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Dehydration of Ca-montmorillonite at the crystal scale. Part I: Structure evolution
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ABSTRACT

The dehydration dynamics of the of the Ca-saturated <1 um size fraction of SWy-1 (low-charge
montmorillonite) were studied at the crystal scale under isothermal conditions using X-ray diffraction
with a position-sensitive detector (XRD-PSD) in the 30—170 °C temperature range. A total of 630 XRD
patterns were modeled between 30 and 125 °C using a trial-and-error approach based on the direct
comparison of experimental and calculated XRD patterns. The proportion of layers with different
hydration states (bihydrated, mono-hydrated, and dehydrated) were determined in the temperature-time
space as well as small variations of layer thickness within each hydration state. The results showed
that dehydration produces complex structures with heterogeneous hydration states, some of which
are stable (not transient) and remain at the end of the experiment. The evolution of other structural
parameters (interlayer water content, layer thickness fluctuation) was consistent with previous reports of
smectite hydration. For bihydrated layers, the amount of water molecules per interlayer cation indicated
the presence of water molecules both coordinated and non-coordinated to the interlayer cation. The
transition from bi- to mono-hydrated layers produced the maximum structural heterogeneity, with (1)
strong interlayer thickness fluctuation (in individual layers), and (2) the presence of several elementary
mixed-layer structures. In contrast, the transition from mono-hydrated to dehydrated layers occurs
homogeneously within layers. Finally, the decrease in thickness of mono-hydrated layers only implied

the removal of some water molecules forming the hydration shell of the interlayer cation.
Keywords: Crystal structure, smectite-water, diffusion, water in smectite interlayer, order-disorder,
mixed-layering, XRD data, smectite, montmorillonite

INTRODUCTION

Smectite is a clay mineral that occurs in many surface envi-
ronments, both terrestrial and marine, frequently as one of the
main mineral components. The expandability properties of its
interlayer space and the resulting large surface area make it a
main control of the physical and chemical behavior of the envi-
ronments where it is found. Thus smectite is important in many
applications; e.g., in agriculture (to retain and release water and
nutrients), in civil engineering (for controlling ground proper-
ties), for industrial applications (making use of the large active
surface area), in the construction of waste repositories (provid-
ing impermeable barriers to retain pollutants), including those
for nuclear waste containment, etc. However, as smectite reacts
quickly to changing environmental conditions, it can display
a wide range of structural states that can depend strongly on
cation exchange, temperature, or relative humidity (RH). Such
modifications involve differences in hydration/dehydration states
that can alter significantly the properties of smectite. Indeed,
the change in volume that results from dehydration can cause a
dramatic modification of the bulk texture of the material, induce
the formation of cracks, and lead to a strong alteration of water
migration paths. Thus dehydration will reduce the efficiency ofa
smectite waste barrier and could lead to fluid and pollutant flows
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in and out of a repository. In this respect, the establishment of a
realistic model of smectite behavior requires a good understand-
ing of the organization of water and its hydration/dehydration
mechanism occurring at each scale of observation. At the crystal
scale, smectite structure most often exhibits, within the same
crystallite, layers with different interlayer water configurations
(Cases et al. 1992, 1997; Bérend et al. 1995; Cuadros 1997;
Calarge et al. 2003; Ferrage 2004; Michot et al. 2005; Ferrage
et al. 2005a, 2005b, 2007). This effect can be quantified by
comparing X-ray diffraction (XRD) profiles with patterns calcu-
lated assuming a random interstratification of layers exhibiting
different hydration states (Ferrage 2004; Ferrage et al. 2005a,
2005b, 2007).

This paper reports on a detailed characterization of the
structural dehydration process of a calcium-saturated low-
charge montmorillonite reference sample (The Clay Mineral
Society Source Clay, SWy-2). In part I of the present study,
we assess the evolution of the smectite structure subjected to
dehydration between 25-125 °C by systematically comparing
the experimental XRD patterns with calculated models, to obtain
the proportion of layers with defined hydration states. Additional
structural parameters, such as the thickness of hydrated layers
and the water content, are also assessed. The obtained evolution
of structural parameters will be used in part II of this paper to
propose a kinetic model of smectite dehydration that can be used
for the prediction of structural changes of this mineral.
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BACKGROUND

The ability of smectites to incorporate interlayer H,O mol-
ecules and the subsequent change in basal spacing has been
extensively studied for several decades. For example, XRD
studies (Nagelschmidt 1936; Bradley et al. 1937; Mooney et al.
1952; Méring and Glaeser 1954; Norrish 1954) showed that the
basal spacing of smectite increases in steps as a function of the
relative humidity, corresponding to the intercalation of 1, 2, or
3 planes of H,O molecules in the smectite interlayer. From these
pioneering studies, several possible models have been proposed
in which crystalline swelling is controlled by the balance of
repulsive forces between the negatively charged layers and at-
tractive forces between the hydrated interlayer cations and the
layers (Norrish 1954; Van Olphen 1965; Kittrick 1969a, 1969b;
Laird 1996, 1999).

