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Interlamellar space organization of low-charge montmorillonite was studied by modeling of X-ray diffraction (XRD) patterns
recorded under controlled relative humidity (RH) conditions on Ni saturated specimens. The quantitative XRD investigation,
based on an indirect method consisting of the comparison of experimental 00ℓ reflections with the other calculated from
structural models, is used to characterize eventual nanostructural changes along 𝑐∗ axis of Ni-exchanged montmorillonite. This
method allowed us to determine, respectively, the relative layer types contribution, the layer thickness, nanoconfiguration of the
interlamellar space, and position, amount, and organization of water molecules and exchangeable cations. Obtained theoretical
models exhibit heterogeneous hydration state which is the dominating character detected all over studied cycles. Along RH cycle a
modification in the main structure of the host materials is performed and the presence of a mixed layer structure (MLS) is noted.
The hydration hysteresis at the low and the high RH range can be explained by fluctuations in the water retention mechanism and
hydration heterogeneities created within the smectite crystallite.

1. Introduction

The use of natural materials like clay minerals as a geological
barrier to immobilize the metal cations, occurring essentially
from industrial waste and household trash, presents one
of the most economical solutions seen by their low cost
and their ubiquitous presence in most soils [1–6]. In fact,
smectites are a clay mineral, more precisely, a 2 : 1 type
of aluminosilicate characterized by a high cation retention
ability and low permeability and swelling. These properties
make montmorillonite a material widely used as an engi-
neered barrier in the context of waste disposal sites and
suitable as sorbent material to remove the heavy metals
principally stirring by ion-exchange mechanism. As clay
minerals react quickly to changing environmental conditions
[7], an accurate determination of the nature and composition

of clay minerals is of high importance to assess their actual
and short- and long-term impacts on the functioning of
soil environments. However, such a precise identification
of clay mineralogy is extremely complex because of their
heterogeneity in clay mineral chemistry and structure at
the sample, crystal, and layer scales. Indeed, several layer
types commonly coexist within a wide range of particle sizes
(from ∼50 nm to ∼5 𝜇m) but can also be observed as mixed-
layer phases in which different types of clay layers coexist
in the same crystal [8]. Such a complex mineralogy can,
however, be partially revealed and quantified by comparing
experimental X-ray diffraction (XRD) patterns with profiles
calculated by assuming discrete clay phases or mixed-layer
structure (MLS). Based on the examination of 00ℓ basal
reflections, a lot of studies have been done on the hydration
properties of this clay in order to understand the interlamellar
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space organization as function of relative humidity (RH)
condition [9–16]. On the other hand, the interlayer water
organization in presence of exchangeable heavymetal cations
(i.e., Ni2+) initiates the necessity to monitor the behavior
of this barrier according to several climate changes and
environmental factors that may affect the claymatrix in order
to predict its short- and long-term performance. All earlier
works report the importance and the performance of clay
minerals especially montmorillonite to retain Ni(II) [17–27]
ions. In the present study, an investigation of the effect of the
relative humidity variations on the hydration performance
of a Ni-exchanged montmorillonite is achieved. Indeed, this
goal is accomplished during two humidifying/drying cycles.
All structural material properties changes are monitored by
quantitative XRD analysis using an indirect method based
on the comparison between experimental 00ℓ reflections,
obtained “in situ” under controlled atmosphere, and theoret-
ical ones.

2. Materials and Methods

2.1. Starting Sample. A reference dioctahedral smectite SWy-
2 originated from bentonites of Wyoming (Wyoming, USA)
is selected for the present study. Clay fraction is supplied by
the Source Clay Minerals Repository Collection of The Clay
Minerals Society (USA) [28, 29], exhibiting a low octahedral
charge and extremely limited tetrahedral substitutions and
presenting 101 meq/100 g as a Cation Exchange Capacity
(CEC) [29]. Its half-cell structural formula, that is determined
by [30], is as the following:

Si
3.923

Al
0.077
(Al
1.459

Ti4+
0.018

Fe3+
0.039

Fe2+
0.045

Mg2+
0.382
)O
10
(OH)
2
(Ca2+

0.177
Na+
0.027
)

2.2. Pretreatment. A pretreatment with NaCl solution con-
sists of guaranteeing total saturation of all exchangeable site,
according to a classical protocol detailed by Tessier [31]. At
first time an Na+ exchange process is performed in order
to prepare an Na-rich montmorillonite suspension labeled
SWy-2-Na. The XRD analysis is used to characterize this
process. A simple comparison between original and treated
sample is reported in Figure 1.

