al.,
1999a, 1999b; Alshabanat et al., 2013; Ammar
et al., 2014a, 2014b, 2014c; Bérend et al., 1995;
Cases et al., 1997; Chalghaf et al., 2012; Gregoire
et al., 2020; Hu et al., 2017; Huber et al., 2015;
Ishidera et al., 2022; Jiang et al., 2021; Karmous
et al., 2006; Kozaki et al., 2010; Kraevsky et al.,
2020; Lahbib et al., 2023; Leong et al., 2018; Liu
& Yang, 2022; Liu et al., 2021; Mejri et al., 2023;
Ohkubo et al., 2018; Oueslati & Meftah, 2018;
Oueslati et al., 2012, 2015, 2022b; Saravanan et al.,
2015; Sato et al., 1992; Scholtzova & Tunega, 2019;
Segad et al., 2010; Shi et al., 2022; Tan et al., 2022;
Tournassat et al., 2013, 2016; Wakou & Kalinicheyv,
2012; Wu et al., 2022; Yan & Zhang, 2021; Yotsuji
et al., 2021; Zhang et al., 2018, 2022; Zhang et al.,
2020; Zhu et al., 2022).

The nickel (SWy-Ni)- and magnesium (SWy-Mg)-
saturated samples exhibited four characteristic reflec-
tions (n=1, 2, 3, and 5) in their X-ray experimental
patterns. The first reflections (n=1) were located
at~6°20 (dyy, ~ 14.7 A), indicating a mixed hydra-
tion state between 1 and 2W (Fig. 2). This suggested
a heterogeneous (interstratified) character and an
incomplete CEP (Table 3). These findings were con-
sistent with previous research (Ammar et al., 2014a,
2014b, 2014c, 2018; Karmous et al., 2006; Oueslati
et al., 2006).

In the zinc-saturated sample (SWy-Zn), an asym-
metry was observed for the main 001 reflection,
which was located at 7.18°20 (dj,, ~ 12.3 A) due
to the presence of sodium residue resulting from the
starting sample SWy-Na (Fig. 2). Additionally, a
shoulder toward the small angles around 5.9°20 with
dyo; = 15 A was observed, which was indicative of
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Fig. 2 Modeling of the experimental XRD patterns for the starting sample SWy-Na (Mejri et al., 2022) and the reference samples

SWy-Ni, SWy-Mg, and SWy-Zn. (¥) Halite, NaCl

a minor 2W HS presence allocated to the Zn** cat-
ion in IS (Jiang et al., 2021; Oueslati et al., 2009).
In general, the perception of asymmetric 001 reflec-
tions indicated the appearance of a mixed HS in the
crystallite and suggested a partial CEP.
(level2)Modeling of XRD Profiles of the Sam-
ples SWy-Na, SWy-Ni, SWy-Mg, and SWy-Zn.
Structural optimization using the X-ray modeling
approach of the SWy-Ni, SWy-Mg, and SWy-Zn ref-
erence samples (Fig. 2) confirmed the heterogeneous
character of the samples, with the presence of an MLS
formed by OW, 1W, and 2W, indicating an incomplete
CEP (Lanson, 2005). The two hydration states, OW

and 1W, were attributed to the sodium residue from
the starting sample SWy-Na. The IS was filled by the
‘M’ metal cation (Ni, Mg, and Zn) in the case of 2W.

According to bibliographic outcomes, only one
water molecule sheet (H,0) was detected in the mid-
dle of the IS along the c¢* axis for the 1W phase,
unlike the 2W phases where two water sheets envel-
oped the CC placed in the middle of the IS. The
absence of H,O in the IS was claimed for the dehy-
drated OW phases (Ammar et al., 2014a, 2014b,
2014c; Bérend et al., 1995; Cases et al., 1997; Fer-
rage et al., 2005a, 2005b, 2010; Manohar et al., 2002;
Oueslati et al., 2012; Sato et al., 1992). The average

Table 3 Qualitative X-ray analysis of the starting sample, SWy-Na (Mejri et al., 2022a, 2022b), and the reference samples SWy-Ni,
SWy-Mg, and SWy-Zn

Sample °20 dyo; (A) FWHM (°20) D (A) € (A) Character

SWy-Na (Mejri et al., 7.16 12.33 0.74 18.77 0.062 Homogeneous
2022a, 2022b)

SWy-Ni 6.30 14.02 1.27 10.93 0.670 Interstratified
SWy-Mg 6.03 14.65 0.55 25.24 0.120

SWy-Zn 7.18 12.30 1.11 12.52 0.070

°20 Bragg’s angle, d,, Basal distance of the 1% reflection, D average crystalline size, FWHM Full Width at Half Maximum, &
Rationality deviation parameters
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number of layers per crystallite was 10. Acceptable
Ryp confidence factor values were obtained, reflect-
ing the high quality of the fitting (Table 4).

