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ABSTRACT: Smectite hydration strongly influences dynamical properties of interlayer
cations and thus the fate of H,O and pollutants in surficial systems where smectite-based
materials are often used as a major barrier component. Smectite crystal chemistry is known
to rule its hydration, although the influence of specific parameters such as the amount and
location of layer charge deficit remains poorly understood. A set of tetrahedrally charged
trioctahedral smectites, with a common structural formula ™ [Na,]**[Mg,]*[Sigo_,AL].
0,0(OH,F), and a layer charge (x) varying from 0.8 to 3.0, were thus synthesized to assess
the influence of layer charge on smectite hydration and interlayer structure. Both hydrox-
ylated and fluorinated samples were synthesized because of the increasing use of the latter
varieties in recent spectroscopic studies aiming at the determination of interlayer H,O
dynamical properties. The distribution of charge-compensating cations and of associated
H,0O molecules was determined both experimentally from the modeling of X-ray diffraction
patterns and numerically from Monte Carlo molecular simulations performed in the grand
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canonical ensemble. The consistency of both approaches for hydroxylated samples allowed gaining insights into the specific
influence of smectite crystal chemistry. For a given hydration state, H,O content is about constant in hydroxylated saponites,
independent of layer charge, whereas smectite layer-to-layer distance decreases with increasing layer charge because of the
enhanced cation-layer electrostatic attraction. As a result, positional disorder of interlayer H,O molecules is reduced because of
stronger steric constraints and of the increased density of electronegative sites at the surface of the clay layer. Fluorine-
for-hydroxyl isomorphic substitutions likely increase further electronegativity of the clay layer surface leading to further reduction
of the interlayer H,O content and to the formation of Na* inner sphere complexes at the clay layer surface. When normalized to
the number of interlayer cations, the number of interlayer H,O molecules decreases with increasing layer charge, and the
proportion of these H,O molecules hydrating interlayer cations increases, thus increasing the stability of most hydrated states
toward lower relative humidity conditions. Smectite hydration evolution appears as a steady process with no tendency to
interlayer cation ordering at the smectite-to-vermiculite limit of ~1.3 charge per O,o(OH,F),.

B INTRODUCTION

Smectite represents the most hydrated pole of phyllosilicates
and is used hereafter as a generic term for all expandable varieties
thereof. Smectite TOT, or 2:1, layers include two tetrahedral sheets
embedding an octahedral one. Isomorphic substitutions within both
tetrahedral and octahedral sheets induce a permanent layer charge
deficit, compensated for by the presence in the interlayer space of
exchangeable cations whose hydration properties control smectite
colloidal behavior and crystalline swelling."~” The latter has been
long described and is characterized by the stepwise expansion of
the layer-to-layer distance with increasing water activity.” "> This
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behavior plays a pivotal role in the physical and chemical behaviors
of surface environments and sedimentary rocks where smectite
is found, frequently as a major mineral component.n_22 More
specifically, smectite hydration can strongly impact dynamical
properties of interlayer cations and thus the transfer and fate of
H,0 and pollutants>~>” but also smectite ability to produce a
variety of nanocomposites for different applications.”*°
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From the contrasting stability of the different smectite
hydrates as a function of water activity, smectite crystal chem-
istry, and more especially the amount and location of smectite
layer charge deficit, has long been known to exert a pivotal
control on smectite hydration.%*'~** This influence allowed in
particular the differentiation between smectite and vermiculite
as a function of layer charge [0.6—1.2 and 1.2—1.8 e~ per O,,(OH),,
respectively], owing to their contrasting capacity to incorporate
polar molecules such as H,O and ethylene glycol>®™*" The
amount of smectite layer charge is thus an essential parameter
of smectite-rich bentonite deposits and is most often
determined from the cation exchange capacity of the material.*®
Consistently, over the past decade or so significant efforts have
been devoted to assess the results derived from a variety of
chemical compositions and alkyl ammonium methods and to
develop alternative methods aiming at a more precise and more
reliable measurement of this parameter.>*~*

The correlation between smectite crystal chemistry and
hydration properties remained described essentially at the layer
scale, however.****™>* X.ray diffraction profile modeling
allowed refining this description by taking hydration hetero-
geneity into account and provided, together with molecular
modeling, a comprehensive picture of interlayer H,O and cation
configurations for the different smectite hydrates.”***>"%" In
particular, these publications confirm the distribution of interlayer
H, O molecules about one or two positions along the ¢* axis (the
“planes” of interlayer H,0 molecules) in mono- and bihydrated
layers, respectively. Evolution of interlayer structure was not
investigated systematically as a function of smectite crystal
chemistry, however. Based mainly on the comparison between
two samples with contrasting layer charge, previous reports
indicate an increased stability of most hydrated hydration states
with increasing layer charge.**">>% In addition, the positional
disorder about the “ideal” interlayer H,O positions decreases with
increasing layer charge, resulting in sharper electron density
profiles associated with a stronger polarization of H,O
molecules.***¢ This evolution, and more especially its steady
or abrupt character, and a quantitative description of influential
crystal and interaction parameters remain, however, key to
deciphering and understanding the influence of smectite crystal
chemistry on its hydration at a more relevant molecular scale.

In the present study, special attention was thus paid to assess
the influence of the amount of layer charge on the hydration
behavior of tetrahedrally substituted smectites. Interlayer H,O
contents were determined for smectites with a layer charge
[per O,,(OH),] ranging from ~0.8 (smectite sensu stricto) to
12—14 (vermiculite) and further to 2.0—3.0 (micas) using
H,O vapor (de)sorption isotherms. The distribution of both
H,0 molecules and charge-compensating cations within the
smectite interlayer was determined from X-ray diffraction
profile modeling for both mono- and bihydrated layers. Finally,
Monte Carlo simulations were performed in the grand
canonical ensemble to elucidate the origin of the contrasting
hydration behaviors determined for the different samples. The
influence of F-for-OH anionic substitutions on smectite
hydration was also assessed.