Smectite hydration state is often characterized by XRD
using the evolution of the (001) basal-spacing under variable
RH (Méring and Glaeser 1954; Harward and Brindley 1965;
Glaeser et al. 1967; Glaeser and Méring, 1968; Harward et al.
1969; Watanabe and Sato 1988; Sato et al. 1992; Yamada et al.
1994; Tamura et al. 2000; Ferrage 2004; Ferrage et al. 2005a,
2005b, 2007, among others). This technique is useful when most
layers in the structure are either dehydrated (OW = 9.7-10.2
A), mono-hydrated (1W = 11.6-12.9 A), or bihydrated (2W =
14.9-15.7 A). However the coexistence of different hydration
states in a sample is common even under controlled conditions
(Méring and Glaeser 1954; Glaeser et al. 1967; Glaeser and
Meéring 1968; Sato et al. 1992, 1996). For example, the irrational
character of the (00/) reflection series at the transition between
two discrete hydration states and the asymmetric peak profiles
(Sato et al. 1992) are evidence of this coexistence. Few studies
have taken into account the coexistence of layers with contrast-
ing layer thickness corresponding to different hydration states
by using an XRD profile modeling approach (Moore and Hower
1986; Iwasaki and Watanabe 1988; Bérend et al. 1995; Cases
et al. 1997; Cuadros 1997). More recently, Ferrage (2004) and
Ferrage et al. (2005a, 2005b, 2007) have applied successfully
XRD profile modeling by fitting both positions and profiles of
the 00/ reflections over a large angular range, and this approach
showed that randomly interstratified structures, each containing
different layer types, coexist systematically in these smectite
samples over a wide range of RH. The heterogeneity of charge
distribution is sometimes made responsible for the hydration
heterogeneity observed (Sato et al. 1992; Calarge et al. 2003).
However, the hydration heterogeneity also observed by Ferrage
(2004) for synthetic smectites with an assumed homogeneous
charge distribution may indicate that this phenomenon is an
intrinsic property of smectite structure. Because this effect
complicates the determination of structural features and because
smectite responds rapidly to changing external conditions, the
influence of temperature on the crystal structure of smectite
is not well documented. Bray et al. (1998) attempted to study
dynamic and isothermal dehydration of montmorillonite using
synchrotron source X-rays. These authors observed a modifi-
cation in peak position and width suggesting the presence of
mixed-layering but did not attempt to derive a kinetic model for
structural dehydration.

Most studies relating to the influence of temperature on
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smectite dehydration have been performed using thermogravi-
metric or differential thermal analysis (Hendricks et al. 1940;
Mackenzie 1950, 1952; Poinsignon et al. 1982; Guindy et al.
1985; Girgis et al. 1987; Laureiro et al. 1996; Bray et al. 1998;
Bray and Redfern 1999; Zabat and Van Damme 2000). Many
of these studies showed that dehydration occurs non-uniformly,
with defined discrete thermal events at different temperatures.
This fact is most likely due to the presence of water molecules
with varying bonding force. For Ca-montmorillonite (Hendricks
et al. 1940; Mackenzie 1950; Poinsignon et al. 1982; Guindy et
al. 1985; Girgis et al. 1987; Zabat and Van Damme 2000) there
is a first dehydration event near 60-90 °C, usually attributed
to water loosely bonded, and another event at 110-150 °C,
attributed to strongly held water. Guindy et al. (1985) derived
dehydration activation energies, although they considered a
single dehydration reaction, whereas Poinsignon et al. (1982)
and more recently Zabat and Van Damme (2000) derived activa-
tion energies for each thermal event, assuming that both are a
first-order reaction. Finally, Bray and Redfern (1999) carried out
a thorough investigation using isothermal gravimetric analysis
to determine both the activation energy and the mechanism of
the 2-step dehydration reaction. However, the different thermal
analysis techniques provide results that cannot be easily related
to structural information from XRD studies, especially at low
temperature. The reason is that thermal analysis probes all types
of adsorbed water. For example, part of the water quantified by
thermal analysis can correspond to interlayer water but also to
water molecules located on the external smectite surface and in
micro- and macro-pores. In contrast, XRD analysis only probes
water located in the interlayer. An additional problem of thermal
analysis studies is that interlayer, external and pore water may be
lost following a different type of reaction mechanism. Thus, an
accurate determination of smectite behavior during dehydration
and of dehydration kinetics using XRD focuses on interlayer wa-
ter and provides fundamental information for the understanding
of smectite structural dehydration at the crystal scale.

MATERIAL AND METHODS

Sample preparation

The smectite used for this study is the SWy-2 montmorillonite from the Source
Clay Repository of The Clay Minerals Society, with a similar structural formula to
that determined for SWy-1 by Van Olphen and Fripiat (1979): [(Al; o;FeqsMng,
Tio.0oMo.51)(Si708A1002)O020(OH),]Mj 55, obtained on the <2 um size fraction. This
montmorillonite is originally Na-saturated. The <1 pum size fraction was separated
by centrifugation and calcium-exchanged at room temperature with a 1 mol/L
CaCl, solution (1 g of solid per 250 mL of solution). The suspension was shaken
mechanically for 24 h, then the solid fraction was separated by centrifugation and a
fresh CaCl, solution was added. The exchange procedure was repeated three times
to ensure a complete cation exchange. Removal of the excess salt was performed
by washing the solid three times by immersion for 24 h in distilled water with
solid-liquid separation performed by centrifugation.