Semi-quantitative Description of XRD Analysis after
Applying Second-Order Coupling Stress

Case of the SWy-Ni samples

Based on the X-ray experimental results for the SWy-
Ni samples, which were subjected to varying con-
ditions of pH, temperature, and duration (pH=2;
T=50°C; t=5h —> pH=4; T=100°C; =15 h), an
asymmetry was observed for the main 001 reflections
at 5.8°20 with dy,, =~ 15 A, indicating the presence
of 2W, filled by Ni** cations in the middle of IS and
bounded between two sheets of water. A shoulder
toward the wide angles around 7°20 (dy,; ~ 12.6 A)
was also observed and was attributed to excess salt
in the starting sample SWy-Na. The asymmetry of
the 001 reflections was reflected in large values of
FWHM and &, indicating the appearance of a set of
hydration states in the mineral and an incomplete
CEP. However, for samples with higher pH, tempera-
ture, and duration values (pH=5; T=125°C; t=20h/
pH=6; T=150°C; =25 h), the absence of the shoul-
der toward the wide angles (linked to the sodium resi-
due) was observed, and the symmetry of the 001 lines
was probably due to a complete CEP (Table 5).

Case of the SWy-Mg samples

The X-ray experimental models for SWy-Mg sam-
ples obtained at low values of pH, 7, and ¢ (pH=2;
T=50°C; t=5 h — pH=4; T=100°C; t=15 h)
showed 001 reflections (n=1) localized at~5.9°20
(dyy; = 14.9 A), indicating the appearance of two
hydration states (IW and 2W) within the stacks
accompanied by partial cation exchange (Ammar
et al., 2018). The Mg*" compensating cation could
be distinguished from the starting sodium cation
Na® by XRD analysis at room conditions in this
case (Table 5). For the other complexes (pH=35;
T=125°C; t=20 h / pH=6; T=150°C; t=25 h), an
increase in the FWHM value was observed, along
with the creation of a stacking toward the wide angles
(7.15°20 —> dyy; =12.35 A), which was attributed to
the sodium residue from the starting sample SWy-Na
(Fig. 4).

Case of the SWy-Zn samples

The experimental X-ray diffractogram profiles of
SWy-Zn samples (Fig. 5) revealed that, for most
samples (pH=2; T7=50°C; t=5 h —> pH=5;
T=125°C; t=20 h), the main 001-reflection was
situated at~5.8°20 (dyy, ~ 15.2 A), indicating a 2W
hydration state. This probably reflects a complete
CEP (Oueslati et al., 2011). However, there was a
slight deviation in the intensity of the 001-reflections

Table 4 Extraction of all structural parameters of the SWy-Na (Mejri et al., 2022a, 2022b), SWy-Ni, SWy-Mg, and SWy-Zn sam-

ples, via the modeling approach

Sample %MLS % OW/1TW/2W L.Th OW/1W/2W nH,0 W, Pua R* M C % Ryp
OW/1W/2W
SWy-Na 100 oW/ 1W/— 10.5/12.5/— 0/2/— 0.8 0.85 R, 10 H 2.27
(Mejri et al.,
2022a, 2022b)

SWy-Ni 50 oW/ 1W/— 10.5/12.5/— 0/1/— 0.3 0.64 R, 11 I 5.77
50 —/1W/2W —/12.5/15.2 0/12/3.4

SWy-Mg 20 oW/ 1W/— 10.5/12.5/— 0/12/— 0.2 0.22 R, 12 I 4.28
80 —/—2W —/—1/15.2 —/—137

SWy-Zn 80 OW/1W /- 10.5/12.5/— 0/2/- 0.8 0.85 R, 11 I 5.64
20 —/—/2W —/—1/152 —/—142

MLS Mixed Layer Structure, OW/1W/2W Layer hydration state, L.Th Layer Thickness A), nH,O Number of water molecules per
half-cell, W, Abundance of layer type A, P,, Relative probabilities of succession law between two-layers type A, R* Reichweite
factor R and R, describe the MLS with random interstratifications or with partial segregation, respectively, M Average number of
sheets per stack, C Character: H Homogeneous, I Interstratified, Ry, Confidence factor

https://doi.org/10.1007/s42860-023-00253-5 Published online by Cambridge University Press
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Table 5 Qualitative X-ray analysis of the samples SWy-Ni, SWy-Mg, and SWy-Zn

