Clays and Clay Minerals, Vol. 52, No. 2, 180-191, 2004.

AN IN SITU TIME-RESOLVED XRD-PSD INVESTIGATION INTO
Na-MONTMORILLONITE INTERLAYER AND PARTICLE REARRANGEMENT
DURING DEHYDRATION
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Abstract—X-ray diffraction with a position-sensitive detector (XRD-PSD) was used to make a time-
resolved study of the dynamics of deposition and dehydration of Na-montmorillonite crystallites on flat
substrates from deionized water suspensions. The static PSD geometry and simultaneous counting
procedure allowed the acquisition of high-resolution data on the dynamics of interlayer and interparticle
arrangements during dehydration. Three experimental datasets of Na-smectite dehydration are presented,
each one representing different initial sample states (suspension, slurry and re-wetted thin film). The
computer program NEWMOD was used to simulate one of the three datasets (dehydration of a smectite
suspension) and thus obtain the apparent changes in relative proportions of different 00/ values as smectite
crystallites formed and dehydrated. Two types of diffracting domains formed: water-dispersed ‘packets’ of
1 -2 smectite layers gaining long-range order in the ¢ axis direction as water was lost to evaporation, and
smectite layers deposited as hydrated crystallites with variable interlayer water contents. The experimental
patterns show the rapid step-wise transition of Na-montmorillonite layers from d values of ~55 to 18.5,
15.4 and 12.5 A, with variations that depended upon how the hydrated smectite sample was prepared. The
simulations show that there was a wide range of d values whose frequency distribution changed as
dehydration proceeded and that transient d values occurred between the peaks observed experimentally.
The data obtained in this study illustrate that XRD-PSD instruments have great potential in providing
detailed data on the rapid kinetics of interlayer reorganization.
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INTRODUCTION

Traditionally, the hydration state of smectite has been
studied by means of XRD measurements of the positions
of the 00/ peaks and by gravimetric and thermogravi-
metric methods under controlled relative humidity
conditions. It was noted by several workers that the
basal spacing of smectite 2:1 layers appeared to increase
with relative humidity in a step-wise fashion (Bradley et
al., 1937; Glaeser and Méring, 1968; MacEwan and
Wilson, 1980), which approximately correlates with step-
shape weight increase (Keren and Shainberg, 1975; Cases
et al., 1992). For the particular case of Na-smectite under
low temperature and pressure conditions, it was observed
that hydrated layers can possess 3, 2 or 1 ‘water-layer’
systems (Glaeser and Méring, 1968; MacEwan and
Wilson, 1980), with corresponding dgg; values of
18-19, 14.5-15.5 and 12.0-12.6 A. The 18-19 A
smectite-water complex has been observed at relative
humidity conditions approaching water saturation (Moore
and Hower, 1986), the 14.5-15.5 A hydration state
occurs at approximately 60-90% relative humidity, and
the 12.0-12.6 A complex is observed under relative
humidity conditions of up to ~60%. All water is lost and
the layers collapse to 9.6 A at 0% relative humidity.
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More recently, the atomic structure of hydrated
smectite interlayers and its minimum energy configura-
tions have been studied by computer simulation using
molecular dynamics and Monte Carlo methods (e.g.
Skipper et al., 1991, 1995; Boek et al., 1995a, 1995b;
Chang et al., 1995; Chatterjee et al., 1999; Kawamura et
al., 1999; Sposito et al., 1999). These studies confirm
that the aforementioned hydration states of Na-smectite
are energetically favored. They illustrate that with the
step-wise increase in dgg; there is an increasing number
of planes of maximum density of cations and water.
However, these configurations do not represent simple
stacked layers of hydrated cations.

Observations of slight variations in dgg; of the stable
hydration configurations with varying humidity in
Na-smectite led to the suggestion that smectite layers
with different hydration states may be interstratified
(MacEwan and Wilson, 1980). Moore and Hower (1986)
reported the occurrence of regular interstratifications of
1-water layer and anhydrous Na-smectite layers, at
relative humidity values from 65 to 12%. Cases et al.
(1992) concluded that Na-smectite was a mixed-layer
system of 0-, 1-, 2- and 3-water-layer hydrates, with the
proportions of these hydrates varying under different
relative humidity conditions.

The focus of this work is on the dynamics of
transitions in the c¢* layer repeat present in Na-mont-
morillonite crystallites as they form and undergo deposi-
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tion and dehydration onto a flat substrate. This type of
study requires fast data collection and a static beam-
sample-detector geometry, which was achieved by using a
diffractometer with a curved position-sensitive detector.
Collins et al. (1992) also investigated the dynamics of
smectite dehydration in their neutron diffraction study of
the 001 reflections from Na- and Ca-exchanged smectite
and vermiculite. However, their experimental conditions
were different in that they used a water vapor-saturated
atmosphere as the starting point of their experiments and
then evacuated and heated the sample cell. In our study,
additional information has been extracted from the results
by modeling the experimental patterns with NEWMOD,
which provides valuable information, especially in the
water-dominated stages. DiMasi et al. (2001) recently
analyzed the hydration state of a water-rich Na-smectite
system using synchrotron X-ray radiation but their
approach was static rather than dynamic. Interestingly,
they found that the smectite layers settled in strata of
different densities and orientations, with less dense and
vertically oriented layers at the top of the column, and
denser, horizontally oriented layers at the bottom. In this
work, three experimental datasets of Na-smectite dehy-
dration are presented, representing three different initial
sample states: suspension, slurry and re-wetted thin film.