Isothermal X-ray diffraction

The XRD patterns were recorded using an Inel CPS120 detector coupled to
a Microsource with an Anton Paar HTTK 10 high temperature stage. This instru-
ment has a curved position-sensitive detector (PSD) spanning 120 °26 and fixed
beam-sample-detector geometry, which enables the simultaneous acquisition of
diffraction data at all angles within the detector range. The angle of incidence of
the beam on the sample was optimized to improve the quality of the experimental
patterns in the 4-40 °20 region and was set to ~1.5°. A slurry of the Ca-SWy-2
sample was deposited directly on the Pt strip heater of the Anton Paar equipment
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and dried at room conditions (~25 °C and 60-65% RH). Immediately after the
desired temperature was reached, thirty snapshots, each of 30 seconds duration
were recorded isothermally from 30 to 170 °C in 5 °C steps. After a total of ~15
min, an apparent equilibrium was reached where there was almost no further
evolution of the sample. An additional isothermal run was performed at 37 °C
to better cover the dehydration process of bihydrated layers into mono-hydrated
layers. The data acquisition software used with the diffractometer required 2 s to
transfer the data to a computer. Therefore, a period of 32 s separated the collec-
tion of two consecutive patterns and the reaction time attributed to each pattern
was considered as the median time of each individual snapshot. Between each
isothermal run, the sample was allowed to cool down to room temperature, and
after remaining at this condition for about one hour we verified that no irreversible
layer dehydration had occurred during the heating experiment. This was the case
below 90 °C. However, for higher temperatures irreversible dehydration occurred
and new samples were therefore prepared from fresh slurry for each subsequent
isothermal experiment.

X-ray diffraction profile modeling of 00/ reflections

The PSD geometry differs from that of the classical scanning with the usual
Bragg-Brentano geometry for which the XRD profile modeling algorithms have
been developed. Indeed, in the PSD geometry, where the angle between incident
beam and sample surface remains constant, the diffraction series are produced by
different particles, according to their different orientation. In an oriented mount,
all flat particles tend to be near-parallel to the sample substrate and the abundance
of particles lying at a specific angle to the substrate is expected to decrease as
the angle increases. This means that the intensities of the 00/ peaks are likely to
decrease with increasing angle and broaden compared to a pattern from an oriented
mount using a scanning X-ray diffractometer. However, because the incident X-ray
beam from the Microsource used for this study is much more collimated than that
from a classical X-ray tube, this textural effect is reduced and the peaks obtained
are narrower and closer to the true Bragg reflection widths. These differences in
peak profile character do not challenge the possibility of using profile modeling
methods with data from PSD diffractometers as already demonstrated by Wilson
et al. (2004). We also discuss this point below using the modeling results.

The experimental XRD profiles of Ca-SWy-2 smectite were modeled using
the algorithms developed initially by Sakharov and Drits (1973) and Drits and
Sakharov (1976) over the range 4-38 °20 using a trial-and-error approach. The
mass absorption coefficient (L*) was set to 45 cm?/g, as recommended by Moore
and Reynolds (1997). The z-coordinates for all atoms within the 2:1 layer frame-
work were set as proposed by Moore and Reynolds (1997). The z-coordinates of
interlayer species for dehydrated (LT OW — 9.7 A) and mono-hydrated (LT 1W
— 11.6-12.9 A) smectite layers were also set as proposed by Moore and Reynolds
(1997). However, those for bihydrated (LT 2W — 14.9-15.4 A) layers were taken
from Ferrage et al. (2005b), who found a best fit between experimental and calcu-
lated patterns by placing the cation in the centre of the interlayer and one plane of
H,0 molecules on both sides of it. The distance along the ¢* axis from the plane
containing interlayer cations to the planes containing H,O molecules is ~1.2 A.
The coherent scattering domain size (CSDS) along the ¢* axis was characterized
by setting a maximum value at 70 layers, and a mean CSDS value (N; Drits et al.
1997) which was adjusted. The 6, parameter accounts for the fluctuations of the
layer thickness around a mean value, and its value corresponds to the standard
deviation of a Gaussian-type distribution centered on the mean layer thickness
value (Guinier 1964; Drits and Tchoubar 1990; Ferrage et al. 2005b). The overall
fit quality was assessed using the R, parameter (Howard and Preston 1989). This
unweighted parameter was preferred because it is mainly influenced by misfits in
the most intense diffraction maxima such as the 001 reflection, which contains
essential information on the proportions of the different layer types and on their
respective layer thickness. With increasing dehydration, a gradual increase of
R, values was observed in this study. This variation is likely to be related to the
decrease of the structure factor as the amount of interlayer water decreases, which,
in turn, decreases the signal:noise ratio and leads to an apparent reduction of the
quality of the fit. The signal:noise ratio could have been decreased by smoothing
the experimental data but we chose not to apply such treatment to avoid smoothing
out any feature in the pattern.