At second time, the CEC of the obtained SWy-2-Na
fraction is saturated with the divalent cations Ni2+ and the
obtained suspension is referred to as SWy-2-Ni. The ionic
exchange process is conducted using the following protocol
summarized in Figure 2. Oriented preparations, for the XRD
analysis, are obtained by depositing SWy-2-Ni suspension
onto a glass slide and drying it at room temperature for 24
hours to acquire an air-dried specimen [32].

2.3. Experimental Procedure. All experimental XRD patterns
are performed by reflection setting with a D8 Advance
Bruker installation using Cu-K𝛼 radiation equipped with
solid-state detector and operating at 40KV and 30Ma. The
diffractometer was equipped with an Ansyco rh-plus 2250
humidity control device coupled to an Anton Paar TTK450
chamber. The XRD patterns are registered every 10% RH
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Figure 1: Experimental XRD patterns of original (a) and treated
SWy sample (b) with NaCl solution.

scale at the fixed relative humidity conditions values. The
usual scanning parameters were 0.04 2𝜃∘ as step size and 6 s
as counting time per step over the angular range 2–40 2𝜃∘.
The divergence slit, the two Soller slits, the antiscatter, and
receiving slits were 0.5, 2.3, 2.3, 0.5, and 0.06∘, respectively.

2.4. Relative Humidity Sequence Orientation. To carry out
the first humidifying cycle, the RH value extends from 40%,
the room condition (297K and ∼40% RH), to the almost
saturated condition (80% RH). In second time, a dehydration
procedure is realized by decreasing the RH rates to extremely
dry ones (10% RH), and finally a second return to 40% RH
is adopted. The reverse cycle is accomplished by varying
the moisture values in the opposite direction starting the
dehydration process from 40% RH and decreasing toward
extremely dry ones (10% RH) followed by a continuous
RH increase towards 80%. The end of the cycle is done
by a second dehydration procedure by decreasing again the
relative humidity rates to 40% RH. These cycles will be
referred to, respectively, as the hydration/dehydration and
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Figure 2: Experimental ionic exchange process.

the dehydration/hydration, for the first and the second RH
variation sequence. The sequence orientation of %RH rates
in both cycles is described in detail in Figure 3.

2.5. The Moisture Equilibration. An object reaches moisture
equilibrium with the environment when it neither gains
nor loses moisture from the constant, dynamic exchange of
moisture with the environment. The process of hygroscopic
materials to reach equilibrium with the ambient relative
humidity of the air, by absorbing or desorbing moisture, is
controlled by XRD analysis. In Figure 4 the stability of the
001 reflection is controlled using XRD analysis.

2.6. X-Ray Diffraction

2.6.1. Interlamellar Water Molecules Organization. The X-ray
diffraction (XRD) has been a powerful technique often used
to study hydration proprieties. In fact, different layer types
were defined for smectite as a function of the 𝑑

001
spacing

values: dehydrated (0W, 𝑑
001

) (9.7–10.2 Å), monohydrated
(1W, 𝑑

001
) (11.6–12.9 Å), bihydrated (2W, 𝑑

001
) (14.9–15.7 Å),

and trihydrated (3W, 𝑑
001

) (18-19 Å) layers, corresponding,
respectively, to the intercalation of 0, 1, 2, or 3 planes of
H
2
O molecules in the interlamellar spaces [33]. In the case

of “0W” state, the interlayer spaces are devoid of water and
the compensating cations are located in the middle of the
interlamellar space and, in some cases, partially engage in
the ditrigonal cavity. For the monohydrated layer “1W,” both

exchangeable cations and H
2
O molecules are located in the

mid-plane of the interlamellar space. For the bihydrated
layers “2W,” the cation is surrounded on both sides by the
water molecules. In the case of “3W” hydration state, the
exchangeable cations are strongly hydrated, situated with a
plane of water in the medium of the interlamellar space, and
surrounded by two water layers on both sides of the median
plane of interlayer space. Moreover, most often different
hydration states/layer types usually coexist within the same
crystals even under controlled conditions [34–36]. Thus,
the use of the XRD profile modeling techniques allows the
investigation of the structures in which different hydration
states coexist and the interlayer water content at any stage of
the studied cycles.