METHODS AND MATERIALS

Position-sensitive detector X-ray diffractometry

An Enraf-Nonius PDS 120 (Powder Diffraction
System 120) X-ray diffractometer was used to char-
acterize the material used in the experiments in addition
to being used to investigate smectite dehydration. This
instrument 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.
Different static beam-sample incidence angles were used
to optimize conditions for the following experiments:
(1) phase quantification of the material used in the
experiments; (2) smectite dehydration experiments with
the beam at ‘glancing-angle’ incidence using a conven-
tional X-ray source and (3) smectite dehydration
experiments with the beam at ‘glancing-angle’ incidence
using a high brightness Microsource X-ray generator. In
all cases, the sample surface was rotated in its own plane
during the acquisition of each diffraction pattern in order
to maximize the number of crystallites in diffracting
positions (Brindley, 1980).

The calibrants used for each experiment were the
same, silver behenate (C,,H440,:-Ag; Blanton et al.,
1995) and silicon powder. Peak positions were measured
at half-peak width at half height by fitting symmetric
Pearson VII functions in the manner described by
Howard and Preston (1989).

In the phase quantification experiment, a conven-
tional sealed-tube X-ray source was operated under a
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potential of 45 kV with a beam current of 30 mA. A
germanium crystal monochromator was used to select
CuKo; radiation from the primary beam. The beam
dimension was constrained to be 0.24x5.0 mm by
vertical and horizontal slits between the monochromator
and sample. The angle of incidence of the beam to the
sample surface was set at 5°.

For the dehydration experiment using a conventional
sealed-tube X-ray source, a sequence of patterns was
recorded, with each pattern having a counting time of
5 min. Each of these sequential diffraction patterns
provided an averaged measurement or ‘snapshot’ of
smectite-water rearrangements over the counting period.
The angle of incidence of the beam on the sample was
set at ~1° to allow diffraction from very low angles. The
single-crystal silicon substrate upon which the sample
was mounted also acted as a beam stop ensuring that no
direct beam reached the detector window, resulting in a
cut-off angle at 1.2°20 in the diffraction patterns.

For the two dehydration experiments using a
Microsource X-ray generator (manufactured by Bede
Scientific Instruments Ltd), a CuKo beam consisting
mainly of the o; component was selected using a
graphite crystal and a 0.5 mm pinhole aperture. The
angle of incidence of the beam upon the sample surface
was ~1° and gave a cut-off angle of 1°20. The wave-
guide used by the Microsource system gives a well
collimated beam (almost parallel) that is more intense
than the conventional sealed-tube X-ray source.
Consequently, pattern collection times of only 60 s
were used in these experiments. The software used with
the diffractometer required 20 s to transfer the data to a
computer. Therefore, a time-period of 80 s separated the
onset of each subsequent pattern collection.

Smectite characterization

The material used in this study was “Kunipia-F”
(supplied by the Kunimine Industry Co. Ltd, Japan),
which is a smectite-enriched fraction of the original
bentonite rock. A near-random powder mount of
Kunipia-F smectite was analyzed to identify the minerals
present (Figure 1). The pattern was typical of dioctahe-
dral smectite with ‘turbostratic’ disorder (Brindley,
1980) with trace amounts of quartz and cristobalite.
Phase proportions were determined using the XRD-PSD
method described by Batchelder and Cressey (1998), and
yielded 97 wt.% smectite, 2 wt.% quartz and 1 wt.%
cristobalite. Investigations by XRD-PSD of oriented air-
dried and ethylene glycol-solvated mounts of this
material were also conducted. Under a relative humidity
of 38%, the dyy, of the air-dried material was 12.5 A
(typical of 1-water-layer Na-smectite, e.g. Glaeser and
Méring, 1968; MacEwan and Wilson, 1980). The dg, of
the smectite after ethylene glycol solvation was 17 A.

Major element concentrations were determined by
X-ray fluorescence (XRF) spectrometric analysis of
lithium metaborate glass beads using an energy dis-
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Figure 1. XRD-PSD pattern of a near-random powder mount of
Kunipia-F smectite. The pattern was indexed using data givenby
Brindley (1980).

persive Spectro-Analytical X-Lab 2000 instrument. The
Fe(II) content of the material was determined by
digestion of samples in hot concentrated H,SO, and
HF in a Teflon vessel with subsequent complexing of HF
with boric acid and titrating K,Cr,0O, against dissolved
Fe(II) with diphenylamine sulphonate indicator. The
exchangeable cation content was determined on eight
sub-samples using Cu(EDA)3" (Bergaya and Vayer,
1997). The supernatant fluids (which had near neutral
pH values) from the Cu(EDA)3* exchange were acidified
to 1% v/v HNO3 and analyzed using inductively-coupled
plasma atomic emission spectrometry (ICP-AES). An
average total cation exchange capacity (CEC) of
13543 meq/100 g was calculated.