The fitting procedure was described in detail by Ferrage et al. (2005b). Briefly
this strategy consists of using a main structure, of one layer type when feasible,
to reproduce as much as possible of the experimental XRD pattern. If necessary,
additional contributions to the diffracted intensity are introduced to account for the
misfit between calculated and experimental patterns. Up to four mixed-layer struc-
tures (each with different proportions of layer types) were necessary to reproduce
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some of the experimental patterns, because of the very heterogeneous structures
observed. However, layers with the same hydration state present in the different
mixed-layer structures were assumed to have identical parameters (chemical
composition, layer thickness, and set of atomic coordinates) to reduce the number
of variable parameters. Similarly, identical values of the N and &, parameters and
water content were used for all mixed-layer structures of a given pattern, although
these parameters were allowed to vary as a function of temperature and time (that
is, for different patterns). The relative proportions of the different mixed-layer
structures and that of the different layer types within them were also variables in
the fitting procedure.

RESULTS

Qualitative observation of the evolution of the 001
reflection upon heating

Figure 1 shows the evolution of the position, shape and in-
tensity of the 001 reflection as a function of time for some of the
heating temperatures. At 30 °C, the 001 reflection is originally
at~15.45 A, indicating a bihydrated state. With increasing time,
no major evolution is observed in peak shape although there is a
slight shift to 15.23 A. At 37 °C, there are evident modifications
of the experimental patterns as time progresses. The 001 peak
decreases in intensity, shifts to ~14.23 A and broadens, devel-
oping a tail toward the high-angle side. According to Méring’s
principle (Méring 1949) this evolution is likely to be related to
the presence of interstratified layers with smaller layer thick-
ness. At 45 °C, the 001 reflection first decreases in intensity and
then increases and becomes relatively narrow, although slightly
asymmetric. The final dy, value at ~12.8 A for this isotherm
indicates that the final structure is rather homogeneous with a
high amount of 1W layers, although a small amount of bihy-
drated layers contribute some intensity to the low-angle side of
the final 001 peak profile. A similar evolution is observed for
the sample recorded at 70 °C, with the difference that at the end
of the experiment the peak shape is almost symmetrical and
indicates that a homogeneous mono-hydrated state is reached.
At 90 and 100 °C, the 001 peak near 12.5 A decreases in inten-
sity, broadens and becomes asymmetric, with a tail toward the
high-angle side. These modifications indicate a second step of
dehydration producing the transition from the mono-hydrated
state to the dehydrated state.

In all the experiments, a shift in peak position is noticed,
which is faster at the beginning of the reaction and then ap-
proaches the final value more slowly. The evolution of the d(y,
value is plotted as a function of temperature and time in Figure
2a using a 3-dimensional plot and the corresponding projection
on the temperature-time plane. From room temperature to 30 °C
the sample remains bihydrated, from 30 to 90 °C there is the
2W-1W layer transition, and, finally, the 1W-OW transition is
observed for a temperature higher than 90 °C.

This qualitative observation of the experimental XRD pat-
terns shows that the dehydration of Ca-montmorillonite occurs
by steps corresponding to discrete 2W, 1W, and then OW hydra-
tion states. In addition, the 001 peak shape indicates that the
structure evolves gradually from one hydration state to the other
via mixed-layer structures. However, these observations are not
sufficient to obtain a thorough understanding of the structure
evolution during dehydration or to determine the corresponding
kinetic parameters and mechanisms of dehydration. Indeed, the
obvious presence of two processes (2W to 1W and 1W to OW)
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FIGURE 1. Evolution of the smectite 001 reflection as a function of time for different isotherms.

requires their decoupling by a precise quantification of the rela-
tive proportion of different layer types. This quantification cannot
be carried out by simply using the position of the 001 reflection
since this position is determined by the interstratification of layers
with contrasting structure factors and with layer thickness that
may vary through the time-temperature domain. The modeling
of the complete XRD profile is therefore necessary.

Modeling of X-ray diffraction profiles

A total of 630 XRD profiles were modeled in the 30—125 °C
range of temperature (30 patterns per isotherm). Uncertainties
were estimated for variable parameters that will be used for the
kinetic study in the companion paper (relative abundance of 2W,
1W and OW layers, layers thickness of 1W and 2W layers). For
the relative abundance of layers, the uncertainty is higher as the
hydration heterogeneity increases. For example, it is easier to
detect the presence of a given layer type when its proportion is
very high (close to 100%) or very low (close to 0%). Hence the
uncertainty on the layer proportion was considered to be +2%
when the abundance of the given layer is 100% or 0% and £5%
when the layer represents 50% of the total layer contribution,
with a linear dependence for intermediate values. On the other
hand, the uncertainty on the layer thickness is mainly dependent
on the abundance of the layer considered, with a better sensitivity

where the layer proportion is high. Thus, the uncertainty values
increase from £0.02 to £0.05 A, which corresponds to 100% and
~0% of the total layer contribution, respectively.

Calculated and experimental profiles of some selected
samples are shown together with their fit residuals in Figure
3a (for the 2W-1W transition) and Figure 3b (for the IW-0W
transition). Figure 4 illustrates the relative contributions from the
different mixed-layer structures, for representative XRD patterns.
The relative proportions of the three layer types are shown for
all the isotherms as a function of time in Figure 5, whereas the
abundance of individual layer types are shown in Figures 2b—2d
in time-temperature space. Finally, the evolution of the other
structural parameters from the calculation (LT 2W, LT 1W, nH,O
G,, and N in CSDS) is plotted as a function of temperature and
time in Figures 2e-21.