Samples °20 dooy (A) FWHM (°26) D (A) e(A) Character
SWy-Ni pH=2; T=50°C; t=5h 5.92 14.92 1.36 10.21 0.475 Interstratified
pH=3;T=75°C;t=10h 5.88 15.02 1.30 10.68 0.364 Homogeneous
pH=4; T=100°C;t=15h 5.84 15.12 1.04 13.35 0.217
pH=5; T=125°C;t=20h 5.76 15.33 0.83 16.73 0.232
pH=6; T=150°C; t=25h 5.72 15.44 0.95 14.61 0.188
SWy-Mg pH=2; T=50°C; t=5h 5.92 14.92 0.65 21.36 0.031 Interstratified
pH=3; T=75°C;t=10h 5.91 14.94 0.68 20.42 0.040
pH=4; T=100°C;t=15h 6.14 14.38 0.70 19.84 0.377
pH=5; T=125°C;t=20h 5.91 14.94 0.97 14.31 0.267
pH=6; T=150°C; t=25h 5.95 14.84 1.16 11.97 0.427
SWy-Zn pH=2; T=50°C; t=5h 5.74 15.38 0.81 17.14 0.045 Homogeneous
pH=3;T=75°C;r=10h 5.76 15.33 0.72 19.28 0.045
pH=4; T=100°C;t=15h 5.78 15.28 0.83 16.73 0.052
pH=5; T=125°C;t=20h 5.83 15.15 0.81 17.14 0.076
pH=6; T=150°C;t=25h 6.01 14.69 0.81 17.14 0.418 Interstratified

°20 Bragg angle, dy, basal distance of the 1% reflection, D average crystalline size, FWHM full width at half maximum, £ rationality

deviation parameters

toward the wide angles with an increase in the applied
coupling constraint intensity. The profile of the last
sample (pH=6; T=150°C; t=25 h) was positioned
at~6°20 (dy,, =~ 14.7 A), which was interpreted as
the appearance of two hydration states (1W and 2W
— interstratified structure), estimated by partial cation
exchange, knowing that the zinc (Zn**) hydrate was
bound to two layers of water 2W (~ 15 A) (Table 5).

XRD Modeling Profiles after Applying Second-Order
Coupling Stress

Case of the SWy-Ni samples

The quantitative XRD analysis of the SWy-Ni series
indicated the appearance of two different hydration
states as the amplitude of applied stresses increased
(Fig. 3). The complexes with small values of pH, T,
and t (pH=2; T=50°C; t=5 h—pH=4; T=100°C;
t=15 h) indicated the emergence of two hydration
states (i.e. 1IW—dy, ~ 122 A and 2W —dy, ~
15.2 A), with 2W being the dominant state. The CEC
of the results obtained was satisfied partially by Na*
and Ni** cations. This was because, under ambient
conditions, sodium hydrated to form a single water
layer (1W) (Oueslati & Meftah, 2018), while nickel
hydrated with two water layers (2W). When the

@ Springer

https://doi.org/10.1007/s42860-023-00253-5 Published online by Cambridge University Press

applied stress strength was increased, the interstrati-
fication spacing (IS) expanded, with the d,, value
changing from 15 to 15.4 A for samples with pH=35,
T=125°C, and t=20 h and pH=6, T=150°C, and
t=25 h. This expansion occurred due to the transition
from an interstratified 1W/2W phase to a harmoni-
cally stacked 2W phase, which was saturated by Ni>*
cations only. The widening of the IS was attributed to
the prolonged contact time (t & 20 to 25 h) of the soil
solution (NiCl,) with the sample (Table 6).

Case of the SWy-Mg samples

Theoretical models obtained through modeling
(Fig. 4) confirmed the heterogeneous character of the
samples by establishing a correlation between two
types of hydration phases, namely 1W/2W (inter-
mediate phase), regardless of the intensity of the
applied external stress. Specifically, the minor con-
tribution of the 1W phase increased from 20 to 45%
as the intensity of the applied external stress rose
(pH=2; T=50°C; t=5 h —> pH=6; T=150°C;
t=25 h). This increase was attributed primarily to
the presence of sodium residue in the SWy-Na start-
ing sample. On the other hand, the major hydration
state observed in the calculated profile was the 2W
phase, which was associated with the layer fragment
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Fig. 3 Modeling of the experimental XRD patterns for SWy-Ni samples. (*) Halite, NaCl

saturated with the bivalent cation Mg?>*. This fluc-
tuation in weighting suggests an incomplete (partial)
CEP (dy, ~ 14.8 A<15 A), which aligned with the
qualitative analysis. Additionally, the slight shrinkage
of the IS (dyy, ~ 14.92 A —> dy,, ~ 14.84 A) was
due probably to the temperature increase during the
CEP (Table 6).

Case of the SWy-Zn samples

The refinement of the experimental model (Fig. 5)
uncovered the presence of two types of layers with
a similar stacking mode (R,), as determined by the
modeling. This mixed-layer system (MLS) consists of
two hydration states (Lanson, 2005), namely: (1) 1W
with dyy,=12.2 A, and (2) 2W with dy, =154 A.
Throughout the entire series of experiments (ranging
from pH=2; T=50°C; =5 h to pH=6; T=150°C;
t=25 h) a heterogeneous character was observed,
characterized by a minor presence of the ubiquitous
1W HS (~20-35% abundance). This 1W state was
saturated with the Na* cation, as reported by SWy-M
(Oueslati & Meftah, 2018). Conversely, the major
phase observed was the 2W phase (80-65% abun-
dance), associated with the elemental part where the

https://doi.org/10.1007/s42860-023-00253-5 Published online by Cambridge University Press