B MATERIALS AND METHODS

Samples. Synthetic expandable phyllosilicates with a com-
mon structural formula ™*[Na,]*“[Mg]*[Sig_.AL]O,0(OHF),
and a layer charge (x) varying from 0.8 to 3.0 were used. These
“saponites” are hereafter referred to as Sap-x-OH/F, with
OH/F describing the prevailing structural anion. Hydration of
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Sap-0.8-OH and Sap-14-OH has been investigated previ-
ously.*® Sap-1.0-OH, Sap-1.2-OH, and Sap-2.0-OH were syn-
thesized hydrothermally from gel precursors in an externally
heated Morey-type pressure vessel with an internal silver
tubing,68’69 as the previous two samples. Synthesis conditions
were a temperature of 400 °C, a water pressure of 1 kbar, and a
duration of 4 weeks. Two fluorinated saponites (Sap-1.0-F and
Sap-3.0-F) were synthesized using kaolinite, silicic acid, or silica
gel or amorphous silica, magnesium fluoride, and sodium chloride
as detailed elsewhere.”’

All samples were initially sodium-saturated at room temper-
ature by contact with 1 mol-L™" aqueous solutions of NaCL
Saponites were shaken mechanically in saline solutions for 24 h
before separation of the solid fraction by centrifugation and
addition of a fresh saline solution. Four repetitions of these
steps ensured a complete cation exchange. Excess sodium
chloride was then removed by rinsing the solid four times by
immersion for 24 h in deionized water (Siemens UltraClear,
18.2 MQ.cm™') and separation of the solid fraction by
centrifugation.

Water Vapor Desorption Isotherms. Isotherms were
measured with a lab-built quasi-equilibrium setup designed
around a Setaram MTB 10-8 symmetrical microbalance.”!
Water vapor was supplied to the sample (kept at 30 °C) at a
slow flow rate from a source at 45 °C to maintain quasi-
equilibrium conditions at all times. Isotherms were deduced
from the simultaneous measurements of mass uptake and equi-
librium pressure (gauge 0—13.33 kPa). Samples (~100 mg)
were initially outgassed at 110 °C for 18 h under a residual
pressure of 1 Pa. Additional sorption isotherms were collected
volumetrically at 25 °C on Sap-1.0-F and Sap-3.0-F using a
BELSORP-max instrument from BEL Japan. In this case,
samples (~200 mg) were initially outgassed at 150 °C for 24 h
under a residual pressure of 1075—107* Pa.

X-ray Diffraction (XRD). For all samples, oriented slides
were prepared by drying at room temperature an aqueous clay
suspension on glass slides. XRD patterns were then recorded
using a Bruker D8 diffractometer equipped with an MHG
Messtechnik humidity controller coupled to an Anton Paar
CHC+ chamber. Intensities were measured with a SolXE Si(Li)
solid-state detector (Baltic Scientific Instruments) for 4 s per
0.04° 20 step over the 2—50° 26 Cu Ka angular range. Divergence
slit, the two Soller slits, the antiscatter, and resolution slits were
0.3° 2.3% 0.3°% and 0.1°, respectively. Samples were kept at 23 °C
in the CHC+ chamber during the whole data collection. Samples
were kept also under a constant flow of mixed dry/saturated air
to maintain the desired relative humidity (RH) after an initial
equilibration at ~97% RH. RH was continuously monitored with a
hygrometer (uncertainty of ~2% RH) located close to the sample.

The algorithms developed initially by Drits and co-workers
were used to fit experimental XRD profiles over the recorded
2—50° 20 Cu Ka angular range using a trial-and-error
approach.”>”® Instrumental and experimental factors such as
horizontal and vertical beam divergences, goniometer radius,
and length and thickness of the oriented slides were measured
and introduced without further adjustment. The mass ab-
sorption coefficient (u*) was set to 45 cm® g', as recom-
mended by Moore and Reynolds.”> Variable parameters
included the layer-to-layer distance. The coherent scattering
domain size along the ¢* axis was characterized by a maximum
value, set to 80 layers, and by a mean value (N). The
z-coordinates of all atoms constituting the 2:1 (or TOT)
smectite layer were set as proposed by Ferrage et al.>°
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Table 1. Structural Parameters Used to Fit Experimental XRD Patterns of Sap-1.2-OH as a Function of Relative Humidity

relative humidity % S
phase 1 ab. (%)
ow
1w
2W
CSD size®
phase 2 ab. (%) 0.10
ow 0.30
1w 0.70
2W
CSD size” 10
phase 3 ab. (%) 0.90
ow
1w 1.00
2W
CSD size” 16
number of H,0 molecules per O,,(OH), 1w 3.0
2W
Debye—Waller factor of interlayer species” BWatl 50
BWat2 30
Bcat S
layer-to-layer distance (A) ow 9.70
1w 12.02
2W
oz (A) ow 0.20
1w 0.24
2W 0.20
additional parameters A2W (A) 1.3
o* (deg) 0.8

“Debye—Waller factor of interlayer H,O is given in A” for each layer

type.

10 20 40 60 95
0.46 0.92 1.00
0.40
0.60 1.00 1.00
8 12 12.5
0.08 0.06 0.41 0.08
0.80 0.80 0.70 0.50
0.20 0.20 0.30 0.50
8 8 8 20
0.92 0.94 0.13
1.00 1.00 0.90
0.10
16 16 10
3.5 3.8 4.0 4.2
8.5 8.5 8.6 9.0 9.7
50 50 S0 20 20
30 30 30 10 10
N S S N N
9.70 9.70 9.70 9.70 9.70
12.16 12.32 12.45 12.60 12.33
14.93 14.93 14.95 14.99 15.07
0.20 0.20 0.1 0.15 0.12
0.24 0.24 0.20 0.20 0.20
0.20 0.20 0.1 0.15 0.12
13 13 13 14 14
1.1 0.8 0.2 0.2 0.0

bAverage CSD size is given in layers per crystal.