The 2W-1W transition

The transition from the bihydrated to the mono-hydrated state
occurs through very heterogeneous structures with broad 001
reflection (Fig. 3a) and irrational 00/ series. The initial smectite
is modeled with two structures, one containing only 2W layers
and a mixed-layer structure containing the three layer types
(2W:1W:0W ratio 65:25:10—Fig. 4a). The 2W structure accounts
for most of the 001 pattern intensity, whereas the contribution
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FIGURE 2. Evolution of various parameters resulting from the XRD modeling during smectite dehydration, in the time-temperature domain.
For each of the following parameters, a color-coded 3-D plot and its corresponding projection onto the time-temperature plane are shown: (a) 001
reflection position in A. (b) Relative abundance of bihydrated layers. (¢) Relative abundance of mono-hydrated layers. (d) Relative abundance of
dehydrated layers. (e) Layer thickness of bihydrated layers in A. (f) Layer thickness of mono-hydrated layers in A. (g) Number of water molecules
per O,(OH),. The following parameters are mapped in time-temperature space: (h) Relative abundance of the prevailing layer type in percentages.
(i) Number of discrete structures used during the XRD profile modeling process. (j) Layer thickness fluctuation parameter, 6,, in A. (k) Number
of layers in the coherent scattering domain. (1) Enlarged view of figure (K) for the first dehydration stages.
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FIGURE 3. Comparison between experimental (cross symbols) and calculated (lines) XRD patterns as a function of time (¢) and temperature (7)
for some selected patterns. Difference plots are shown at the bottom of the figure. The relative abundance of bi-, mono-hydrated and dehydrated
layers, as well as the goodness of fit (R,), are indicated for each pattern. Arrows indicate a modified scale factor for the high-angle region. (a)
Characteristic patterns of the transition from the bi- to the mono-hydrated state. (b) Characteristic patterns of the transition from the mono-hydrated

to dehydrated state.

from the mixed-layer structure allows reproducing the asymme-
try on the high-angle side of the 001 peak and on the low-angle
side of the third peak (005). With increasing dehydration, the 001
peak asymmetry increases and is reproduced by introducing addi-
tional 1W layers in the two contributing structures at the expense
of 2W layers. However, there is a point along the dehydration
process at which two structures are not sufficient to reproduce
correctly the experimental pattern. At 35 °C, it is necessary to
split the main structure into two mixed-layer structures with dif-
ferent proportions of 2W and 1W layers (Fig. 4b). With increasing
dehydration, the 2W layer proportion in these two contributions
decreases. For some patterns the appearance of an additional
peak at ~14 °26 corresponding to the 002 reflection of a mono-

hydrated structure, required a fourth mixed-layer structure, with
a 2W:1W ratio 15:85, to be included (Fig. 4c). As dehydration
progresses (45 °C), the number of structures necessary for the
fit decreases first to three (Fig. 4d) and then to two (Fig. 4e), as
the relative overall proportion of 1W layers increases.

The 1W-0W transition

This transition appears to be more homogeneous, with a nar-
rower 001 reflection that gradually shifts toward higher angles
(Fig. 3b). However, the irrational (00/) series indicates the pres-
ence of 1W and OW layers in variable amounts. Only two con-
tributing structures were needed to fit the obtained experimental
profiles. For the pattern shown in Figure 4f, the first contribution
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incorporates 1W and OW layers in similar proportions whereas
OW layers are predominant in the second structure. Both the
proportion of this second structure and its relative amount of
OW layers increase with increasing dehydration.

DISCUSSION

Application of X-ray diffraction profile modeling method
to XRD-PSD data

For all the isotherms performed, the evolution of the smectite-
water structure was first very rapid and then slowed down as it
approached an almost stable state after about 16 m. This rapid
transformation requires the use of a fast XRD data acquisition
method to obtain sufficiently resolved results. The use of XRD-
PSD is thus particularly suited for this type of study, although
a synchrotron source could lead to an even better resolution.
However, one may question the validity of trying to reproduce
experimental patterns obtained using a curved PSD system with

a modeling algorithm that was developed for scanning diffrac-
tometers. As indicated in the methods section, the difference in
instrumental geometry induces some minor differences in the
experimental patterns. The diffractometer with a Microsource
X-ray source and a curved PSD produces narrower 00/ peaks
and a very small decrease of their intensity and broadening with
increasing diffraction angle. Such narrowing of 00/ reflections,
due to the very small divergence of the incident beam, produces
a slight increase of the size of CSD calculated from the profile.
The analysis of a similar Ca-montmorillonite (SWy-1; Ferrage et
al. 2005b) produced a coherent scattering domain of 68 layers
in a traditional scanning system, and of 10 layers in the present
study. In addition, the slight broadening with increasing angle is
induced by the fact that, in this system, the diffracted intensity
for each angle results from different particles, because the beam-
sample incidence angle is fixed (Wilson et al. 2004). This effect,
which is very small when comparing qualitatively two patterns
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recorded on static (PSD) and scanning diffractometers, is likely
to be taken into account during the modeling by increasing the
value of G,. Indeed, this parameter simulates crystal strain and
has a similar effect on the calculated profile (Guinier 1964; Drits
and Tchoubar 1990; Ferrage et al. 2005b). The G, value obtained
for the starting sample is 0.40 A, not very different from that
0f 0.30 A determined by Ferrage et al. (2005b) with a scanning
diffractometer. In addition, o, decreases to 0.05 A for the most
dehydrated sample. If we consider that the broadening for this
latter sample is only due to the experimental set-up, such a low
o, value indicates a negligible broadening effect caused by
the curved PSD on the o, values obtained in the present study.
Therefore, in spite of the different geometry, the difference in
the values of structural parameters resulting from XRD profile
modeling of PSD data is very small and the variation of these
parameters through the dehydration process are not significantly
affected by the instrumental set-up.