CEC was due probably to the temperature increase
during the CEP (Table 6) saturated with the Zn**
divalent cation (Tan et al., 2008; Oueslati et al., 2009;
Shi et al., 2010). This indicated an incomplete CEP.
During the CEP, the increase in temperature (7 ~
50°C — 150°C) along with the variation in the pH
of the SS (pH ~ 2 —> 6) and the duration of con-
tact (t & 5 h —> 25 h) resulted in the closure (shrink-
age) of the IS. This closure was evident from the
decrease in the value of d,,, (Table 6). It is important
to note that, for all the samples examined in the cur-
rent study, the Debye—Waller temperature factor (the
mean square displacement of an atom from the ideal
position in the structure) exhibited a variation rang-
ing from 2.3 to 10.9 A? (Ferrage et al., 2005a, 2005b,
Ferrage, 2016).

In this study, the samples saturated with magne-
sium and zinc demonstrated similar hydration behav-
ior under increasing imposed coupling constraint
intensity, contrasting with the sample saturated with
nickel. The interlayer space (IS) thickness decreased
for SWy-Mg and SWy-Zn, resulting in a reduction
of the 2W phase and an increase in the 1W phase.
This indicated an incomplete cation exchange pro-
cess (CEP). Conversely, for SWy-Ni, the IS thickness
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Table 6 Extraction of all structural parameters of the SWy-Ni, SWy-Mg, and SWy-Zn samples, via the modeling approach

Samples %MLS  xW-echacat dyy; nH,O W, Py, R¥ y y  C Ry
SWy-Ni pH=2; T=50°C;t=5h 40 1W-Na 122 6.5 040 077 R, 7 7 1 4.63
60 2W-Ni 15.2
pH=3;T=75°C;t=10h 40 1W-Na 122 6.5 040 077 R, 7 7 1 4.89
60 2W-Ni 15.2
pH=4; T=100°C;t=15h 28 1W-Na 122 8.1 028 070 R, 7 7 1 4.12
72 2W-Ni 15.2
pH=5; T=125°C;t=20h 59 2W-Ni 152 84 1.00 1.00 R, 7 6 H 6.03
41 2W-Ni 15.2 1.00 100 R, 4
pH=6; T=150°C;t=25h 53 2W-Ni 152 84 1.00 100 R, 7 6 H 628
47 2W-Ni 15.2 1.00 100 R, 4
SWy-Mg pH=2;T=50°C;t=5h 20 1W-Na 122 59 020 000 R, 9 9 1 5.39
80 2W-Mg 15.4
pH=3;T=75°C;t=10h 25 1W-Na 122 63 025 030 R, 10 10 I 5.74
75 2W-Mg 15.4
pH=4; T=100°C;t=15h 40 1W-Na 122 6.8 040 025 R, 10 10 1 8.12
60 2W-Mg 15.4
pH=5; T=125°C;t=20h 40 1W-Na 122 73 040 060 R, 10 10 1 5.18
60 2W-Mg 15.4
pH=6; T=150°C;r=25h 45 1W-Na 122 73 045 069 R, 10 10 1 5.57
55 2W-Mg 15.4
SWy-Zn  pH=2;T=50°C;t=5h 20 1W-Na 122 6.6 020 062 R, 7 7 1 4.25
80 2W-Zn 15.4
pH=3; T=75°C;t=10h 20 1W-Na 122 6.6 020 062 R, 7 7 1 4.33
80 2W-Zn 15.4
pH=4; T=100°C;r=15h 20 1W-Na 122 6.6 020 062 R, 7 7 I 4.13
80 2W-Zn 15.4
pH=5; T=125°C;t=20h 25 1W-Na 122 72 025 067 R, 9 9 1 9.20
75 2W-Zn 15.4
pH=6; T=150°C;t=25h 35 1W-Na 122 72 035 040 R, 9 9 1 5.48
65 2W-Zn 15.4

MLS Mixed Layer Structure, xW-echa.cat Layer type and associated exchangeable cation, dy, interlamellar distance A); nH,0
number of water molecules per half-cell, W, abundance of layer type A, P, , relative probabilities of succession law between two-
layers type A, R* Reichweite factor R, and R, describe the MLS with random interstratifications, or with partial segregation/order
respectively, M average number of sheets per stack, M, total average number of sheets per stack, C Character: H Homogeneous, I

Interstratified, Ry,p Confidence factor

increased, suggesting a transition from an intermedi-
ate hydration state (1W/2W) to a homogeneous state
(2W). This observation was confirmed by modeling
and the absence and/or disappearance of the sodium
residue.