The interlayer configuration used for bihydrated layers (2W,
doo; = 14.9—15.7 A) was that proposed initially by Ferrage et al.
with one plane of H,O molecules on each side of the interlayer
midplane that hosts cations.”® This model is characterized by
the distance (Ad2W) between the interlayer midplane and each
of the planes of H,O molecules. For monohydrated layers (1W,
door = 11.6—12.9 A) both cations and H,O molecules were
located in the interlayer midplane. A similar configuration was
used for dehydrated layers (OW, dgy; = 9.7—10.2 A), without
interlayer H,O molecules however. The overall interlayer water
content at a given RH was constrained by water vapor sorption
isotherms and was not considered as a variable parameter in the
present work, although the distribution of this global content
between the different types of hydrated layers was refined. N,
Ad2W, and the Debye—Waller factor of H,O molecules (B,,)
were considered also as variable parameters, the latter in an
effort to optimize the electronic density profile of interlayer
species as proposed by Dazas et al.>® The fitting procedure is
detailed elsewhere.**>> The unweighted R, parameter, which
is mainly influenced by fit quality of intense diffraction maxima,
was used to quantify the overall fit quality.”*

Grand Canonical Monte Carlo (GCMC) Simulations.
Monte Carlo simulations were performed in the grand canonical
ensemble to assess the content of interlayer H,O and the
equilibrium state of interlayer species (H,O and cations) for
hydroxylated samples.””””” Simulations were performed at
both 20 and 90% RH and 300 K (1W and 2W hydration states,
respectively). A homemade program was used for the
simulation.”””*”® The rigid simulation box included three
interlayers and related 2:1 layers. Each layer encompassed six

4160

and four unit cells along the a and b directions, respectively,
with a —a/3 layer displacement leading to a face to face
configuration for ditrigonal cavities. The chosen layer displace-
ment allows matching closely H,O contents determined experi-
mentally,*® whereas the actual value of this displacement does
not influence significantly the distribution of interlayer species
along the ¢* axis (data not shown). The layer-to-layer distance
was set from experimental dyy, values (Tables 1 and 2)*° or
interpolated linearly when experimental value was lacking.
"t Na, ]°“[Mgg]*[Sig AL ] O20(OH,F), compositions with x =
0.6, 0.8, 1.0, 1.1, 1.2, 1.4, and 2.0 were used. Al-for-Si substitutions
were located randomly in each layer with an exclusion rule pre-
venting two Al atoms from occupying neighboring tetrahedra.
The ClayFF force field and SPC/E water model were selected
to simulate the clay—water interactions,®* as recommended by
Ferrage et al. from the cross-validation of atomic density pro-
files derived from GCMC simulations and X-ray and neutron
diffraction pattern modeling.”” Lennard-Jones (LJ) potentials of
interlayer cations derived by Aaqvist were used,”* whereas the
distance parameter R, of oxygen atoms from the 2:1 layer was
increased from 3.55 to 3.80 A.®’ For a given partial pressure,
water chemical potential is given by the following relation

0 P
MoK 1n(_)
kT kT P° (1)
with
,“0 3
— = In(N X
i~ nAxp) @
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Table 2. Structural Parameters Used to Fit Experimental
XRD Patterns of Sap-2.0-OH as a Function of Relative
Humidity

relative humidity % 16 52 88
phase 1 ab. (%) 0.01 0.81 0.76
ow
1w 0.81
2W 0.19 1.00 1.00
CSD size 15 14.5 13.5
phase 2 ab. (%) 0.10 0.14 0.18
ow 0.22
1w 0.78 0.30 0.30
2W 0.70 0.70
CSD size 20 10 10
phase 3 ab. (%) 0.85 0.03 0.05
ow
1w 1.00 0.90 0.90
2W 0.10 0.10
CSD size 19 S S
phase 4 ab. (%) 0.04 0.02 0.01
ow 0.60 0.45 0.45
1w 0.40 0.55 0.55
2W
CSD size 25 30 30
number of H,O molecules 1A% 3.7 4.0 42
per Ox(OH), 2w 8.5 92 9.9
Debye—Waller factor of BWatl 25 S0 50
interlayer species BWat2 7 7 7
Bcat S N 6
layer-to-layer distance (A) ow 9.70 9.70 9.70
1w 12.12 12.14 12.15
2W 14.83 14.85 14.88S
oz (A) OW/1W/2W 0.21 0.05 0.10
additional parameters A2W (A) 1.20 1.34 1.37
o* (deg) 2.9 23 23

considering H,O vapor as an ideal fluid, A being the H,O de
Broglie wavelength (0.238376 A), k the Boltzmann con-
stant, and p the vapor density at 300 K (7.7087481 X 1077
molecules-A™*). GCMC simulations encompassed 6000 blocks,
each with 10000 elementary steps allowing stabilization of
interlayer H,O molecule content. At each step, one of the clay
interlayers was selected randomly, and with an equal probability
an attempt was made (i) to remove a H,0 molecule, (ii) to add
a H,0O molecule in a random configuration, or (iii) to move a
randomly chosen cation or H,O molecule. During calcula-
tions, an Ewald summation was used in addition to the three-
dimensional minimum image convention to ensure the
convergence of the electrostatic energy.* A final run including
1000 blocks of 5000 steps was performed to generate the
equilibrium properties of interlayer species and to derive three-
dimensional radial cation—H,O distribution functions.

B RESULTS AND DISCUSSION

Water Vapor Desorption Isotherms. Isotherms obtained
for hydroxylated samples are typical for sorption of polar
molecules on swelling phyllosilicates,*® the two steps cor-
responding to domains dominated by 2W and 1W smectite
layers.”” Capillary sorption of H,O molecules when approaching
water vapor saturation prevents determining the upper end of
the 2W stability domain. On the other end, this domain extends
down to ~60, ~50, and ~45% RH for Sap-0.8-OH, Sap-1.0-OH,
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25 T
Sap_0.8_OH
m—Sap_1.0_OH
m— Sap_1.2_OH
20 Sap_14_OH E
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— % — Sap_1.0_F
— % — Sap_3.0_F

H0 (mmol.g-T)