EVOLUTION OF THE SMECTITE-WATER STRUCTURE AS
A FUNCTION OF DEHYDRATION

Evolution of layer proportion

The qualitative observation of the experimental patterns in
the temperature-time space reveals the presence of some domains
with an almost homogeneous hydration state, and other domains
in which the structure was very heterogeneous (Figs. 1 and 2a).
Quantification of the different types of layers (2W, 1W, and OW)
as a function of time for each isotherm can be used to analyze
further the above observations (Figs. 2b—2d and 5). At 30 °C,
the great majority of layers remain in a 2W state. For higher
temperatures (between 35 and 50 °C), we observe the almost
complete transition from 2W to 1W layers. During this transition
the relative amount of dehydrated layers is systematically low
(<3%). These layers could be related to the presence of some
non-expandable illitic layers as determined from ethylene-glycol
treatment by Ferrage et al. (2005b). In such low proportion and
because of the small structure factor of OW layers, it is very dif-
ficult to discriminate between a layer thickness 0f 9.98 A typical
of illite layers and that of 9.7 A, and no attempt was made to
differentiate between them. Between 55 and 85 °C, 1W layers
prevail (Fig. 5), as indicated also in Figure 2a. However, over
this range of temperature, the proportion of OW layers increases
slightly at the expense of 1W layers. Finally, the I W-OW transi-
tion starts above 85 °C but is still not complete at 125 °C (Fig.
5). The second transition (1W-0W) does not begin until the first
transition (2W-1W) is complete, indicating that the system evolves
in its totality from one hydration state to the other. In addition
note that the two transitions occur via mixed-layer structures that
transform rapidly during the first stages of each isotherm and then
evolve more slowly toward the final state. One may assume that
the transition from one hydration state to the other occurs as an
energy barrier is surpassed. In this case, the hydration heteroge-
neity observed at the end of the isothermal experiments and the
fact that there is little evolution after a certain time period at each
temperature implies the presence of gradual sets of energetic bar-
riers. Recent results obtained from Monte-Carlo simulations by
Tambach et al. (2006) support the presence of a wide free-energy
barrier for the transition from one hydration state to the other. The
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possible statistical distribution of water content that may lead some
interlayers to have a slightly different hydration state (or differ-
ent water content) could be one of the causes of the transition of
hydrated layers at different temperatures.

It was mentioned above that a complete reversibility of the
experiments in a time-scale of about one hour was observed up
to 90 °C, allowing the same sample to be used for all isotherms
performed below this temperature. It is at about this temperature
that the 1W-0W transition starts. Finally, the results from XRD
profile modeling show that for temperatures above 105-110 °C,
the shape of the plot of the proportion of layers seems to be cut
off at low times of reaction. This phenomenon is induced by the
rapidly applied high temperature that causes the sample to react
before reaching the temperature of the isotherm.

Evolution of crystal parameters

The degree of hydration heterogeneity can be assessed from
the modeling results by observing the relative abundance of the
prevailing layer type as a function of temperature and time (Fig.
2h). Ferrage et al. (2005b) showed that there is certain correla-
tion between the proportion of the prevailing layer type and the
irrational character of the 00/ series. In the present study we ana-
lyze the possible relation between the apparent layer hydration
heterogeneity and the evolution of other crystal parameters.

The 6, parameter, which characterizes the fluctuation in layer
thickness (within each layer type: 2W, 1W, and 0OW) shows strong
modifications with dehydration, from 0.4 A in the original state to
0.05 A at the end of the 125 °C isotherm (Fig. 2j). This variation
means that any specific layer has an almost constant thickness
as its water content decreases. In 2W layers, the electrostatic
interaction between layers and cations are weaker, and, possibly
the water molecules are non-uniformly distributed, resulting in
less parallel layers and higher G, values. As dehydration proceeds
the interlayer thickness is better constrained by the increasingly
higher interaction between cations and the 2:1 layers because of
the smaller amount of interlayer water. In addition, G, increases
locally between 40 and 60 °C for short reaction times (<300 s;
Fig. 2j). This temperature-time domain corresponds to a very
heterogeneous region of the 2W-1W transition. A similar G,
increase was also observed by Ferrage et al. (2005b) on the
same smectite when the relative humidity was decreased. They
attributed this G, increase to the incomplete transition of a given
interlayer from one hydration state to the next, with the coexis-
tence, within a given interlayer, of different hydration states and
interlayer thickness. In the present study, the 2W-1W transition
showed a G, increase, but not so the 1W-OW transition. In ad-
dition, the heterogeneous 2W-1W transition region also needed
the highest number of elementary structures for the modeling
(Fig. 21). A similar hypothesis to that of Ferrage et al. (2005b)
can be assumed for the observed increase of G, values during
the 2W-1W transition. The increase of the G, parameter values
may possibly reflect the layer thickness fluctuation introduced
(within a given interlayer) when an incomplete transition between
two hydration states occurs. Also, the numerous contributions
used to fit the experimental pattern could possibly be related
to this increased heterogeneity. For the 1W-OW transition, this
phenomenon is not observed, probably because of the smaller
number of water molecules implicated, which induce a more
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homogeneous transition toward the dehydrated state.