After correction for the presence of quartz and
cristobalite (subtraction of 3% wt. of SiO,), the half
unit-cell formula of Kunipia-F smectite was determined
assuming tetrahedral Si+Al = 4. The interlayer cations
from XRF and exchange analyses are in agreement. The
calculated formula is:

(Nag.48Cag.03Ko.01)(Al} _54Mg0_33Fe(3{f,gFe(2{{)2)
(Siz.g7Alg.13) O10(OH), nH0

Experimental procedures

Experiments were conducted using both Na-washed
and untreated samples of Kunipia-F smectite. No
differences in behavior were observed between the
treated and untreated smectite. Three datasets are
presented in this work, each one representing different
sample preparation. In dataset 1, a suspension of
smectite powder in deionized water was dispensed onto
a flat single-crystal silicon substrate under atmospheric
conditions of 47% relative humidity and 22°C. X-ray
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diffraction patterns were collected, each for a 5 min
duration, as dehydration proceeded. In dataset 2,
smectite powder was wetted with several droplets of
deionized water, then smeared as a thick slurry across a
single-crystal quartz substrate and analyzed at 30%
relative humidity and 25°C. In dataset 3, a smectite
suspension in deionized water was dispensed onto a
single-crystal quartz substrate and allowed to dry to
produce a well oriented thin film. Immediately prior to
collecting the X-ray patterns, this film was re-wetted
without dispersing the smectite with just enough
deionized water to create a wet film. This dataset was
collected at 28% relative humidity and 25°C. Dataset 1
was recorded using a conventional sealed-tube X-ray
source with a counting time of 5 min per pattern.
Datasets 2 and 3 were collected using the
Microsource™ X-ray source, with a collection time of
60 s for each successive pattern and a 20 s interval
between patterns.

NEWMOD simulations

Five patterns from dataset 1 (dehydration of a
suspension) representing key hydration states were
simulated using the computer programme NEWMOD.
This programme allows calculation of 00/ profiles for
end-members and mixed-layer phyllosilicates with
different interlayer complexes. The programme and
examples of its use are described by Reynolds and
Reynolds (1996) and Moore and Reynolds (1997).
NEWMOD was written to model patterns from scanning
diffractometers but there is no essential impediment in
using it to model XRD-PSD patterns. The patterns of
oriented mounts generated with these two types of
geometry are similar if the incidence angle used with the
PSD diffractometer is not set at, or near to, any Bragg
angle for the material of interest, since this would
enhance the corresponding reflection with respect to the
others. The incidence angle in these experiments of 1°
means that only reflections near this angle are enhanced.

In the PSD geometry, where the angle between
incident beam and sample surface remains constant, the
series of diffraction orders are produced by different
particles, according to their different orientations. In an
oriented mount all particles tend to be near-parallel to
the sample substrate and the abundance of particles lying
at a specific angle from the substrate are expected to
decrease as the angle increases. This means that the
intensities of the 00/ peaks are likely to decrease with
increasing angles compared to a pattern from an oriented
mount using a scanning X-ray diffractometer.
Comparison of the patterns in this work with experi-
mental patterns of Na-smectite from scanning diffract-
ometers showed that the peak intensity ratio 001/00n
(n > 1) in this work is the same for 001/002 and ~20%
higher for 001/004. This is the only appreciable
difference between our patterns and other Na-smectite
patterns in the literature. The patterns in this work show
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up to the 006 reflection of air-dried Na-smectite,
indicating that there were smectite crystallites, or parts
of them (e.g. curled ends) at angles of ~45° from the
substrate. NEWMOD uses a default range of particle
orientation with respect to the substrate of o* = 12°
where o* is the standard deviation from a 0° angle in a
Gaussian distribution. NEWMOD patterns calculated in
these conditions show that even the 001/002 intensity
ratio is lower than that of the patterns in this work. This
is in agreement with the wider range of particle
orientation in the dehydration experiments presented
here.

The simulated smectite had no octahedral Fe and was
saturated with Na*. The chemical analysis indicated that
the smectite has 0.11 Fe atoms per O;o(OH),. However,
patterns calculated with O and 0.11 Fe atoms per
0,0(OH), were not significantly different.

The aim of the modeling was to characterize the
diffracting units occurring during the dehydration
process and to determine their apparent relative abun-
dance. Two types of units were modeled: (1) particles
dispersed in water and (2) particles deposited onto the
sample substrate forming a well-oriented sample
component. These units were characterized by different
thicknesses of the coherently diffracting domain (in the ¢
axis direction) and by different possible angles between
the 2:1 layers and the sample substrate. Water-dispersed
particles were considered to consist of single layers or
two-layer ‘packets’ and to have a wide range of
orientations that decreased with decreasing water con-
tent in the sample. Here, one layer represents one
diffracting unit, i.e. two 2:1 units are necessary to create
one layer, three 2:1 units to create 2 layers, efc. It is
impossible to know the real range of particle orientations
and the values given are only assumed. This affects the
relative intensities of reflections and, in conjunction
with the possible enhancement of those reflections near
1° (if there is a majority of layers near-parallel to the
substrate), results in the inability to determine exactly
the relative number of particles in different hydration
states along the dehydration series. Instead, the simula-
tions produced in this study give a coherent model of the
approximate values of the changing relative proportions
of particles in different hydration states during the
course of the experiment. The most accurate relative
proportions are those between crystallites of different
doo; values deposited onto the sample substrate because
their 001 peaks are far from the intensity enhancement
region at very low angle, their °20 positions are close
together and it is likely that their orientations were very
similar. Only the 001 peaks were used to match the
intensities of calculated and experimental patterns for
this component of the sample. For the sedimented
particles, the range of particle orientation with respect
to the sample substrate was defined by o* = 12°, which
is lower than the experimental one, as shown above, but
this does not affect the calculations because all
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sedimented particles were simulated having the same
orientation. The thickness of the diffraction domains of
deposited particles was modeled by first estimating the
mean thickness from the experimental patterns using the
Scherrer equation, and then creating a log normal
distribution of domain thickness with NEWMOD, from
1 to N layers per domain, in which N was obtained by
best match with the experimental patterns. The mean
value in the distribution is that obtained from the
experimental patterns.