2.6.2. Qualitative XRD Patterns Investigations. The qualita-
tive XRD study provides information concerning the hydra-
tion state of the studied sample at a different RH rate, which
are obtained by the position of the 001 reflexion (𝑑

001
basal

spacing values) and the global description of the profile
geometry (peaks symmetry and/or asymmetry). Moreover,
the calculation of the full width at half-maximum intensity
(FWHM) value and the standard deviation of the departure
from rationality (𝜉) related to the 00ℓ reflection (calculated
as the standard deviation of the 𝑙 × 𝑑(00ℓ) values for all 𝑋

𝑖

measurable reflections over the explored 2𝜃∘ angular range)
can supply information about the hydration heterogeneities
degree (homogenous or interstratified) [37]. However, the
qualitative interpretation of the XRD profile cannot provide
a detailed insight related to the relative proportions of layers
with different hydration states, which can coexist in the
structure, and is unable to follow the evolution of certain
structural parameters, such as the position and organiza-
tion of exchangeable cations with H

2
O molecule in the

interlamellar space along the 𝑐∗ axis, as function of relative
humidity along both cycles. Thus it is necessary to perform
the quantitative analysis [38, 39].

2.6.3. Quantitative XRDAnalysis. Thequantitative analysis is
achieved using the X-ray profile modeling method based on
the algorithms developed by [40] which consist of adjusting
the experimental patterns (00ℓ peak series) to theoretical
ones calculated using the 𝑍 atomic coordinates of the inter-
layer space corresponding to those proposed by [41] and the
interlamellar water molecule distribution in accordance with
the literature’s description [42]. The theoretical intensities
were calculated according to thematrix formalismdetailed by
[40].Thefitting strategy of 001 reflections is described by [42].
This method allows the determination of the interlamellar
hydrations amounts and structural characteristics along the
normal to the (𝑍) plane, in particular the number and the
position of the exchanged cations and water molecules, the
stacking layer thicknesses, and the stacking mode along 𝑐∗
axis. The abundances of the different types of layers (Wi),
the mode of stacking of the different kinds of layers, and
the mean number of layers per Coherent Scattering Domain
(CSD) can be also determined throughXRDprofilemodeling
approach.Within a CSD, the stacking of layers is described by
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Figure 3: The sequence orientation of %RH rates along hydration/dehydration cycles.
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Figure 4: Stability of the 001 reflection is controlled using XRD
analysis.

a set of junction probabilities (Pij).The relationships between
these probabilities and the abundances Wi of the different
types of layer are given by [41].

3. Results and Discussion

The best agreement between theoretical and experimental
XRD patterns recorded under controlled RH condition,
respectively, along the first and second cycles, is reported
in Figures 5 and 6. All variable mixed-layer structures con-
tributions (MLS) used to calculate experimental profiles
are reported in the same figure. The results through the
qualitative investigation, in regard, respectively, to the 𝑑

001

basal spacing value, the FWHM of the 001 reflection, and the
𝜉 parameter (i.e., which is calculated for 3 or 4 measurable
reflections over the 2–40 2𝜃∘ angular range), were calculated

for all experimental patterns and are summarized in Table 1
for both cycles. The composition of the MLSs and all struc-
tural parameters are reported in Tables 2 and 3, respectively,
for the first and the second cycle.

3.1. Case of the Hydration-Dehydration Cycle

3.1.1. Qualitative XRD Description. The gradual progress of
the 𝑑
001

basal spacing value deduced from the 001 reflection
positions showed that along the cycle two hystereses appear
at two different RH domains that can be divided into two
subcycles (Figure 7(a)).