PIPg

Figure 1. Water content as a function of relative humidity for saponite
samples along the water vapor desorption isotherm. Solid and dashed
lines indicate OH and F saponites, respectively, whereas the layer
charge deficit is color-coded, with purple, blue, green, orange, red, and
brown lines corresponding to 0.8, 1.0, 1.2, 1.4, 2.0, and 3.0 charges per
0,0(OH,F),. Sap-0.8-OH, Sap-1.0-OH, Sap-1.2-OH, and Sap-1.4-OH
isotherms from Ferrage et al®

and Sap-1.2-OH, respectively. In all cases, H,O content ranges from
~14.0 to ~11.0 mmol/g of dry clay over this domain (Figure 1),
and the 2W-to-1W transition spreads over ~10—15% RH. For
higher layer charges (from 1.4 to 2.0 per O, (OH),), this
transition initiates also at ~45% RH, with H,O contents similar
to those of lower charge saponites, except for Sap-2.0-OH that
exhibits slightly lower interlayer H,O contents. 1W stability
domains thus extend from ~50, 40, or 35% RH (Sap-0.8-OH,
Sap-1.0-OH, and higher charge hydroxylated samples, respec-
tively) to ~5% RH (Figure 1). Minimum H,O contents for 1W
samples decrease slightly with decreasing layer charge, from
Sap-1.2-OH to Sap-0.8-OH (~4.1 and ~2.6 mmol-g”’, respec-
tively). As for 2W layers, Sap-2.0-OH exhibits slightly lower
interlayer H,O contents than Sap-1.2-OH and Sap-1.4-OH
(Figure 1).

Contrastingly, the two fluorinated samples present a unique
plateau indicative of a stable 1W state over most of the RH
range investigated. H,O content is about constant on this
plateau (~4.8—4.2 and ~5.5—4.7 mmol-g~" for Sap-1.0-F and
Sap-3.0-F, respectively). The 1W-to-OW transition is complete
over a 5% RH range for Sap-1.0-F, while Sap-3.0-F exhibits a
smoother transition over a 15% RH span.

XRD Profile Modeling. XRD data and their optimum fits
are shown as a function of relative humidity in Figure 2 for
hydroxylated samples and in Figure 3 for fluorinated ones. The
relative contributions of the mixed layers to the diffracted
intensity and their compositions (proportion of the different
layer types) are reported in Tables 1—4. These tables report
also the main structural parameters of crystals (N), layers
(layer-to-layer distance and its fluctuation, 6z), and interlayer
species content and organization, with Ad parameters for 2W
and 1W layers. Compared to previous studies investigating
in detail the evolution of smectite hydration along H,O
(de)sorption isotherms,**>>***? the present study focuses on
the impact of smectite crystal chemistry on its hydration. As a
consequence, the number of XRD patterns fitted along
desorption isotherms has been limited and mainly restricted
to those displaying homogeneous hydration states to ease

DOI: 10.1021/jp5123322
J. Phys. Chem. C 2015, 119, 4158—4172


http://dx.doi.org/10.1021/jp5123322

The Journal of Physical Chemistry C

(B)

Rp
1 x80 5.1%
A -L——A- x15 x80
RH t . t ke
5.1%
i 88% g A
60% 6.7% ;_
EJL.. e J\. AN
A-A .
4.7%
52% i L ‘ “ l
20% ‘ A 46%
10% ) i ‘ “ A 5.2%
x8 x50
16% i A 4.9%
5% i A 41%
.—/\[¥ A e
— A I Y, V.
e |
_— — — ~— A ! prenA s
2 4 6 8 10 18 26 34 42 50 2 4 6 10 18 26 34 42 50
°26 CuKa °26 CuKa

Figure 2. Comparison between experimental and calculated XRD patterns for (A) Sap-1.2-OH and (B) Sap-2.0-OH. Experimental and calculated
XRD patterns are shown as crosses and solid lines, respectively. Difference plots are shown at the bottom of the figure. The vertical gray bars indicate
a modified scale factor for high-angle regions compared to the 2—10° 26 angular range. The goodness of fit parameter R, is indicated for each pattern.
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Figure 3. Comparison between experimental and calculated XRD patterns for (A) Sap-1.0-F and (B) Sap-3.0-F. Patterns as for Figure 2.
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determination of meaningful parameters describing interlayer
species content and organization.

Sap-1.2-OH. The XRD pattern recorded at 95% RH was
fitted with one periodic 2W smectite with dy = 15.07 A.
At ~60% RH, a mixed layer containing 2W and IW layers in
similar proportions is needed to account for the high-angle
asymmetry of the 001 reflection, but the periodic 2W smectite
still represents >90% of the sample before the onset of the 2W-
to-1W transition (Figure 2A, Table 1). At 40% RH, three mixed
layers are required to fit XRD data, the broad 001 reflection
being typical of hydration heterogeneity in transition domains.
The initially periodic 2W phase includes 40% of 1W layers,
and its contribution is strongly decreased; the 1W content in
the initial mixed layer increases from S0 to 70%. Its con-
tribution is also strongly increased (~40%) in this transition
domain. An almost periodic 1W smectite (90% of 1W layers
interstratified with 2W ones) allows fitting the broad 001 and
004 reflections and the peak at ~6.2 A. At 20 and 10% RH, the
transition is complete: none of the contributions is dominated
by 2W layers, and a periodic W smectite dominates the sample.
A minor mixed layer containing 20% of 2W layers accounts for the
low-angle broadening of the 001 reflection. Smectite dehydration
is initiated at 5% RH, with the presence of a mixed layer con-
taining 30% of OW layers (dgo, = 9.70 A) together with IW layers.
A periodic 1W smectite, with a minimal layer-to-layer distance
(dgor = 12.02 A), still dominates the sample, however.

Sap-2.0-OH. Only three XRD patterns were fitted along the
H,O desorption isotherm owing to the very limited evolution
of experimental profiles. From ~90 to ~50% RH, Sap-2.0-OH
is dominated by a periodic 2W smectite, responsible for the
rational series of basal reflections. Three additional mixed layers
are needed to fit the high-angle asymmetry of the 001 peak,
however (Figure 2B, Table 2). The first one accounts for hydra-
tion heterogeneity with the coexistence of 2W and 1W layers
(70:30 ratio), whereas the second one is an almost periodic 1W
smectite (10% 2W layers). A third contribution includes both
IW and OW layers (55:4S ratio). At 16% RH the 2W-to-1W
transition is achieved, and Sap-2.0-OH is dominated (85%) by a
periodic IW smectite accounting for the rational series of basal
reflections. Three minor mixed layers are needed to account for
various asymmetries. The most abundant one (10%) includes
both 1W and OW layers (78:22 ratio), whereas another mixed
layer still contains a minor amount of 2W layers (19%). Finally,
a mixed layer containing IW and OW (40:60 ratio) is present as
in patterns recorded at higher RH conditions.