The experimental patterns that were simulated had a
variable background at low angles (<5°20). NEWMOD
simulations had a higher background than the corre-
sponding patterns. To reduce the background to the
correct intensity, a background curve was simulated
using NEWMOD and subtracted from the calculated
patterns. Calculated background curves were different
for each of the calculated patterns because the different
distributions of d values, coherent scattering domains
and particle orientation generated different background
shapes.

RESULTS

Dataset 1: dehydration of a suspension of Na-smectite

The 3-dimensional sequence plot of diffraction
patterns of each of the three datasets are presented in
Figure 2. For comparative purposes, 2-dimensional plots
of XRD patterns from dataset 1 are given in Figure 3.
There was abundant water on the substrate during the
collection of the first few XRD patterns obtained in
dataset 1 and they are dominated by two broad features,
a dome-shaped maximum centered on ~25 A (~3°20)
caused by dispersed smectite layers, and a broader
feature stretching from 15 to 60°20 caused by diffuse
(non-Bragg) X-ray scattering from water. In addition, a
low-intensity smectite 02, 11 reflection was observed at
~20°20. As dehydration progressed, the intensity of the
water scattering decreased and the broad smectite
diffraction feature underwent several changes. The
maximum moved to ~48 A in the 20—25 min pattern,
then it moved to ~35 A in the 3035 min pattern where
it was only just apparent on the rising background
(Figure 3). In the next pattern, it moved to ~65 A, witha
final shift to ~40 A in the 5055 min pattern, where it
was last observed. This diffraction feature became
narrower during the dehydration sequence (although
not constantly) and its intensity increased in the
45-50 min pattern and decreased in the subsequent
pattern.

In the middle of the dehydration sequence, there was
a pronounced elevation of the background in the very
low-angle region. This is caused by total external
reflection (not a Bragg ‘reflection’) of part of the
X-ray beam from the water surface and suspended clay
crystallites because, at some point during evaporation,
the angle between the surface of the water meniscus and
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b and c show datasets 1, 2 and 3, respectively. For dataset 1, each

pattern was collected for 5 min. In datasets 2 and 3, counting time was reduced to 60 s per pattern.

the incident beam (or part of it) became <~0.2°, which is
the critical angle for total reflection. This reflection
feature could be reproduced by placing either only water
or other mineral suspensions on the substrate, with the
only difference being in the intensity of the background
elevation. This effect was only seen in dataset 1, because
it was the only experiment where a water meniscus was
present. In the pattern simulations, this background
elevation was treated as part of the overall pattern
background.

The 001 peak for smectite with a 2-water-layer
complex with d value of 15.4 A (5.7°20) appeared after
15 min and grew in intensity, together with the
corresponding 003 (5.14 1&, 17.53°20) and 005 (3.08 A,
28.99°20) reflections. Then, the 001 (12.5 A, 7.07°26),
002 (6.24 A, 14.19°20) and 004 (3.12 A, 28.61°20)
reflections of smectite with a 1-water-layer complex
appeared and coexisted with the higher hydration state
for some time. Subsequently, the 00/ peaks correspond-
ing to the 154 A structure decreased in intensity and
disappeared while the 00/ peaks corresponding to the
12.5 A structure grew in intensity. The 00/ series of
these two hydration states showed rational values and,
therefore, no appreciable mixed-layering of hydration
states was present. The 001 peaks showed an apparent
change in position that was not observed for higher-
order peaks. The 154 A peak moved from 157 A
(15-20 min) to 15 A (40-45 min) and the 12.5 A

peak shifted from 12.7 A (35-40 min) to 12.5 A
(70-75 min). This effect is due to changes in back-
ground intensity and the presence of other 001 peaks
nearby. The 15.4 and 12.5 A reflections were very sharp.
As estimated with the Scherrer equation, their corre-
sponding average diffraction domains along the c* axis,
in the 25-30 and 70-75 min patterns, were 128 and
183 A, which corresponds approximately to 8 and 16
layers. This shows that the sedimentation of layers from
suspension produced long-range-ordered units of rela-
tively thick crystallites.

Dataset 2: dehydration of a slurry of Na-smectite

The backgrounds of the XRD patterns of datasets 2
and 3 were seen to increase with decreasing angle in the
low°®28 region, but remained approximately constant in
intensity throughout the dehydration experiments, in
contrast to dataset 1 (suspension experiment). The higher
overall background in datasets 2 and 3 is the result of
using a slightly smaller beam-sample incidence angle
and a different beam shape and cross-section (see
methods).