In this work, two hypotheses were developed to
explain the hydration behavior of the samples:

(1) The first hypothesis suggests that hydration behav-
ior of the SWy-Mg and SWy-Zn series was pri-

@ Springer
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marily influenced by the remarkable increase in
temperature, while the impact of modifying the pH
value of the soil solution (SS), and the duration of
contact can be ignored. Previous studies (Chalghaf
et al., 2013; Cui et al., 2020; Meftah et al., 2010,
2011; Momeni et al., 2022; Tlemsani et al., 2022)
demonstrated that the addition of an acidic and/
or basic additive (HCI/NaOH) induced signifi-
cant change in the mineral structure within a pH
range of ~8—11 (basic medium). However, in the
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Fig. 4 Modeling of the experimental XRD patterns for SWy-Mg samples. (*) Halite, NaCl

present study, the pH of the SS varied from 2 to 6 was also considered to be negligible. This conclu-
and, thus, the impact of pH variation was consid- sion was supported by the observation that, despite
ered negligible. Similarly, the duration of the CEP the relatively long contact time (~48 h) during
SWy-Zn
SWy-zn Experimental SWy-Zn Theoretical
. * N pH=6; T=150°C; r=25h
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.
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Fig. 5 Modeling of the experimental XRD patterns for SWy-Zn samples. (*) Halite, NaCl
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the CEP, the d,, value of the reference sample
SWy-Mg (Table 4) remained at~14.65 A, indicat-
ing partial cation exchange. The modeling further
confirmed the presence of three hydration states
0W, 1W, and 2W with percentages of 6, 14, and
80%, respectively. This finding was consistent with
the SWy-Mg sample (pH=2; T=50°C; t=5 h)
where the CEP lasted only 5 h (Tables 5 and 6)
and resulted in an interlamellar distance of 14.9
A, indicating incomplete cationic exchange. This
condition was characterized by the appearance
of two phases (1W = 20% and 2W = 80%). The
similarity observed in these results challenges the
assumption that the structure of the smectite (Sme)
evolves with variations in the duration of the CE.

The second hypothesis based on the present study
considers the relationship between the ionic
potential (Ip) and electronegativity (Ey) of differ-
ent samples. SWy-Mg and SWy-Zn, which have
the lowest I, values of 2.78 and 2.70 eV, respec-
tively (Shannon, 1976), display a similar hydra-
tion behavior (dy, \,) as the imposed constraint
strength increased. Ey also followed the same

(@)

trend, with SWy-Mg having an Ey of 1.31 and
SWy-Zn an Ey of 1.65 (Fig. 6). In contrast, for
SWy-Ni, increasing the coupling constraint inten-
sity resulted in the expansion of the interlayer
spacing (IS) (dyo; /'), which was attributed to its
high I, value. For larger values, the I, indicated a
greater affinity of the cation for water, and as water
migrates in the IS, the compensating cations M>*
also migrate, leading to IS swelling. It was note-
worthy that the I, value for Ni-saturated Mnt was
2.90 eV (Ip_swy-ni> > Ip_ swy-me > Ip _ swy.zn)> and
En=1.91 (Ex_swy-ni> > Exn_swy-zn > Exn - swy-mo)-
This hypothesis aligned with a similar study
by Mejri et al., (2022a, 2022b), which investi-
gated the influence of coupling first-order con-
straints (SS pH variation and thermal gradient)
on three different metal cations (Co®*, Cu?*, and
Ba’"). The study demonstrated that Mnt samples
saturated with compensating cations (SWy-Co
and SWy-Cu) possessing larger I, and Ey val-
ues (Ip _ gwy.co=3.08 eV>1p _ qyy.c,=2.74 eV
>>1Ip _ swypa=148 eV et Ey _ gwy.co=188 ~
Ex _swy-cu=1.90> >Ey _ gwy.,=0.89) exhibited

Second-Order Coupling Stress

v v v
SWy-Ni SWy-Mg SWy-Zn
door T door 1 door |
1IW/2W — 2W 1W/2W 1W/2W
R ae— \ J
v
Partial — Complete cation exchange Partial cation exchange
i I
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w1 W1 W1
0, 0,
%9 2w | P aw %L 2w
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N v J
Ionic potential (eV)
1.91 1.31 1.65
N J
Y
Electronegativity

Fig. 6 Summary of the water behavior of SWy-Ni, SWy-Mg, and SWy-Zn samples under the effect of second-order coupling stress
applied as a function of I, and Ey, via an XRD modeling approach (Shannon, 1976)
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Fig. 7 Summary of the water behavior of SWy-Co, SWy-Cu, and SWy-Ba samples under the effect of first-order coupling stress
applied as a function of I, and Ey, via an XRD modeling approach (Mejri et al., 2022; Shannon, 1976)

a specific hydrous behavior, characterized by the
expansion of IS (Fig. 7).

The increase in the percentage of the 2W phase
was attributed to bivalent cations hydrating at two
water layers. This leads to the development of an elec-
tronegativity limit (Fig. 8) that describes the hydrous
behavior of Mnt saturated with metal cations (SWy-
M) when subjected to similar external pressures with
varying intensities.