Sap-1.0-F. From near saturated conditions down to ~20%
RH, XRD patterns of Sap-1.0-F exhibit two almost rational
series of reflections corresponding to 2W and 1W smectite.
Accordingly, two almost periodic phases were used over this
whole RH range to fit XRD data (Figure 3A, Table 3). The 2W
smectite contains minor amounts of OW layers (2—4%),
whereas the 1W smectite contains minor amounts of both 2W
and OW layers (2—3% in both cases). The relative contribution
of 1W smectite is about stable over the 95—20% RH domain
(33—35%), whereas that of the 2W smectite is steadily
decreasing from 46% to 15% along the desorption isotherm.
Two mixed layer contributions, both including 2W and 1W
layers, complete the description of XRD data. The composition
of the mixed layer dominated by 2W layers is about stable over
the 95—20% RH domain with 70—60% of 2W layers (60% at
20% RH, 70% for other RH conditions). Except for near-
saturated conditions where this contribution is minor (6%),
this mixed layer accounts for a stable 21-22% of the sample.
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Table 3. Structural Parameters Used to Fit Experimental
XRD Patterns of Sap-1.0-F as a Function of Relative
Humidity

relative humidity % 20 60 80 95
phase 1 ab. (%) 0.15 0.26 0.33 046
ow 0.04 0.04 0.02 0.02
1w
2W 0.96 0.96 0.98 0.98
CSD size 32 36 36 31
phase 2 ab. (%) 035 035 0.33 0.34
ow 0.02 0.02 0.02 0.03
1w 0.98 0.96 0.96 0.94
2W 0.02 0.02 0.03
CSD size 40 40 40 40
phase 3 ab. (%) 0.28 0.18 0.13 0.14
ow
1w 0.85 0.80 0.80 0.70
2W 0.15 0.20 0.20 0.30
CSD size 10 10 10 7
phase 4 ab. (%) 0.22 0.21 021 0.06
ow
1w 0.40 0.30 0.30 0.30
2W 0.60 0.70 0.70 0.70
CSD size 10 8 8 8
number of H,0 1w 3.1 33 33 3.8
molecules per OF, 5y 2.8 3.0 3.1 33
Debye—Waller factor BWatl 15 15 15 20
of interlayer species  gyyae) 8 8 8 10
Bcat S S S S
layer-to-layer distance ~ OW 9.70 9.70 9.70 9.70
1w 12.27 12.32 12.32 12.33
2W 13.76 14.48 14.50 14.57
oz (A) ow 017 012 007 008
1w 0.20 0.20 0.20 0.20
2W 0.17 0.12 0.07 0.08
additional parameters AIW (A) 0.00 0.00 0.00 0.00
A2W (A) 070 120 120 120
AlCat (A) 050 050 050  1.00
A2Cat (A) 080 080 080  0.80
o* (deg) 0.0 0.0 0.0 0.0

Contrastingly the contribution of the mixed layer dominated by
1W layers steadily increases from 14 to 28% at 95 and 20% RH,
respectively. Simultaneously the composition of this mixed
layer evolves to include more 1W layers (from 70% at 95% RH
to 85% at 20% RH) at the expense of 2W layers.

Sap-3.0-F. Over the whole RH range investigated (95—10%
RH), the description of XRD data involves essentially the same
contributions as for the previous sample. Two periodic phases
were used over this whole RH range to reproduce the rational
series of basal reflections corresponding to 2W and 1W smectites
(Figure 3B, Table 4). Both composition and relative abundance of
these two contributions (10—16% and 68—76% for 2W and 1W
smectites, respectively) are essentially stable from 95 to 20% RH,
whereas the contribution of 2W smectite vanishes at 10% RH
(3%). As for Sap-1.0-F, two additional mixed layer contributions
help improve the fit to the data. The first one is dominated by 2W
layers (75—80%), and its contribution is about constant (7—11%)
over the whole RH range. The composition of the second
mixed layer is much more variable as it includes 2W and 1W
layers (65:35 ratio) at 95% RH and 1W and OW layers at lower
RH conditions. The 1W:0W layer ratio is stable from 80 to 20%
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Table 4. Structural Parameters Used to Fit Experimental XRD Patterns of Sap-3.0-F as a Function of Relative Humidity