Some of the detailed features described here for
datasets 2 and 3 are not evident in Figure 2. The
dehydrating slurry (dataset 2) showed a maximum at
~55 A from the start of the experiment, which moved
towards 35 A and then decreased in intensity and
disappeared as dehydration proceeded. This maximum
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Figure 3. XRD patterns of Na-smectite dehydration (dataset 1).
00!/ peaks corresponding to interlayer structures with 2-water
layers (2WL) and 1-water layer (1WL) are indicated.

is very similar to that in the 45-50 min pattern in the
suspension experiment (dataset 1). From the beginning,
two low-intensity peaks were presentat 18.5 and 15.3 A,
corresponding to smectite with 3- and 2-water-layer
complexes in the interlayer (Figure 2b). Initially, the
two peaks increased in intensity, but then decreased and
disappeared as the reflection corresponding to a 1-water-
layer complex at 12.4 A grew. For an 8 min period,
during the central stages of the experiment, the four
maxima coexisted. The main feature that differentiates
this dataset from the others, is the stabilization of the
3-water-layer complex (18.5 A). This complex persisted
for as long as the 2-water-layer complex, although its
intensity was lower and decreased more rapidly as
dehydration proceeded. In spite of this loss of intensity,
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there was still a low-intensity residual 18.5 A diffraction
feature at the end of the experiment.

The high-order 00/ peaks were broad and their d
values were not completely rational. The 005 peak of the
15.3 A structure appeared from the onset of the
experiment at 3.07 A. The 002 peak of the 12.4 A
complex was observed at 6.16 A from pattern number 9
onwards and the corresponding 004 reflection appeared
at 3.12-3.13 A, although this overlaps with the 005
peak of the 15.3 A structure and it is difficult to
determine its exact position. The final 004 reflection at
3.12-3.13 A was broad and asymmetric, with a shoulder
toward the high-angle side. There was an apparent slight
drift of the 001 peaks throughout the dehydration,
similar to that observed in the suspension dataset and,
as before, was due to peak overlap. The 001 peaks were
broader than those given by the suspension experiment
(dataset 1). The Scherrer average diffraction domain
thickness estimated from the 12.4 A peak at the end of
the experiment was 149 A (~12 layers).

Dataset 3: dehydration of a re-wetted powder film of
Na-smectite

The only two prominent maxima in this dataset were
those from 2- and 1-water-layer complexes, which
appeared sequentially as in the other datasets.
However, broad, low-intensity maxima were present
around 55, 35 and 18 A in the patterns collected at the
beginning of the experiment (not observable in
Figure 2), although the 18 A peak persisted in later
patterns. The only high-order peaks observed clearly
correspond to the 12.4 A complex. These reflections did
not seem to be completely rational and were quite broad
(especially the 004 peak). The 002 peak had a d value of
6.17 A, while the 004 peak had a d value of
3.12-3.13 A. As in the previous datasets, there was a
slight shift in the positions of the 001 peaks to higher
angles which was not observed in the other 00/ peaks.
This is due to changes in background intensity and peak
overlap as in the previous experiments.

NEWMOD simulation of dataset 1 (suspension)

The calculated patterns simulated the presence of two
types of particles: those dispersed in the water and those
sedimented on the substrate. The parameters used in the
calculations are shown in Table 1. The water-dispersed
particles are individual layers or 2-layer ‘packets’ with
variable orientation with respect to the sample substrate
(o* in Table 1). This orientation range decreases with
time as water evaporates. The layers have different d
values (Table 1), distributed over large ranges. The
distribution of d values in the water-dispersed particles
was simulated by creating patterns corresponding to
random mixed-layer assemblages of two components
(e.g. 18 A/16 A, 20 A/18 A, etc.). These patterns were
then added together in varying proportions to provide a
best-fit to the experimental patterns. The overall pattern
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Table 1. Parameters used in the calculated patterns.

Pattern d values (A) o* (")1 Nmin2 Nmax3 N.c.v4
0-5 min 12-55 90 1 2 1
25-30 min 20-45 70 1 2 1
15.42 12 1 10 8
40 -45 min 35-60 60 1 2 1
15.3 12 1 10 8
13.6 12 1 7 5
12.46 12 1 13 10
45 -50 min 35-55 20 1 2 1
15.3 12 1 10 8
13.6 12 1 7 5
12.46 12 1 14 12
70-75 min 12.46 12 1 19 16

! Standard deviation of particle orientation with respect to
sample substrate.

2 3.4 Minimum, maximum and average number of smectite
layers in the distribution of coherent scattering domain
thicknesses

simulates the real behavior of smectite in the experi-
ment, where water-dispersed layers gradually come into
register with each other as they are deposited on the
sample substrate. For simplicity, only the total ranges of
d values of water-dispersed particles are shown in
Table 1. The sedimented particles were considered to
have a constant range of orientation with respect to the
substrate and their d values and coherent scattering
domain sizes were obtained by best-fit with the
experimental patterns.

The results of the simulations are in good agreement
with the experimental patterns (Figure 4). In the 0-5
and 25-30 min traces, the discrepancies (from 15°26)
are due to X-ray scattering from the water, which was
not simulated. In the 45-50 min pattern, there is a
discrepancy at ~5°20. The higher intensity of the
calculated pattern is caused by the 002 reflections of
the packets generating the low-angle maximum at 55 A
(1.6°20). It was impossible to simulate this maximum
with a limited number of components without also
generating 002 reflections of significant intensity. It is
likely that a perfect match could be obtained using a
greater number of mixed-layer systems and variable
particle orientation, but this would require a much more
complicated simulation. Finally, small differences can
also be observed in the intensity of the 00/ reflections
where / > 1. This is caused by the difference between
PSD (experimental) and scanner (simulated) diffract-
ometer beam-sample geometries, as discussed in the
methods section.