The electronegativity limit defines the point at which
layers of Mnt saturated with metal cations (SWy-M)
start to open or close based on specific EN values (layer

opening>1.88 and layer closing<1.65). An area of
ambiguity exists between the values of 1.65 and 1.88
where the hydration behavior is not well understood.
Therefore, additional experiments using different cati-
ons with varying I, and Ey values should be conducted
to gain further insight into this range of ambiguity.

Despite the originality of the first hypothesis, the
rest of the work adopted the second idea because it
seemed more logical.

It is important to note that the saturation of the
monohydrated interlayers (1W) can occur not only
with sodium (Na™) but also with compensating cations
such as Ni2*, Mg?*, or Zn>*, depending on variations

0 1 1.65 188 D
Colorcode | © ________________gic-oo-- O----0--- ®-+--+  Electronegativity
Ba?* ——
o Mg>* Decrease in IS Uncertainty zone Increase in IS
Zn?*
o Co?* >
o Cut Tendency to increase CEC
o NiZ™ | ..

Coupling constraint intensity applied

Fig. 8 Limit of the CEP as a function of the electronegativity of the compensating cations (Mejri et al., 2022; Shannon, 1976)
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in the relative humidity levels (Ammar et al., 2014a,
2014b, 2014c; Ferrage et al., 2005a, 2005b; Oueslati
et al., 2007, 2012). Because the RH was not taken into
account during the acquisition of XRD data at the lab-
oratory scale in this study, the 1W hydration phases
were considered to be saturated exclusively with
monovalent cations, while the 2W hydration phases
were saturated exclusively with divalent cations. It is
important to emphasize that these models are approxi-
mate, where everything is relative.

Evolution of the Water Molecule Abundances versus
Coupling Constraint Strength

The variation in the amount of nH,0 affected directly
the XRD profiles and influenced the higher-order 00/
reflections (e.g. 002, 003, 004, 005, ...) of the mod-
eling approach (Oueslati et al., 2022a). The posi-
tioning and amount of H,O depend on the hydration
state (OW, 1W, 2W, 3W, and/or 4W), the type of CC
(monovalent, divalent, trivalent, ...) in the clay struc-
ture, as well as its position and charge (Babel & Kur-
niawan, 2003; Bérend et al., 1995; Bergaya & Lagaly,
2013; Cases et al., 1997; Ferrage, 2016; Ferrage et al.,

2010; Komadel et al., 1996; Kozaki et al., 2010; Sato
et al., 1992; Sun et al., 2015).

In the present case study, the coupling of the
external second-order constraints resulted in fluc-
tuations in the nH,O value. The water affinity of
the exchangeable cation (EC) was related directly
to the ionic potential (Ip), which was defined by
the ratio between the cation valence and its ionic
radius (Shannon, 1976). An increase in I, led to
an increase in the water affinity of the cation. The
compensating cations in this study (Ni**, Mg**,
and Zn>*) had high affinities (Ip_gy,.x=2.90 eV
>>Ilp gwyme=2.78 eV>Ip gyy7,=2.70 eV), r
esulting in an homogeneous 2W HS and two hetero-
geneous 1W/2W states, respectively (Bérend et al.,
1995; Cases et al., 1997). In contrast, monovalent
cations (i.e. Na' and Cs™) have low water affinity,
which was reflected by a 1W HS state. Quantita-
tive analysis using XRD showed a slight increase in
the amount of nH,O per half-unit cell (Fig. 9) as a
function of the increase in the applied constraints
(second-order coupling constraint) for the three
series (SWy-Ni, SWy-Mg, and SWy-Zn). These
results were predictable, following the increase in

9.0
8.5 * nH,0 fraction - value from quantitative XRD — SWy-Zn
8.0
7.5
ON
o)
S 7.0
SWy-Zn
6.5 -
SWy-Ni
6.0 -
SWy-Mg
5.5 T T

e nH,0 fraction - value from quantitative XRD — SWy-Ni
e nH,0 fraction - value from quantitative XRD — SWy-Mg

pH=2; 7=50°C; pH=3; 7=75°C; pH=4; T=100°C; pH=5; T=125°C; pH=6; T=150°C;

t=5h =10h

t=15h =20h =25h

pH, 7, and ¢ (Coupling)

Fig. 9 The evolution of the abundance of the nH,O as a function of the intensity of the external constraints applied for the SWy-Ni,

SWy-Mg, and SWy-Zn series
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temperature, which was automatically affected by
the CEC and the IS closure.