The first one begins from 40% RH with a 𝑑
001

15.58 Å
attributed to a homogeneous “2W hydration state,” reaching
17.10 Å towards the extremely saturated conditions (i.e., 80%
RH) then downing to return again at 40% RH with a
𝑑
001

corresponding to a homogeneous “2W hydration state”
(Table 1). Throughout this path, the studied sample presents
a heterogeneous hydration behavior characterized by a con-
tinuous hydration transition between 2W and 3W expect
at both 40% RH starting and downing. This continuous
transition was accompanied by an increase in the FWHM
value at the higher RH range indicating the interstratified
hydration character (Table 1). The second subcycle spreads
out over the lower RH range starting from the downing 40%
RH and continues the dehydration process to the extremely
dried condition (10% RH) where the 𝑑

001
basal spacing

shifts to 12.14 Å. This RH decrease is accompanied by a fast
transition from 2W to 1W state which indicates the existence
of heterogeneous hydration behavior over these %RH rates.
The rehydration procedure performed by increasing the RH
to return again at 40% RH is characterized by a slow 1W-
2W transition and a slow 𝑑

001
spacing values evolution

(Table 1) that create a clear hysteresis buckle at the lower RH
range (Figure 7(b)). Over this subcycle, an irrationality for all
measurable reflection position was observed accompanied by
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Figure 5: Different contributions of the various mixed-layer structures used to calculate XRD profiles in the case of the first cycle.

Table 1: Qualitative XRD investigations for SWy-2-Ni.

First cycle Second cycle
% RH 𝑑

001
(Å) FWHM (2𝜃∘) 𝜉,𝑋

𝑖
Character % RH 𝑑

001
(Å) FWHM (2𝜃∘) 𝜉,𝑋

𝑖
Character

40 (start) 15.58 1.20 0.15, 3 I 40 (start) 15.47 I
50 15.87 0.98 0.18, 3 H 30 14.23 1.44 0.25, 3 I
60 16.59 0.80 0.40, 3 H 20 13.50 1.55 0.45, 3 I
70 16.68 0.78 0.46, 3 I 10 12.89 1.76 0.84, 3 I
80 17.10 1.06 0.32, 3 I 20 13.32 1.69 0.53, 3 I
70 16.53 0.79 0.41, 3 I 30 14.07 1.67 0.51, 3 I
60 16.44 0.80 0.37, 3 H 40 14.82 1.72 0.80, 3 I
50 16.16 0.87 0.31, 3 H 50 15.25 1.63 0.36, 3 I
40 15.53 1.01 0.30, 3 I 60 15.59 1.60 0.15, 3 I
30 14.18 1.42 0.70, 3 I 70 16.10 1.04 0.20, 3 I
20 12.96 1.39 0.72, 3 I 80 16.88 1.00 0.49, 3 I
10 12.14 1.44 0.78, 3 I 70 16.31 0.95 0.20, 3 H
20 12.64 1.41 0.54, 3 I 60 16.01 1.19 0.18, 3 I
30 13.38 1.37 0.47, 3 I 50 15.60 1.46 0.15, 3 I
40 (return) 15.16 1.48 0.20, 3 I 40 (return) 15.20 1.60 0.10, 3 I
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Figure 6: Different contributions of the various mixed-layer structures used to calculate XRD profiles in the case of the second cycle.
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Figure 7: Pseudo hysteresis obtained, respectively, after hydration/dehydration (a) sequence and dehydration/hydration (b) sequence.

high 𝜉 parameter values with an increase in the FWHMvalue
(Table 1) signifying the heterogeneous hydration character.

3.1.2. Quantitative XRD Analysis

(1) Structure Heterogeneity Degree. The quantitative XRD
investigation shows that all experimental profiles obtained

over all RH range are fitted using structural models contain-
ing various MLSs (Figure 3). Thus the heterogeneous hydra-
tion character is systematically observed over the studied
RH fields of this cycle. In fact at 40% RH, the proposed
model is determined using two MLSs types characterized
by interstratifications between 1W and 2W layer hydration
state. The most hydration heterogeneity is detected at the
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Table 2: Structural parameters used to reproduce experimental patterns of SWy-2-Ni as a function of RH along the first cycle.

% RH Layer type L. Thck 𝑛H2O 𝑍H2O 𝑛Ni 𝑍Ni
Total contribution
0W/1W/2W/3W 𝑀

Hydration
procedure

40 (start)

0W — — — — —

0/46.4/53.6/0 81W 12.00 1.5 10.50 0.15 10.50
2W 15.75 3.6 11.30/14.50 0.15 12.80
3W — — — — —

50

0W — — — — —

0/36.60/63.40/0 91W 12.30 1.7 10.00 0.15 10.00
2W 15.75 3.8 11.30/14.50 0.15 12.80
3W — — — — —

60

0W — — — — —

0/13.50/70.10/16.40 91W 12.65 1.7 10.20 0.15 10.20
2W 15.85 4.2 11.00/14.00 0.15 12.80
3W 18.60 5.4 10.00/14.50/16.20 0.15 14.50