The simulated XRD patterns allowed the apparent
relative proportions of domains with a given layer
spacing to be determined (Figure 5). Proportions are
given for the two types of diffraction domain: water-
dispersed ‘packets’ (filled circles) and deposited crystal-
lites (open circles). The simulation shows that for
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between O and 5 min, there was a large range of d
values or separations between layers, which decreased in
number from ~12 to 55 A (Figure 5). In the 25-30 min
pattern, the distribution of d values between dispersed
layers became narrower and changed shape, to give a
maximum at ~25 A. By this time, a few layers had been
deposited onto the substrate which generated the 15.4 A
reflection. After 40 min, the simulations show that most
particles had been deposited onto the substrate (open
circles). The two observed 001 maxima were modeled by
incorporating three components with d values of 12.5,
13.6 and 15.3 A. The requirement of three dyg, values in
the simulations shows that transient layer spacings
existed between the 2- and 1-water-layer complexes as
dehydration proceeded. The relative proportion of
125 A layers increased at the expense of 15.3 and
13.6 A layers as water evaporated. In Figure 5, the dots
corresponding to water-dispersed and sedimented parti-
cles (crystallites with long-range order) are linked by a
dashed line to indicate that their relative proportions are
not quantitative given that the orientation distribution of
the water-dispersed particles is unknown (as discussed in
the methods section). However, it should be noted that
the simulations did not produce good fits when particles
with d values between 15.5 and 35 A were included. The
last pattern in Figure 4 shows the final stage of the
dehydration process (at 47% relative humidity), where
Na-smectite has an homogeneous hydration state,
corresponding to a l-water-layer complex in the inter-
layer.

DISCUSSION

The results of this study give insights into the
dynamic evolution of the Na-smectite-water system
from a water-dominated to an air-dried stage (28—47%
relative humidity). They also underline the large
dependence of this evolution on the initial conditions
present within the system. The three datasets in this
work have distinctive features produced by the following
variables: initial water/smectite ratio, stirring (or not) of
the smectite-water system and ambient relative humid-
ity. It is likely that the most important factor that these
variables affect is the mobility of water molecules which
in turn affects the readjustment ability of the smectite
layers when relative humidity changes (see discussion
below).

The smectite layers in dataset 1 were initially
completely dispersed in water, with no long-range
order. The layers were moving relatively freely in the
water with only small groups of them becoming parallel
or semi-parallel to each other at any one instant. The
distances between the layers were very variable
(Figure 5, 0—5 min), although most of them had a d
value of ~12 A. The interlayer spacings that formed did
not cause the layers to come into fixed register. Instead,
the system should be seen as consisting of dispersed
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Figure 4. Measured and NEWMOD-simulated XRD patterns of Na-smectite at key stages of dehydration (dataset 1).

layers that moved relative to each other. Then, the
distribution of d values in the water-dispersed particles
changed from having an exponential-like to a Gaussian-
like shape and some particles sedimented onto the
substrate with a distinct d value of 15.4 A (Figure 5,
25-30 min). Note that Figure 5 shows number of
particles, not number of layers. The sedimented particles
had a much larger number of layers than the water-
dispersed ones (Table 1). In the 25-30 min plot, 16% of
the layers are sedimented. In the 25-30 min pattern, the
amount of evaporated water is negligible because the
intensity of the diffuse water-scattering is the same as
that seen on the 0—5 min pattern.

As evaporation and sedimentation continued, the
distribution of smectite d values in the water-dispersed

particles varied as indicated by the erratic trend of the
low-angle maximum which had successive values of 48,
34, 63 and 39 A. A small fraction of this erratic behavior
is caused by the constant change of the background
intensity which alters the apparent value of the diffrac-
tion maximum by between 0 and 5 A, as measured after
background subtraction. For the 40-45 min pattern, the
simulated distribution of water-dispersed particles has a
flat, Gaussian-like shape with a maximum at ~45 A,
spanning from 35 to 60 A. In the following pattern
(45-50 min), the maximum was observed at 52 A and
the calculated distribution of d values is similar although
the total % values are lower. Therefore, the calculated
patterns indicate that water-dispersed particles tended to
have an increased average layer-separation as dehydra-
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Figure 5. Apparent relative proportions of particle d values
during Na-smectite dehydration derived from NEWMOD
simulations of dataset 1. Filled circles denote water-dispersed
particles, open circles denote deposited smectite crystallites.

tion proceeded. The water content in the 40-45 and
45-50 min patterns was substantially lower than in the
initial patterns, but was sufficient to expand the few
remaining dispersed layers to large d values. Notice that
transforming the particle % values in the 40—-45 and
45-50 min plots into layer % (by multiplying the
number of particles by the average number of layers
per particle) indicates that the relative proportion of
dispersed to sedimented layers was negligible.