The CSD size along the ¢* axis is rather stable where the
2W and 1W layers prevail, whereas there is a dramatic increase
during the 1W-OW transition and where dehydrated layers
prevail (Figs. 2k-21). Note however that during the first step
of dehydration the N value is slightly smaller when 2W layers
prevail. This phenomenon, already observed as a function of
relative humidity (Ferrage et al. 2005b, 2007), may be related
to a possible disruption of some 2W layer stacks because of (1)
the large amount of water and osmotic swelling induce weaker
electrostatic interactions between layers and/or (2) the inter-
stratification of some tri-hydrated layers (3W; Sato et al. 1992).
The large N increase in the IW-0W transition was never found
for dehydration occurring as a function of RH by Ferrage et al.
(2005b, 2007), although these authors never obtained a Ca-ex-
changed smectite structure in which dehydrated layers prevailed.
Such an increase of the size of the CSD at high temperature may
be related to the observed G, decrease. Indeed, as layers become
more parallel with progressing dehydration more layers can stack
in well-ordered sequences along the ¢* axis.

Layer thickness and interlayer water

During dehydration, 2W and 1 W layers experience a decrease
of layer thickness (Figs. 2e and 2f). This observation is in agree-
ment with results obtained by Ferrage (2004) and Ferrage et al.
(2005a, 2005b, 2007), whereas a constant layer thickness has
been generally assumed for 00/ XRD profile modeling in the
past (Moore and Reynolds 1997). A reduction of water content
is also noticed between ~3.5 and ~0.3 H,O0/O,,(OH), for 1W and
between ~7.4 and ~5.2 H,0/O,,(OH), for 2W layers (Fig. 6a).
This is responsible for the water content decrease between 60
and 80 °C, where only 1 W layers are present in the structure (Fig.
2g). During the 2W-1W layer transition, the amount of interlayer
water in 2W layers (before the transition to 1W) decreases. This
phenomenon is possibly related to a different organization of
the water framework within the interlayer (Rinnert et al. 2005).
It could be responsible for the observed hydration heterogene-
ity and the need of different temperature/energy to produce
the change of hydration state. For the mono-hydrated layers a
gradual decrease of layer thickness is observed throughout the
dehydration process (Fig. 6a).

Although the water content is best quantified using water
vapor adsorption-desorption experiments (Bérend et al. 1995,
Cases et al. 1992, 1997; Michot et al. 2005), it is possible to
determine from our results that a water content of ~1.15 H,O/
O4(OH), can be considered as the value below which the | W-0W
transition takes place. The structural formula contains 0.275 Ca
atoms per O,(OH), and thus, for 1W layers, the limit of water
content below which the 1W-OW transition takes place represents
~4.2 water molecules per cation. This value is similar to the 4
molecules of water per Ca atom determined for mono-hydrated
Ca-vermiculite by de la Calle et al. (1985) and Rausell-Colom
et al. (1980). Rausell-Colom et al. (1980) determined that, in
this configuration, the water molecules are strongly linked to
the cation with a coordination geometry similar to a very flat
tetrahedron. It can be therefore assumed that the 1 W-OW transi-
tion starts when this configuration is disrupted by the removal
of'a water molecule. Rausell-Colom et al. (1980) also described
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1W layers with only 3 molecules of water per cation when Sr
is the interlayer cation. In the present study, the water content
decreases down to 2 or 1 water molecules per cation. These low
values were not observed by the above authors although they
focused on structures having almost 100% of W layers. In the
present study, 1W layers with <3 water molecules per cation are
present when the proportion of 1W layers is below 50% and the
structure is therefore very heterogeneous. For water contents
higher than 4 molecules per cation it may be assumed that the
water molecules are linked to the interlayer cation in a differ-
ent coordination. Indeed Rausell-Colom et al. (1980) showed
a configuration with six H,O molecules for Ba-vermiculite. A
similar configuration could be expected for Ca atoms although
the smaller radius of Ca may favor the rapid reorganization in
4-coordination. For water contents higher than 8 water molecules
per cation or 2.25 H,0/O,(OH),, which corresponds to ~80%
IW layers at the end of the 2W-1W transition (Fig. 6a), it may
be assumed that additional water molecules are present. These
additional water molecules are easily removed at the end of
the 2W-1W transition and may correspond to water that is not
coordinated, or weakly so, to the interlayer cation.