Evolution of the 1W and 2W Abundances versus
Constraint Strength

The graph in Fig. 10 was labeled as the ‘water foot-
print’ (WF) for the three series, illustrating the com-
bination of two+hydration states (IW and 2W)
within the particle. The completeness or incomplete-
ness of the CEP can be influenced by the change
in the dy, value (Oueslati & Meftah, 2018). The
hydration behavior of the SWy-Ni series showed a
decrease in the 1W monohydrate state (from 40 to
0%), and by an increase in the fluctuation for the 2W
hydration state (from 60 to 100%). This was inter-
preted as easy intercalation of the CC (Ni*") in the
IS, gradually replacing the sodium cations (Na‘)
and causing their removal from the structure. This
effect became more pronounced with an increase in
the applied stress intensity, as seen in extreme cases
such as pH=5, T=125°C, and =20 h and pH=6,
T=150°C, and #=25 h. This supports the completion
of the CEP, despite the presence of the established
stress coupling.

The SWy-Mg and SWy-Zn series exhibited differ-
ent water behavior from the SWy-Ni series. A slight
increase in the 1W HS was followed by a gradual
decrease in 2W HS, with a significant domination of
2W HS. This decrease in the IS reflected a partial cat-
ion exchange that occurred as applied stresses intensi-
fied, even though there was an equilibrium time pro-
vided for the exchange.

The analysis of the optimized theoretical mixed-
layer systems (MLS) used to replicate the experimen-
tal X-ray models revealed that the 2W HS was the
most abundant phase in the three complexes (SWy-
Ni, SWy-Mg, and SWy-Zn), in contrast to the 1W
HS. This observation indicates that the 2W phase was
the dominant phase in these systems (Fig. 10).

Evolution of the Average Number of Layers

The manipulation of the average number of layers (M)
was a critical factor in examining the clay’s response
and analyzing the crystal structure (Fig. 11) through
XRD analysis for the three series (SWy-Ni, SWy-Mg,
and SWy-Zn). The variation in M directly influenced
the characteristics of the primary 001 observed in

https://doi.org/10.1007/s42860-023-00253-5 Published online by Cambridge University Press

both the experimental and calculated models. Spe-
cifically, larger values of M (~10) resulted in narrow
001-peaks with smaller FMWH values, while smaller
values of M led to broader 001 peaks with larger
FMWH values (Oueslati et al., 2022a).

Evolution of the Layer Stacking Mode (LSM)

XRD modeling patterns were employed to charac-
terize the hydration states associated with each opti-
mal configuration derived from the best agreements
achieved between the calculated and experimental
XRD models of the three series SWy-Ni, SWy-Mg,
and SWy-Zn (Table 7). The overall appearance of the
LSM exhibited partial segregation. A more detailed
analysis revealed specific stacking modes for each
series. The SWy-Ni series exhibited a combination of
two stacking modes — partial and total segregation. In
the case of the SWy-Mg series, two stacking modes
were observed — partial order and total segregation.
Finally, for the SWy-Zn series, a single stacking mode
(partial segregation) was observed.

Summary and Conclusions

The present study investigated the impact of cou-
pled geochemical, thermal, and kinetic factors on
the hydration behavior and structural response
of W-Mnt. The research aimed to understand the
effectiveness of CEC and the reversibility, hydra-
tion properties, and resistance of Na-rich mont-
morillonite exchanged with divalent metal cations
M (Ni%*, Mg?*, or Zn**) under the application of
second-order external constraints. The objectives of
the study were achieved by subjecting the mineral
to stress at the laboratory scale, which entailed cou-
pling three constraints simultaneously: geochemical,
thermal, and kinetics. This was possible by varying
the pH of the depolluting solution under controlled
temperatures for various durations. The mineral’s
CEC and hydration behavior were the main areas of
investigation, and the research relied on the quanti-
tative analysis of the 00/ reflections to quantify the
structure of the mineral. The results showed that the
external constraints applied to the samples had a sig-
nificant impact on the mineral’s response. The study
found that the electronegativity of the compensat-
ing cation was associated with a limit that governed
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terns for the SWy-Ni, SWy-Mg, and SWy-Zn series (color code: 1W - light brown and 2W - dark brown)
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Fig. 11 Evolution of the M value as a function of the intensity of the external constraint applied for the SWy-Ni, SWy-Mg, and

SWy-Zn series

the increase or decrease of the CEC. Each sample
had a unique structural feature and responded differ-
ently to changes in the applied constraints over time.
To ascertain the relationship between the applied
external stresses and the structural evolution/altera-
tion of the host materials, the XRD profile modeling

approach was used, which uses numerous skills in
simulating 00/ reflections and improving agree-
ment between calculated and experimental diffracted
intensities to reveal clay surface reactivity and crys-
tallography of lamellar structures.