relative humidity % 10 20 40 60 80 95
phase 1 ab. (%) 0.03 0.15 0.10 0.13 0.13 0.16
ow
1w 0.0S
2W 1.00 0.95 1.00 1.00 1.00 1.00
CSD size 30 13 23 23 23 23
phase 2 ab. (%) 0.66 0.68 0.76 0.74 0.74 0.76
ow
1w 1.00 1.00 1.00 1.00 1.00 1.00
2W
CSD size 35 35 33 33 33 33
phase 3 ab. (%) 0.08 0.07 0.11 0.09 0.09 0.08
ow
1w 0.20 0.2§ 0.23 0.23 0.23 0.20
2W 0.80 0.75 0.77 0.77 0.77 0.80
CSD size 7 10 9 9 9 15
phase 4 ab. (%) 023 0.10 0.03 0.04 0.04 0.02
ow 0.55 0.30 0.30 0.30 0.30
1w 0.4 0.70 0.70 0.70 0.70 0.35
2W 0.65
CSD size 9 12 15 15 15 8
number of H,O molecules per O,F, 1w 2.4 2.5 2.5 2.6 2.6 2.7
2W 6.9 7.0 7.3 7.5 7.6 8.0
Debye—Waller factor of interlayer species BWatl 20 20 10 10 10 10
BWat2 N 10 20 20 20 20
Bcat 10 N N N S S
layer-to-layer distance (A) ow 9.80 9.80 9.80 9.80 9.80 9.80
1w 12.18 12.19 12.20 12.21 12.21 12.21
2W 13.75 14.23 14.35 14.38 14.41 14.44
oz (in A) ow 0.01 0.01 0.10 0.10 0.10 0.15
1w 0.11 0.11 0.14 0.14 0.14 0.15
2W 0.01 0.01 0.10 0.10 0.10 0.1
additional parameters AIW (A) 1.40 1.45 0.95 0.95 0.95 0.95
A2W (A) 1.00 1.00 1.20 1.20 120 120
AIWCat (A) 030 020 0.00 0.00 0.00 0.00
A2WCat (A) 0.70 0.90 0.90 0.90 0.90 0.90
o* (deg) 60 6.0 3.0 3.0 3.0 3.0
RH (70:30) and decreases at 10% RH (45:55). The relative Sap-1.2-OH, Sap-1.4-OH, and Sap-2.0-OH hosting ~11.0—12.0,
contribution of this mixed layer remains minor down to 40% ~9.0—10.0, ~6.0—7.0, and ~4.0—5.0 H,O molecules per cation,
RH, before increasing to 10 and 23% at 20 and 10% RH, respectively. With ~6 H,O molecules for the first hydra-
respectively. tion shell (1HS) of Na* cations,” " Sap-0.8-OH and Sap-1.2-
Content and Organization of Interlayer Species. 2\W/ OH are both hosting H,O molecules that are not directly bound
Hydroxylated Saponites. Modeling of XRD data allows to interlayer cations, whereas most H,O molecules present in
allocating the overall content of interlayer H,O determined Sap-1.4-OH and Sap-2.0-OH are likely hydrating directly interlayer
from the H,0O vapor (de)sorption isotherms between the cations. The increased proportion of H,O molecules bound to
different layer types.>® As a consequence, all 2W hydroxylated interlayer cations with increasing layer charge is responsible for the
saponites contain from 8.5 to 10.0 H,O molecules per unit cell, observed sharpening of the interlayer electron density distribution
independent of their layer charge deficit (Figure 4A). Despite derived from XRD modeling (Figure 5).
the similar contents of interlayer H,O, layer-to-layer distance 1W Hydroxylated Saponites. Consistent with the previous
appears strongly and negatively correlated to the layer charge, results, interlayer H,O contents in 1W saponites range from 3.0
with dyy, values ranging from 14.83 to 14.89 A and from 15.00 to 5.0 H,O molecules per unit cell when 1W layers prevail,>
to 15.40 A, for Sap-2.0-OH and Sap-0.8-OH, respectively. The independent of layer charge (Figure 4C). No systematic evolu-
reduction of the layer-to-layer distance with increasing layer tion of the layer-to-layer distance is observed however with
charge is accompanied by a reduction of the achievable range layer charge, although low values of dy, were systematically
for a given layer charge value over the whole RH range. Both determined for Sap-2.0-OH (12.12—12.15 A). For other layer
reductions are thought to arise from increased electrostatic charges, the dy, range achievable over the whole RH range is
layer—cation—layer attraction. As the overall interlayer H,O about the same (~12.0—13.0 A) when taking into account the
content is independent of layer charge, the number of inter- reduced number of XRD patterns fitted in the present study.
layer H,O molecules per interlayer cation logically decreases When normalized to the number of interlayer cations (Figure 4D),
with increasing layer charge (Figure 4B), with Sap-0.8-OH, the H,O content of Sap-0.8-OH ranges from ~8.0 to 3.0 H,O
4164 DOI: 10.1021/jp5123322
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Figure 4. Evolution of the layer-to-layer distance as a function of interlayer water content for (A, B) bi- and (C, D) monohydrated 2W layers. The
number of interlayer H,O molecules is normalized to O,o(OH,F), (A, C) or to the number of interlayer cations (B, D). Color code as in Figure 1.

molecules with a slope change at ~5.0 H,O molecules per
cation, possibly linked to the H,O content of the cation
1HS.>”** 1W layers of other hydroxylated samples systemati-
cally contain less H,O molecules per cation than this limit
(2.0—4.5 H,0 molecule per cation; Figure 4D), and most H,0O
molecules are thus likely hydrating directly interlayer cations.
Consistent with observations on 2W layers, the increased
proportion of H,O molecules bound to interlayer cations is
likely responsible for the observed sharpening of the interlayer
electron density distribution with increasing layer charge
(Figure S). In contrast to 2W layers, this sharpening and the
induced reduction of layer-to-layer distance do not appear to be
steady with increasing layer charge.