70

0W — — — — —

0/17.47/54.33/28.20 81W 12.00 2 10.50 0.15 10.50
2W 15.80 4.8 10.70/14.60 0.15 12.60
3W 18 6 10.20/14.70/16.50 0.15 14.70

80

0W — — — — —

0/13.30/41.34/45.36 81W 12.80 1.8 10.00 0.15 10.00
2W 15.85 5 11.00/13.50 0.15 12.40
3W 18.70 6.6 10.30/14.30/16.30 0.15 14.30

Dehydration
process

70

0W — — — — —

0/19.34/58.90/4.41 81W 12.30 2 10.00 0.15 10.00
2W 15.80 4.4 10.90/14.70 0.15 12.70
3W 18.50 6.6 10.50/14.90/16.20 0.15 14.90

60

0W — — — — —

0/24/58.50/17.50 71W 12.60 1.5 9.90 0.15 9.90
2W 15.60 4 11.00/14.30 0.15 12.70
3W 18.50 5.4 10.70/14.50/16.50 0.15 14.50

50

0W — — — — —

0/28.98/62.35/8.67 81W 12.20 1.5 10.00 0.15 10.00
2W 15.70 4 11.00/14.30 0.15 12.70
3W 18.20 5.4 10.70/14.50/16.50 0.15 14.50

40

0W — — — — —

0/37.50/62.50/0 81W 12.20 1.5 10.20 0.15 10.20
2W 15.65 4 11.00/14.30 0.15 12.70
3W — — — — —

30

0W — — — — —

0/55.50/44.50/0 81W 12.20 1.5 10.40 0.15 10.40
2W 14.90 4 11.00/14.50 0.15 12.70
3W — — — — —

20

0W 10.50 — — 0.15 8.90

31.45/61.80/6.75/0 91W 12.75 1.4 10.00 0.15 10.00
2W 14.90 4 11.00/14.00 0.15 12.70
3W — — — — —

10

0W 10.15 — — 0.15 8.90

45/55/0/0 71W 12.60 1.4 10.00 0.15 10.00
2W — — — — —
3W — — — — —
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Table 2: Continued.

% RH Layer type L. Thck 𝑛H2O 𝑍H2O 𝑛Ni 𝑍Ni
Total contribution
0W/1W/2W/3W 𝑀

Hydration

20

0W 10.15 — — 0.15 8.90

32/68/0/0 81W 12.30 1.4 10.00 0.15 10.00
2W — — — — —
3W — — — — —

30

0W 10.50 — — 0.15 8.90

22.95/63.50/13.55/0 71W 12.40 1.4 10.50 0.15 10.50
2W 15.60 3 11.00/14.00 0.15 12.65
3W — — — — —

40
(return)

0W — — — — —

0/58.20/41.80/0 61W 12.60 1.5 10.00 0.15 10.00
2W 15.20 4 11.00–14.50 0.15 12.80
3W — — — — —

Note: layer thickness (L. Thck in Å). 𝑛: number of H2O molecules for hydrated layers (per O20 (OH)4). 𝑍: position of H2O molecule along the 𝑐∗ axis. 𝑛:
number of exchangeable cations per half-unit cell. 𝑍: position of exchangeable cations per half-unit cell calculated along 𝑐∗ axis respectively, for 2W, 1W, and
0W, and𝑀: average layer number per stacking.
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Figure 8: Layer type abundance evolution.

higher RH range (70% up ≤ RH ≤ 70% down), where the
best fit of the experimental profiles is achieved using three
configurations of MLSs including various proportions of
1W, 2W, and 3W layers types randomly distributed within
smectite crystallites (Figure 3). The increase of the hydration
heterogeneity is also observed at low humidity range where
theoreticalmodels are described, using three layer types char-
acterized by an interstratification, with different contribution,
of various hydration states (2W, 1W, and 0W) (Figure 3). All
structural parameters and compositions of the used MLS
that made it possible to have the best agreement between
calculated and experimental XRD patterns throughout the
studied cycle are summarized in Table 2.