At this point, it is necessary to comment on the nature
of the ‘water-dispersed’ particles. In the first part of the
dataset, the water content was sufficient to maintain a
population of physically dispersed smectite layers.
However, after 35-40 min, the amount of water was
too low to hold a dispersion and from this point onwards,
the ‘water-dispersed’ particles should be considered as
highly expanded layers with variable orientation with
respect to both the sample substrate and each other. A
simplified interpretation can be given to account for the
evolution of the apparent d value distribution of the
‘water-dispersed’ particles. While the system was water-
dominated, sedimentation of smectite with low d values
(relative to the complete range observed here) expelled
water molecules from these interlayers and became
available to enter the interlayer region of highly
expanded layers. This process was faster than water
evaporation, and controlled the behavior of the water-
dispersed particles. After ~35 min, the system became
solid dominated. Water molecules were confined to the
smectite surfaces and were no longer able to migrate
from collapsing interlayers to become part of the
dispersed particle population. After this, the highly
expanded particles lost water progressively and more or
less uniformly (as suggested by the similar d values
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distributions at 40-45 and 45-50 min in Figure 5)
through evaporation, and became increasingly parallel to
the previously dehydrated particles as they became part
of their population. In addition to water mobility, the
process will also be affected by other factors, such as
hysteresis in hydration reactions, interlayer attraction-
repulsion and creation of time-dependent 3-D structures,
but very little is known about these. However, the
transition from the d value distribution in the 0—5 min
pattern to that in the 25-30 min pattern cannot be
explained only by the diluting effect of the water
expelled from shrinking interlayers, because in the
0-5 min pattern, most of the particles have a d value
of only ~12 A and have no excess interlayer water to
expel. In this case, the change in d-spacing distribution
may be aided by the reorganization of the water-smectite
system by the creation of gel-like structures that are
known to develop with time in undisturbed clay
suspensions.

The interpretation of the evolution of the sedimented
particles is more straightforward. The first stable
crystallites had a 2-water-layer configuration. Between
0 and 30 min, a large continuum of d values existed for
water-dispersed particles, as layers were undergoing
sedimentation (15.4 to 60 A). The lack of particles with
d values of 15.4-35 A may be attributed to two factors.
Firstly, the transition of layer spacings from 15.4 to 35 A
could have been rapid so that intermediate layer spacings
were not observed. Secondly, the dehydration of layers
at this stage could be very inhomogeneous, causing layer
deformation and inhibiting coherent basal diffraction.
The 15.4 A layers dehydrated progressively, generating
one or more intermediate d values up to the final stable
state of 12.5 A. The need for a peak at 13.6 Ain pattern
simulations indicates the existence of these transient
intermediate stages. Although they were simulated with
only one peak, more layer spacings may have been
present. However, these are much less stable than the
15.4 and 12.5 A smectite-water complexes. The ration-
ality of the 001 series and the relatively large scattering
domain sizes (Table 1) indicate that these d spacings
were relatively homogeneous across numerous layers.

The most novel results in this work correspond to the
water-dominated stages of the smectite-water system.
There is very little information on this system in the
literature. DiMasi et al. (2001) performed a synchrotron
XRD analysis of water-dispersed Na-smectite in a static
system, ie. the water content was constant (smectite
suspension held in a closed glass tube) and the sample
was analyzed a few days after the suspension was
prepared, so that short-term smectite-water structural
rearrangements would have ceased prior to analysis.
Their system had three strata: clear water at the top, a
gel in the middle and a sediment at the bottom. The XRD
patterns of the two lower strata were similar to the
25-30 min pattern in this work, with prominent diffuse
scattering from water and a sharp peak at 15.0 A.
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DiMasi et al. (2001) did not mention the inflection point
that is observed in the rising background in the
25-30 min pattern (i.e. the diffraction maximum
generated by the water-dispersed particles) and it is
difficult to determine whether or not this feature is
present in their pattern (Figure 1, DiMasi et al., 2001),
or even whether their low-angle cut-off is too high to
show this feature. DiMasi et al (2001) analyzed the
orientation of smectite layers in their system and found
that the layers in the lower stratum were oriented
horizontally, as expected. However, the layers in the
middle, gel-like stratum were strongly oriented in a
vertical position (horizontal ¢ axis). It is difficult to
assess how their gel-like material could be related to the
water-dispersed smectite layers investigated in this
work. Both materials are above the sedimented layers,
but in our work, the system was undergoing a rapid
change whereas their system had reorganized substan-
tially and reached a more stable state (although they
reported appreciable changes after months). The vertical
orientation of smectite layers in their gel-like material
seems to contradict our assumption that water-dispersed
layers would acquire a progressively increasing hori-
zontal orientation but the differences between the
experimental conditions of the two systems preclude
further discussion. In addition, DiMasi et al (2001),
used NaCl (0.0001-0.012 M) solutions for their disper-
sions, as opposed to deionized water such as that used in
this work (<1 x 107 M total electrolyte concentration).
Such differences in electrolyte concentration may also
be responsible for the different particle orientation
because electrolyte concentration influences the 3-D
arrangement of smectite layers.