Fluorinated Saponites. Consistent with previous reports
and with H,O vapor sorption data,*® interlayer H,O content of
fluorinated samples is strongly reduced compared to hydroxy-
lated samples of similar charge, 2W layers containing ~6.9—8.0
and ~2.8—3.3 H,O molecules per unit cell, in Sap-3.0-F and
Sap-1.0-F, respectively (Figure 4A), that is ~2.3—3.3 molecules
per cation (Figure 4B). Fluorinated samples are thus unlikely
hosting H,0 molecules that are not directly bound to interlayer
cations. 1W layers of Sap-1.0-F host a similar number of H,O
molecules (3.1—3.8 per unit cell), whereas this number is
further reduced for Sap-3.0-F (2.4—2.7 H,O molecules per cell,
that is 0.8—0.9 H,O molecules per interlayer cation; Figure 4C, 4D).
Consistent with the reduced interlayer H,O content, the
layer-to-layer distance is strongly reduced for fluorinated 2W
layers and ranges from 13.7 to 14.6 A. Contrastingly, the layer-
to-layer distance of fluorinated 1W layers ranges from 12.2 to
12.3 A, consistent with their hydroxylated counterparts. This
behavior may be accounted for by the specific distribution
of interlayer species determined from XRD profile modeling
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for fluorinated samples. These profiles should be considered
globally owing to the weak contrast between Na* cations and
H,0O molecules when using XRD, both species hosting a similar
number of electrons, and to the similar contents of both species
in fluorinated samples. For 2W layers, interlayer electron den-
sity distributions exhibit two sharp Gaussian peaks and no max-
imum at the interlayer midplane, in contrast to hydroxylated
samples (Figure S). The sharpness of the two maxima is
consistent with the sole presence of H,O molecules directly
bound to interlayer cations. Compared to Sap-1.0-F, interlayer
electron density distribution of Sap-3.0-F shows additional
shoulders located between the two main maxima and the 2:1
layer. Owing to the hydrophobic nature of the 2:1 layer surface
and to the increased layer—cation electrostatic attraction in
Sap-3.0-F,* these shoulders are likely related to interlayer Na*
cations forming inner-sphere complexes at the surface of 2:1
layers. Direct, that is, without screening by H,O molecules,
layer—cation electrostatic interactions are likely responsible
for the very short layer-to-layer distances determined for 2W
layers of fluorinated samples (13.7—14.6 A; Figure 2). Similar
migration of interlayer cations toward the 2:1 layer occurs also
in 1W interlayers as evidenced by the two humps on either
side of the central maximum of electron density (Sap-3.0-F,
Figure S). In addition, by proscribing short interatomic
distances between interlayer H,O molecules and the 2:1 layer
the hydrophobicity of these surfaces is likely responsible for
the layer-to-layer distances of 12.2—12.3 A determined for 1W
hydrates despite the very low content of interlayer H,O.
GCMC Simulations. Over the past few years, molecular
simulations of the interlayer space in tetrahedrally charged
smectite have achieved a good agreement with experiments,
especially for the content and distribution of interlayer
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the 2:1 layers. Positions are given relative to the basal layer oxygen
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species.’”*®®” It has thus been possible to follow smectite
hydration and more especially the evolution of H,O molecule
arrangement along a sorption isotherm.*” The ability of molec-
ular simulations to account for experimental results can be
extended to dynamical processes, allowing differentiating the
dynamical behavior of H,O molecules belonging to interlayer
cation hydration sphere and those filling interlayer voids, for
example.”””? Using appropriate clay and water force fields, it is
thus possible to calculate interlayer H,O contents consistent
with water vapor (de)sorption isotherms (Figures S and 6) and
the distribution of these interlayer species (Figures S and 7).
The lack of accurate L] parameters for structural fluorine anions
hampers realistic GCMC simulations for equivalent fluorinated
systems, however, and the following section will deal only with
hydroxylated samples.
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Figure 6. Comparison of the H,O contents determined from vapor
sorption isotherms (and used for XRD modeling) and from GCMC
simulations. Solid and dotted lines represent a 1:1 agreement and a
+10% departure from the 1:1 line.

GCMC Interlayer Atomic Density Profiles. Atomic density pro-
files calculated for the interlayers of 2W saponites (Figure 7)
exhibit systematic features. Interlayer cations are mainly present
at the interlayer midplane with two additional planes closer to
the clay surface, accounting for 14—25% of the overall interlayer
cation content. The position of these planes relative to the clay
surface is about constant (~2.2—2.3 A), consistent with Na—O
bond lengths, but much larger than proposed previously.98 In
addition, interlayer H,O molecules are distributed mainly as
two main planes corresponding to the two maxima of the
oxygen distribution. The distance from each of these planes to
the clay surface is about constant (~2.7 A) independent of the
layer charge. The distance from one plane to the other de-
creases, however, with increasing layer charge to accommodate
the reduced layer-to-layer distance determined from XRD
(Figure 4A). The contraction of saponite interlayer space
induces also a sharpening of the oxygen distribution, consistent
with the reduced number of H,O molecules not directly bound
to cations and an increased polarization of H,O molecules
owing to the increased density of undersaturated oxygen atoms
at the layer surface. The latter evolution can be estimated from
the increased intensity of the hydrogen peaks close to the 2:1
layer surface (Figure 7). To gain further insight into the former
evolution, GCMC calculations allow calculating the proportion
of H,0 molecules belonging to the cation 1HS (Figure 8) from
the radial distribution functions around interlayer cations
[gna—o(r); Figures S1—2, Supporting Information] and con-
sidering a maximum Na—H,O distance of 3.0 A, consistent
with previous studies.*”*® For Sap-0.8-OH, H,O molecules
from the IHS represent ~40% of the overall interlayer H,O
content, this proportion steadily increasing to ~70% and 75%
for Sap-14-OH and Sap-2.0-OH, respectively (Figure 8). A
significant change of slope can be observed for a layer charge
of ~1.3 e~ per O,(OH),, matching the smectite—vermiculite
charge boundary. A similar trend is observed for IW layers with
a steady increase of the proportion of H,O molecules from the
1HS from 60%, to ~87%, and further to ~92% for Sap-0.8-Na,
Sap-1.4-OH, and Sap-2.0-OH, respectively. A slope change is
also observed for a layer charge of ~1.3 e per O,;(OH),. It
should be noted that this charge also corresponds to the
maximum above which the 2W-to-1W transition does not shift
to lower RH values (Figure 1). For both IW and 2W layers, the
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number of H,O molecules in 1HS is about independent of layer
charge at 3.8 and 7.0 molecules per cation, respectively (Figures
S1-2, Supporting Information). With increasing layer charge,
the distribution of these molecules becomes more regular about
Na" cations, as shown by the sharper profiles of the gy,_o(r)
function (Figures S1—2, Supporting Information). In addition,
atomic density profiles calculated for 1W interlayers systemati-
cally show a split of the cation distribution on either side of
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the interlayer midplane. This shift is likely due to tetrahedral
substitutions in the 2:1 layer leading to strong undersaturation
of layer surface oxygens and decreases with increasing layer
charge to accommodate the reduction of the layer-to-layer
distance.