For 2W layers, the amount of H,O molecules per cation
determined for our sample is extremely high (19-27 H,0 mol-
ecules/Ca atom). Some studies of the water configuration of
water in bihydrated states of Ca-vermiculite usually give lower
values as determined by Slade et al. (1985; 8.02 H,0/Ca), de
la Calle et al. (1977; 8.60 H,0/Ca), and Le Renard and Mamy
(1971; 4.28 H,0/Ca) from XRD. However, these values are
obtained for vermiculite, which has a high layer charge and thus
high Ca content. When recalculating the corresponding values
of number of water molecules per unit cell we obtain 7.5, 6.6,
and 7.6 H,O/O,(OH),, respectively, values that are in agreement
with those found in the present study when 2W layers prevail at
a level of 70% or more. This comparison may indicate that for
low-charge smectite most water molecules in the bihydrated state
are not coordinated to the interlayer cation. It can therefore be
assumed that in 2W smectite the interlayer cation and its hydra-
tion shell control the interlayer aperture, which is then filled by
additional water molecules. In this case, increasing the interlayer
cation amount may modify the organization of water inside
the interlayer. This assumption is confirmed by recent results
obtained by Ferrage et al. (2005a). Indeed these authors found
a similar interlayer configuration of water molecules distributed
around two main positions along the ¢* axis for various smectite
samples. With increasing layer charge and thus of the interlayer
cation content, they observed a narrower distribution of water
molecules around these two main positions, indicating a more
structured water framework. This hypothesis is also supported
by infrared data (Rinnert et al. 2005).

Figure 6b shows the evolution of layer thickness as a function
of percentage of 2W and 1W layers. As determined for water
content, it is possible to derive that a layer thickness of ~12 A
represents the value at which the 1W-OW transition starts. In
addition it can be noted that as %1 W increases there is a very
small variation of 1W layer thickness (from 12.75 to 12.60 A),
whereas the layer-thickness variation is larger as %1W decreases
again (from 12.00 to 11.65 A — Fig. 6b). This phenomenon is
more obvious when plotting the evolution of layer thickness as
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a function of the layer relative abundance. (¢) Evolution of layer thickness as a function of structural water content.

a function of water content (Fig. 6¢). The sigmoid shape may
indicate three discrete types of structural evolutions during de-
hydration. Starting from the more hydrated layers, the first step
[LT IW = 12.75-12.65 A and nH,0 = 3.50-2.10 H,0/0,,(OH),]
shows a limited decrease of layer thickness indicating that the

water molecules removed have only a limited effect of the layer
thickness and may correspond to the additional water molecules
described above that are not coordinated to the interlayer cation.
Water and layer thickness reduction during the second and inter-
mediate region [LT 1W = 12.65-12.00 A and nH,0 =2.10-1.15
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H,0/04(OH),] could possibly correspond to water interacting
slightly with the interlayer cation and forming a distant hydration
shell, whereas the last region of the graph [LT 1W < 12.00 A and
nH,0 < 1.15 H,0/0,(OH),] may correspond to the removal of
water molecules forming the first hydration shell of the interlayer
cation as described above. Because of the fewer data obtained for
2W layers, the shape of the evolution is more difficult to define.
Additional spectroscopic data may be necessary to examine
the possible different interactions of these water molecules for
both 1W and 2W layers. Indeed Rinnert et al. (2005) coupled
several spectroscopic and numerical methods and showed that
the evolution of the d-spacing was not strictly proportional to
the amount of interlayer water. These authors interpreted this
phenomenon as a different organization of the water molecules
within the interlayer of smectite. If the data points in this study
are approached by a simple linear regression the slope of the 2W
line is twice that of the 1W line. This is likely to be due to the
IW layer having a single plane of water molecules and the 2W
layers two planes. For the latter, the influence of the addition or
removal of one water molecule on the layer thickness is roughly
half of that for 1 W layers. This relation has been already observed
in dehydration experiments of a Na-saturated saponite using the
same type of XRD modeling analysis (Ferrage 2004). Note that
although this relation averages the possible different phenomena
occurring during the dehydration process (described above for the
1W layers), it allows an approximation of the amount of water
molecules for a given layer thickness, a value that will be used
in the second part of this study.

Temperature- vs. RH-driven dehydration and global path
of smectite dehydration

This study shows that dehydration is a complex process at the
crystal scale that involves constant reorganization of water within
the interlayer of smectite. Such reorganization is accompanied by
the coexistence of layers having different hydration states and a
systematic gradual decrease of the layer thickness of structures
with any given hydration state. From many points of view, this
dehydration is similar to that observed as a function of relative
humidity by Ferrage et al. (2005b) on the same smectite SWy-2
sample and using the same XRD profile modeling approach. In
both cases there are stable heterogeneous hydration states that
do not evolve with time. The data obtained in the present study
also indicate that the entire system (layer thickness and hydra-
tion state) is governed by local organization of water molecules
which can be coordinated, or not, to the interlayer cation. Because
the variation of the different structural parameters are similar to
those observed by Ferrage (2004) with decreasing RH it should
be considered that the global path of smectite dehydration is
similar whatever the type of experiment (constant temperature
and varying RH or constant RH and varying temperature). The
large set of data obtained here can thus be used to build up a
precise kinetic model of the dehydration process, as presented
in Part 2 of this paper.
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