Table 7 Stacking modes hydration layers for the SWy-Ni, SWy-Mg, and SWy-Zn series

Samples Layer stacking mode R* Description
SWy-Ni pH=2; T=50°C;t=5h R, Partial segregation
pH=3;T=75°C;t=10h R, Partial segregation
pH=4; T=100°C;t=15h R, Partial segregation
pH=5; T=125°C;t=20h R, Total segregation
pH=6; T=150°C; t=25h R, Total segregation
SWy-Mg pH=2; T=50°C;t=5h R, Partial order
pH=3;T=75°C;t=10h R, Partial segregation
pH=4; T=100°C;t=15h R, Partial order
pH=5; T=125°C;t=20h R, Partial segregation
pH=6; T=150°C; t=25h R, Partial segregation
SWy-Zn pH=2; T=50°C;t=5h R, Partial segregation
pH=3;T=75°C;t=10h R, Partial segregation
pH=4; T=100°C;t=15h R, Partial segregation
pH=5; T=125°C;¢t=20h R, Partial segregation
pH=6; T=150°C; t=25h R, Partial segregation
@ Springer
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In detail, the integration of theoretical findings
obtained through XRD modeling with experimen-
tal patterns showed that, at room temperature, the
initial SWy-Na sample exhibited an interstratified
hydration state of the OW and 1W phases. For the
reference samples SWy-Ni, SWy-Mg, and SWy-
Zn, which were analyzed without any applied con-
straint, the XRD analysis indicated the presence of
three phases, namely OW, 1W, and 2W. The semi-
quantitative XRD analyses of the results obtained
under the impact of the second-order coupling were
as outlined below.

Several observations were made in relation to
the impact of second-order coupling in the SWy-Ni
series, as follows. (1) A greater intensity of applied
stress induced a transition from a heterogeneous
hydration state (HS) characterized by the presence
of 1W and 2W phases to a homogeneous HS where
only a single type of 2W layer population existed.
This transition coincided with the elimination of
sodium residues. (2) Two distinct stacking modes
for the layers were identified in the theoretical XRD
patterns. (3) Throughout the entire series, the domi-
nant stacking mode was referred to as ‘total segrega-
tion.” (4) The CEC increased simultaneously with the
increase in applied constraint intensity. (5) The num-
ber of water molecules (nH,0) increased non-linearly
in response to the development of applied constraints.
(6) Irrespective of the applied stresses, an independent
increase in the average number of layers (M) occurred.

The SWy-Mg series yielded several noteworthy
findings. (1) A heterogeneous hydration state was
observed, with the appearance of both 1W and 2W
phases regardless of the applied stress. (2) The
intensification of external stress led to a decrease
in the 2W phase and an augmentation of the 1W
phase. (3) Diverse layer types coexisted within the
crystallite and exhibited stacking patterns guided
by specific junction probabilities, characterized
by partial order and segregation. (4) The applied
stress caused a reduction in the CEC, and the pres-
ence of two distinct compensating cations (Nat and
Mg?") indicated partial cation exchange, independ-
ent of the applied stress. (5) A non-linear growth
in the amount of H,O was observed as the external
stresses increased.

In the SWy-Zn series, several notable observa-
tions were made. (1) The coexistence of multiple
populations of layer types (1W and 2W) confirmed
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the presence of an interstratified hydration charac-
ter, unaffected by the applied stress. (2) The domi-
nance of the 2W HS was particularly pronounced.
(3) The CEP remained incomplete, independent of
the external constraints exerted. (4) The presence of
two distinct compensating cations (Na* and Zn>*)
within the IS resulted in the formation of a physi-
cal mixture between populations of different layer
types. (5) Throughout the entire series, a single
stacking mode characterized by partial segrega-
tion was observed. (6) The amount of H,O exhib-
ited a nonlinear increase in response to the applied
external stresses. (7) The expansion of the IS led to
an increase in the M values for both SWy-Mg and
SWy-Zn samples, irrespective of the magnitude
of the applied stress. In fact, the electronegativity
of the compensating cation (CC) was associated
with a limit that governs the increase or decrease
in the CEC. Samples saturated with EC and Ey val-
ues > 1.88 show a rise in CEC, while samples satu-
rated with cations with an EN value of < 1.6 exhibit
a drop in CEC. The hydration performance for Ey
values between 1.65 and 1.88 (the uncertainty zone)
was considered unidentified. The optimization of
the modeling approach enabled the mapping of
interstratified hydration layers and the development
of the WF concept. Each sample has a unique struc-
tural feature and responds differently to changes in
the applied constraints over time.

In conclusion, our thorough investigation of
smectites sheds important light on how they react
to geochemical, thermal, and kinetic limitations.
The findings demonstrate the importance of the
ionic composition, particularly the electronega-
tivity of exchangeable cations, in determining the
characteristics of clays. The CEC fluctuates accord-
ing to the constraints strength, and it appears that
higher electronegativity compensatory cations are
required to reach a greater CEC. Furthermore, the
observed variations in crystalline configurations,
ranging from complete segregation to the partial
order, show how susceptible clay formations are to
external stresses. An accurate depiction of the intri-
cate hydration states of smectite is made possible
by the unconventional approach involving the use
of a clay hydration background data. These results
highlight the critical role played by a combination
of external environmental limits in the prediction
and control of smectite specific features. These
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findings have important ramifications for materials
and environmental contexts, and they offer useful
direction for further study of clays and their intri-
cate interactions.
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