Distribution of Interlayer Cations within the ab Plane:
Implications for the Smectite—Vermiculite Differentiation. As
the onset of cation ordering within interlayers of expandable
phyllosilicates was evoked as a possible limit between smectite
and vermiculite,>* with layer charge ranging from 0.6 to 1.2 and
1.2 to 1.8 per O,,(OH),, respectively, the distribution of these
cations was derived also from GCMC simulations. Only 1W
interlayers were considered to minimize the impact of cation
migration from the interlayer midplane (Figure 7). Neglecting
the departure for 1W layers, interlayers of the 6 X 4 unit cells
were thus divided according to a Voronoi decomposition
centered on interlayer cations.” ' In such decomposition,
each Voronoi cell contains a unique cation and encompasses
the polygonal area closer to this cation than to any other
(Figure 9A). For all layer charges, the decomposition was
performed on 300 (X 6 X 4 unit cells) thermalized interlayers
to achieve representative statistics, and the distribution of
Voronoi cell surface areas is plotted in Figure 9B as a box plot
to exclude outliers computed for cells close to the simulation
box limits. For all layer charges, computed distributions are
alike those obtained from a totally random distribution of inter-
layer cations, calculated over 100 interlayers (X 6 X 4 unit cells)
assuming a unique exclusion distance (equal to Na* ionic radius)
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interlayer cations.

around cations to prevent overlaps (Figure 9B). Both GCMC
computed and random distributions differ significantly from an
ordered distribution of interlayer species, and no increased
tendency to ordering is observed with increasing layer charge,
in contrast with the hypothesized origin of the smectite-to-
vermiculite transition.’”>> Except for Sap-0.8-OH, the first
maximum of computed g, _n,(r) radial distribution functions
(Figure S3A, Supporting Information) accounts for 50% or less
of total interlayer Na* (Figure S3B, Supporting Information),
and distributions of interlayer Na* are thus disconnected from
those of VAL The absence of interlayer cation ordering is thus
likely not induced by the random distribution hypothesized for
isomorphic substitutions in smectite tetrahedral sheets. In
addition, it should be noted that nuclear magnetic resonance
and Ar adsorption data support the hypothesized homogeneous
distribution of Al substitutions in saponites, whatever the layer
charge.'®™'% Such disordered distribution of Al substitutions
was also reported for vermiculite from X-ray scattering in-
vestigations of dehydrated samples.'°*'” Upon hydration, the
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distribution of interlayer Mg and Ni cations becomes ordered,
however. Using electron diffraction, ordering of Ba interlayer
cations was observed also for 2:1 phyllosilicates with a layer
charge deficit higher than 1.2 per O,o(OH),,'"**'* although
ordering was not systematically observed for vermiculite."””
With increasing layer charge, the surface area of Voronoi cells
decreases from 40 to 80 A*> (Sap-0.8-OH) to 18 to 25 A?
(Sap-2.0-OH). The simultaneous reduction of the range of achiev-
able values occurs, however, steadily without any threshold
effect, similar to the steady ordering of H,O molecules about
the cations and consistent with previous reports.”> The process
appears to be driven essentially by the reduction of the inter-
layer volume, arising from a stronger layer—cation electrostatic
attraction and by the increasing amount of interlayer species
(cations and a constant number of H,O molecules for a given
hydration state). Both effects lead to the formation of an
interlayer cation two-dimensional network, as shown by the
presence of several maxima on the gy_n,(r) functions of
Sap-2.0-OH (Figure S3A, Supporting Information). The increased
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frequency of more than one Al-for-Si substitution per hexagonal
ring of six tetrahedra and steric constraints on the distribution
of hydrated interlayer cations appear as likely driving factors
for network formation. Consistently, minimum steric con-
straints induce a close interaction between Al-for-Si sub-
stitutions and interlayer cations for the lowest charge Sap-0.8-OH,
where 80% of interlayer Na" are bound to substituted tetrahedra
(Figure S3B, Supporting Information).

B CONCLUSION

The combined use of XRD profile modeling and of Monte
Carlo simulations in the grand canonical ensemble allows
drawing a consistent picture of interlayer H,O and cation
organization in tetrahedrally charged smectites. The evolution
of this organization as a function of both layer charge and
anionic (F-for-OH) isomorphic substitutions can also be
deciphered. For a given (1W or 2W) hydration state, H,0
content is about constant in hydroxylated saponites,
independent of layer charge. When normalized to the number
of interlayer cations, the H,O content thus decreases with
increasing layer charge owing to the reduced number of H,O
molecules not directly bound to the cation first hydration shell.
This reduction favors in turn H,O molecule polarization and
minimizes their positional disorder within smectite interlayers.
With increasing layer charge, electrostatic attraction between
interlayer cations and the 2:1 layer is enhanced, reducing layer-
to-layer distance and interlayer thickness and sharpening
further the distribution of interlayer H,O molecules because
of stronger steric constraints within interlayers. The increased
proportion of H,O molecules belonging to cation 1HS with
increasing layer charge also favors the stability of most hydrated
layers toward lower RH values. All trends appear continuous
throughout the entire range of layer charge investigated which
encompasses the smectite-to-vermiculite transition at ~1.3 e~
charge per O,y(OH),. The stability of most hydrated layers
reaches, however, its maximum at this transition, consistent
with the slope change in the proportion of H,O molecules
belonging to cation 1HS, for both 1W and 2W hydrates. No
onset of cation and/or H,O molecule ordering is observed at
this transition, however. Despite the increased stability of most
hydrated layers, the mobility of interlayer H,O molecules is
likely reduced with increasing layer charge owing to their
stronger bonding to interlayer cations and to steric constraints.

Similar trends are observed as a function of layer charge for
fluorinated smectites. The hydrophobicity of 2:1 layer surfaces
is enhanced by F-for-OH substitutions, however, thus reducing
dramatically the interlayer H,O content for fluorinated
smectites compared to their hydroxylated counterparts. As a
consequence, interlayer cations tend to form inner sphere
complexes at the layer surface, enhancing cation—layer elec-
trostatic attraction and thus reducing layer-to-layer distances,
compared to hydroxylated smectites of equivalent charge. This
reduction is hampered for 1W layers by the hydrophobicity of
layer surfaces which precludes short layer—H,O distances,
however.

B ASSOCIATED CONTENT

© Supporting Information

GCMC computed radial distribution functions and associated
distribution of H,O molecules around interlayer Na* cations for
2W and 1W layers with variable charge (Figures S1 and S2,
respectively). GCMC computed radial distribution function
and associated number of interlayer Na* cations adjacent to an
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Al-for-Si tetrahedral substitution with the relative proportions
of cations belonging to the g(r) first neighbor peak (Figure S3—
1W layers only). This material is available free of charge via the
Internet at http://pubs.acs.org.
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