(2) Sequential Evolution of the Layers Types Contributions.
Looking at the layer type abundance evolution (Figure 8),
the 3W hydration state appears at 60% RH. This “phases
continuum” is reached when increasing RH rate towards high
saturated environment (80% RH) with a high proportion
(45.36%), which disappears completely along the dehydration
process towards 40% RH. For this rate, the structure is
modeled by a major contribution of 2W layer (62.50%) and

37.50%ofmonohydrated layer 1W.The continuous decreasing
of RH rate is accompanied by proceeding of the 1W-0W
transition where the dehydrated layers types (i.e., 0W) are
observed in first time at 20% RH downing accompanied by
a decreasing of the relative amount of 2W layers. At low
humidity range, the dehydrated layers persist in structure
with a significant proportion even with increasing RH%
values during the rehydration process to disappear at the end
of the cycle (40% RH returning) where the monohydrated
layers dominate the interlayer spaces (Figure 8).

3.2. Case of the Dehydration-Hydration Cycle

3.2.1. Qualitative Description of the Dehydration-Hydration
Cycle. The full observation of the 𝑑

001
basal spacing progres-

sionwith the gradual RH values along the reverse cycle shows
that two subcycles can be distinguished.

The first one is spread over the low RH field, starting
from 40% RH and continuing with lowering RH rate towards
extremely dried condition (10% RH), then followed by a
hydration process (an increase of the RH rates) to return at
40% RH. Along this path, a slow continuous “2W-1W” tran-
sition accompanied by a shift of 𝑑

001
basal spacing value from

15.47 Å to 12.89 Å then increase again to 14.82 Å is observed.
The interstratified hydration is the dominated character all
over this RH range which is confirmed by the highest FWHM
value and the irrational 00ℓ reflection position (Table 1). The
second subcycle is founded at the highest RH range beginning
from40%RH (hydration process) to 80%RHand followed by
a dehydration process to finish at 40% RH. Throughout this
way, a slow evolution of the 𝑑

001
spacing values is observed

where the “2W-3W” transition is obtained under RH rates
between 60% and 80%. Along the dehydration procedure, the
𝑑
001

basal spacing value shifts from 16.88 Å to 15.20 Å and the
same hydration performance law is respected (Figure 7(b)).
This behavior can explain the observed hysteresis at this RH
field where all calculated FWHMand 𝜉 parameter suggest the
interstratified character (Table 1).
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Table 3: Structural parameters used to reproduce experimental patterns of SWy-2-Ni as a function of RH along the second cycle.

% RH Layer type L. Thck 𝑛H2O 𝑍H2O 𝑛Ni 𝑍Ni
Total

𝑀

0W/1W/2W/3W

Dehydration

40 (start)

0W — — — — —

0/44/56/0 71W 12.00 1.5 10.80 0.15 10.80
2W 15.45 3.6 11.30/14.50 0.15 12.80
3W — — — — —

30

0W — — — — —

0/57.5/42.5/0 91W 12.10 1.5 10.60 0.15 10.60
2W 15.00 3 11.20/14.20 0.15 12.70
3W — — — — —

20

0W 10.30 — — 0.15 8.90

17.20/63.05/19.75/0 81W 12.60 1.4 10.40 0.15 10.40
2W 14.90 3 11.00/13.80 0.15 12.65
3W — — — — —

10

0W 10.50 — — 0.15 8.90

36/61/3/0 81W 12.60 1.2 10.20 0.15 10.20
2W 15.00 2.8 11.00/14.00 0.15 12.80
3W — — — — —

Hydration
procedure

0W 10.25 — — 0.15 8.90

20.80/66.60/12.60/0 8
20

1W 12.55 1.3 10.50 0.15 10.50
2W 14.90 3 10.80/14.00 0.15 12.65
3W — — — — —

30

0W 10.35 — — 0.15 9.00

13.80/73.35/12.85/0 71W 12.40 1.4 10.30 0.15 10.30
2W 14.95 3 10.80/13.80 0.15 12.80
3W — — — — —

40

0W — — — — —

0/59.40/40.60/0 81W 12.20 1.5 10.50 0.15 10.50
2W 15.40 3.4 11.00/13.70 0.15 12.80
3W — — — — —

50

0W — — — — —

0/48/52/0 71W 12.60 1.6 10.60 0.15 10.60
2W 15.40 3.6 11.00/13.80 0.15 12.80
3W — — — — —

60

0W — — — — —

0/42.75/55.75/1.5 71W 12.70 1.8 10.6 0.15 10.60
2W 15.60 3.6 11.00/14.00 0.15 12.40
3W 18.00 5.4 10.00/14.40/16.30 0.15 14.40