The dehydration of a smectite slurry (dataset 2,
Figure 2) evolved in a different way. Bragg diffraction
from dispersed layers (55-35 1&) was observed as in
dataset 1, but was present from the beginning of the
experiment and was of a higher intensity, probably
because a greater proportion of layers were in the
highly-expanded state, or the orientation of layers was
more parallel. The slurry experiment also produced
3-water-layer smectite. This is often absent in experi-
ments reported in the literature and its appearance
(unlike that of 1- and 2-water-layer smectite) seems to
be largely dependent upon experimental conditions and
procedures. Moore and Hower (1986) observed a peak
above 18 A in Na-smectite experiments under set
humidity conditions. Collins et al. (1992) detected a
short-lived 20.0 A peak using neutron diffraction during
dehydration of Na-smectite as the chamber containing
the sample was evacuated. MacEwan and Wilson (1980)
report several XRD studies of Na-smectite hydration and
dehydration where this peak is observed only in two
cases out of five, at 18.8 and 19.0 A. In all these studies,
the 18-20 A peak was observed near 100% relative
humidity. However, Yamada et al. (1994) and da Silva et
al. (2002) did not observe this peak although they
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reached 100% or near 100% relative humidity conditions
in their experiments. These differences may be due to
variability in the nature of the different samples used in
the experiments. However, the results of the experiments
conducted in this study, show that even the same sample
can behave differently depending on how the experi-
ments are conducted. Although the 3-water-layer con-
figuration is often not observed, computer simulations
show that it is stable under certain conditions (Chang et
al., 1995; Karaborni et al., 1996).

The low intensities of the 55, 35 and 18 A peaks in
dataset 3 (re-wetted thin film) indicate that the lack of
stirring resulted in less water penetration into the smectite
interlayers (few layers expanded above 15 A) compared
to datasets 1 and 2. In the slurry experiment, the presence
and persistence of all the water configurations was
probably facilitated by low water mobility so that water
could only be removed from smectite interlayers by
diffusing out to the edges of layers and evaporating. In the
suspension experiment (dataset 1), the excess water
initially present promoted the free evolution of the
system, such that the higher-stability 1- and 2-water-
layer configurations were favored over the very large
layer-spacings and the 3-water-layer configuration.

The final state of the smectite in the dispersion
experiment (dataset 1) showed a rational 00!/ series,
indicating that it was a very homogeneous system, in
which all layers had the same d, value. The slurry and
the re-wetted film did not have rational 00/ series and the
peaks increased in width from 002 to 004, with the latter
peak having a flat top in the slurry experiment. This peak
broadening and displacement was caused by the
presence of various hydration states that became more
apparent in the high 00/ peaks, where the corresponding
diffraction maxima are better resolved. Also, a small
amount of mixed-layering of different hydration states
may have been present. The range of positions of the 004
peaks indicates an approximate d value range of
12.6-12.36 A for the layer spacing. In contrast, the
positions of the 001 peaks indicate a mean d value of
12.4 A for this structure. Heterogeneous spacing of
Na-smectite-water systems has been reported by other
authors (e.g. Cases et al., 1992), usually involving
random mixed-layering of the several hydration states.
The cause of this heterogeneity is variable layer charge.
In this work, the relative humidity during the dispersion
experiment was higher (47%) than that during the other
experiments (28 —=30%). This is probably the cause of the
different results because some high-charge layers may
have had lower water contents at 28-30% relative
humidity than at 47%. However, additional factors such
as the attainment of complete dispersion, the rate of
dehydration or dehydration duration may also play a
role. A special case of heterogeneous d values is the
ordered interstratification of alternating dehydrated
9.6 A) and 124 A layers reported by Moore and
Hower (1986) from 65 to 12% relative humidity. It is
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possible that some of the layers in the slurry (dataset 2)
and re-wetted thin-film (dataset 3) experiments have this
arrangement, but the XRD patterns obtained in this work
do not have a superstructure peak as in Moore and
Hower’s study and the position of the 001 peakis 11.2 A
rather than 12.4 A. In addition, their experimental
conditions were different to those in this study in that
they stabilized their samples under various relative
humidity conditions for 24 h prior to XRD analysis.
This further emphasizes the influence that experimental
conditions and procedures have on smectite hydration
states.

CONCLUSIONS

(1) In situ XRD-PSD techniques detect rapid
structural rearrangement processes that evolve during
the dehydration of smectite, because the static experi-
mental geometry permits the study of water-dominated
systems with fast data collection over a very large range
of 26. Whole-profile modeling of the diffraction patterns
is necessary in order to interpret properly the diffraction
behavior of multiple-layer and mixed-layer particles in
smectite-water systems.

(2) The behavior of Na-smectite during dehydration
is dependent upon experimental conditions. In this work,
the following variables affected the structural rearrange-
ment during dehydration: water/smectite ratio, attain-
ment of complete smectite dispersion, and atmospheric
relative humidity. Other variables such as layer charge,
layer-charge location (octahedral vs. tetrahedral) and
layer-charge heterogeneity should also be considered
when comparing different smectite types.

(3) During Na-smectite dehydration, two populations
of layer systems were observed: layers stacked in well
developed crystallites and those highly expanded with a
low degree of mutual orientation.

(4) Well developed crystallites had two favored
arrangements with dyo; values of 15.4 and 12.5 ;\, and
a less favored arrangement with a d value of 18.5 A, the
occurrence of which depended upon experimental
conditions.

(5) The layer separation in highly expanded layers
was very variable and changed during dehydration, with
a tendency to become larger as dehydration of the
system proceeded.

(6) The existence of transient structures between
those corresponding to 15.4 and 12.5 A was observed as
XRD intensity at intermediate positions between these
two peaks, which was made apparent in the pattern
modeling. The same may be true between 18.5 and
15.4 A, although this was not investigated by modeling.
No intermediate d values were observed between the
highly expanded layers and the well-developed crystal-
lites in the final stages of dehydration, indicating that
this was a very rapid and/or a very irregular process that
disrupted coherent XRD.
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