70

0W — — — — —

0/29.25/65.75/4.5 71W 12.30 1.8 10.50 0.15 10.50
2W 15.80 3.8 11.00/13.80 0.15 12.40
3W 18.00 5.4 10.00/14.40/16.30 0.15 14.40

80

0W — — — — —

0/17/46.2/36.8 81W 12.60 2.5 10.00 0.15 10.00
2W 15.80 5 10.90/14.60 0.15 12.70
3W 18.90 8.4 10.50/14.90/16.20 0.15 14.90
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Table 3: Continued.

% RH Layer type L. Thck 𝑛H2O 𝑍H2O 𝑛Ni 𝑍Ni
Total

𝑀

0W/1W/2W/3W

Dehydration

70

0W — — — — —

0/27.25/60.95/11.80 81W 12.20 1.8 9.90 0.15 9.90
2W 15.85 4 10.90/13.70 0.15 12.40
3W 18.60 6.3 10.00/14.50/16.70 0.15 14.50

60

0W — — — — —

0/34.25/61.25/4.5 81W 12.30 1.8 9.80 0.15 9.80
2W 15.80 3.8 11.00/13.70 0.15 12.40
3W 18.50 6 10.20/14.70/16.70 0.15 14.70

50

0W — — — — —

0/42/58/0 81W 12.80 1.6 10.40 0.15 10.40
2W 15.60 3.6 11.10/13.80 0.15 12.40
3W — — — — —

40 (return)

0W — — — — —

0/55/45/0 91W 12.60 1.6 10.50 0.15 10.50
2W 15.80 3.6 11.30–14.20 0.15 12.50
3W — — — — —

3.2.2. Quantitative XRD Analysis

(1) Structure Heterogeneity Degree. The simulation of all
XRD patterns recorded along the reverse cycle is achieved
assuming the coexistence of differentMLSs including various
relative proportions of layer with different hydration states
(Figure 6). Thus the hydration heterogeneity is the main
character deduced whatever the relative humidity (RH)
values along this second studied cycle. In fact, at 40% RH,
twoMLSs types with different contribution of 1W and 2W are
used to fit experimental patterns. Along dehydration process,
the structure becomes more heterogeneous and structural
fluctuations continued even with increasing RH% to 30%
throughout the hydration process. All experimental XRD
patterns recorded along this low relative humidity range are
fitted assuming three MLSs structures including different
proportion of 0W, 1W, and 2W layers types (Figure 6). The
first coming back to 40%RH, is characterized by a decreasing
in the MLSs number used for modeling and the disappearing
of the dehydrated phases from structure which means a
reduction of heterogeneity at this state of the cycle (Figure 6).
From 50% up to the higher RH% rates (80% RH) the best
agreement is obtained using three MLSs and the hydration
heterogeneity increases more with the dehydration process
especially at 60% RH and 70% RH downing where the
structure is described using four different MLSs indicating
the important structural fluctuations at this range of the cycle,
whereas the continuous increasing dehydration to return
at 40% RH is accompanied by a gradual reorganization in
the structure and a notable lowering on MLS is used to fit
experimental patterns where just one population is observed
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Figure 9: Relative contribution of the different layer types versus the
relative humidity values during the reverse cycle.

at the end of the cycle. Table 3 illustrates the principal
structural parameters characterizing the calculated models.

(2) Sequential Evolution of the Layer Types Contributions. The
evolution of the different layer types contribution versus the
relative humidity values during the reverse cycle is reported
in Figure 9. The dehydration from 40% RH to 10% RH
is accompanied by a progressive attenuation on the 2W
hydration state contribution and a dominance of 1W layers
types in the structure. For the dehydrated phases (i.e., 0W),
they appear for the first time at 20% RH downing to reach its
peak towards extremely dried condition (10% RH) achieving
the height proportion (∼36%). These layers types (i.e., 0W)
persist within the structure along the hydration procedure
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Figure 10: The evolution of the interlamellar water molecule content with the relative humidity, respectively, along the first and the second
cycle obtained through the quantitative investigation.

to disappear completely with increasing RH rates towards
40% RH. The continuous increasing of the RH% rates is
characterized by a transition from 1W to 2W hydration sates
accompanied by the appearance of the 3W phases towards
60% RH, which reach their higher amount (36.80%) at
80% RH. By decreasing towards 40%RH, along the second
dehydration process, a continuous 3W → 2W → 1W
transition is noted. Indeed, the 3W layer types at 60% RH
downing disappeared is observed. Furthermore, the growth
of the monohydrated phases (i.e., 1W) amount at the expense
of the bihydrated layers types, along this RH range to finish at
40% RHwith interlayer’s spaces dominated by the 1W phases
(55%), is noted.

3.3. Progress of the InterlamellarWater Amounts. Thesequen-
tial transition from a hydration state to another one that is
accruing in interlayer space, at different stages of both cycles,
is logically accompanied by a change on the interlayer water
amount and distribution. The evolution of the interlamellar
water molecule content with the relative humidity, respec-
tively, along the first and the second cycle, obtained through
the quantitative investigation is summarized in Figure 10.

3.3.1. Case of the First Cycle. In the case of the first cycle, the
global observation of the water content progression showed
the appearance of two hystereses where the first is spread
at the high humidity field with a small loop, whereas the
second stretches in a wide range of humidity between 55%
RH and 10% RH (Figure 10(a)).This result can be interpreted
as follows.

At the first part of the cycle spreading, over the high
humidity range, the effect of the continuous RH rates change
has a less influence on the hydration properties and the inter-
lamellar space stability. In this situation, the water molecule
distribution is more respected than at the medium and low
relative humidity range where several structural fluctuations
appear, by the continuous RH rate variation, which induce
a perturbation on the interlamellar water molecule amounts

evolution. In fact, the decrease of the RH values along the
dehydration process, to the extremely dried condition (10%
RH), is accompanied by a fast lessening on thewatermolecule
content, which can be explained by a more difficult insertion
process of water molecules along the rehydration of the
interlayer spaces. Indeed, the water amount distribution is
affected and low respected which explains the appearance of
the clear hysteresis at this RH% domain.

3.3.2. Case of the Opposite Cycle Orientation. The water
amount evolution, along the reverse cycle, is characterized
also by the appearance of two hystereses where the first
one is extended between 10% and 50% RH range with the
biggest loop whereas the second is spread over the higher RH
range (Figure 10(b)). Thus we can deduce that the structural
fluctuation and the heterogeneity hydration induced by the
continuous RH rates variation have significant effects on the
water contents especially at the lower RH range, where we
showed, at first time, a fast decreasing in the relative water
amount during the dehydration process, beginning from
the 40% RH to 10% RH, whereas a slow increasing for the
interlamellar space water molecule content with continued
increasing of the RH values along the rehydration procedure
is observed. This behavior suggests that the insertion of
the H

2
O molecules in the smectite structure becomes more

difficult after lowering the RH rate towards extremely dried
condition (10% RH) which induce an instability and have
a considerable impact on the water content at the higher
RH fields where the water amount evolution versus relative
humidity displays different trends over these RH range.

The comparison between the water contents retained in
the interlayer space at the high RH range of both cycles
indicates that the studied sample retains more important
water in the case of the first cycle than in the second one.This
purpose means that the insertion of H

2
O plane in interlayer

spaces becomes easier when %RH rates change directly from
ambient to high humidity than when the RH values are
lowering from the ambient towards the extremely dried RH
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condition or to achieve the extremely saturated condition
(80% RH). That can suggest that the sequence RH% orien-
tation may act as an intrinsic factor governing the hydration
behavior of the studied samples.

4. Conclusion

The XRD profile modeling approach is used in this work to
investigate the interlamellar space organization of low-charge
montmorillonite under variable relative humidity conditions.
All real structure changes are interpreted theoretically using
results obtained from calculated XRD models. The main
obtained results showed the following.

(1) The Ni-exchanged montmorillonite displays a differ-
ence in the hydration behavior as function of the
sequence RH orientation.

(2) The interstratified hydration character is the domi-
nated character all over explored RH’s range.

(3) The appearance of hysteresis with different loops in
the swelling curves indicates the irreversible retained
interlayer water amount as function of the relative
humidity in both cases of the cycles.

(4) Structural fluctuation, within the smectite structure,
is directly dependent on interlamellar water molecule
distribution.
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