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ABSTRACT: For applications benefitting from the swelling properties of nanolayered
silicates (clay minerals), it is of paramount importance to understand the hysteresis in the
clay−water interaction. In this context, the present work investigates how the thermal history
of Na+- and Li+-intercalated fluorohectorite affects the hydration process. By combining X-ray
diffraction and thermogravimetric analysis, water adsorption of preheated and non-preheated
fluorohectorite was measured and analyzed in terms of the characteristic interlayer distance.
The number of water molecules per cation was also inferred. We find that some of the
hydration states in preheated samples are suppressed, and transitions to higher hydration
states are achieved at higher relative humidity values. This could be due to the initial water
content that facilities crystalline swelling. However, the data for Li-fluorohectorite do not
exclude the possibility of a low temperature Hofmann−Klemen effect at 150 °C. Our study
also provides strong hints that the so-called 1.5 water layer state, observed in previous studies
on smectites, is a metastable state. In addition, the impact of a hydrogenous structure in the
interlayer space of Li-fluorohectorite on the clay’s hydration behavior is demonstrated. The
results, if generalized, would have strong implications on a wide range of applications, where the thermal history of smectites is
important.

1. INTRODUCTION

Nanolayered silicates or clay minerals, one of the most
abundant materials in nature, are used in a large spectrum of
products and applications, in particular as a confinement
material for nuclear waste in subsurface storage,1 as cap rocks
in the framework of carbon dioxide storage2−7 in deep
aquifers and depleted oil reservoirs and subsurface methane
storage,4,8−10 as carrier material for drug delivery,11−15 or to
trap heavy metals in the context of soil remediation.16−18

Like all 2:1 phyllosilicates, synthetic fluorohectorite (FHt) is
composed of layers of thickness ≈ 0.97 nm, which consist of
two SiO4 tetrahedral sheets connected by a Mg6‑xLix
octahedral sheet. Due to the charge substitution (quantified
by x) in the sheets, these layers have a structural net negative
charge, which is compensated by interlayer cations of
different types, in the present study Li+ or Na+. These
cations link adjacent layers to each other, creating an ordered
lamellar structure of layers separated by cations; this structure
is what is commonly referred to as a clay mineral particle.
One of the main reasons for the widespread use of clay

minerals is their low permeability and ability to swell, which
is most commonly associated with their interaction with
water. At the macroscopic scale, clay swelling may be seen as
an apparent increase in volume. However, the swelling
phenomenon is a multiscale process,19 which can be

described by observing changes in both the interparticle
mesoporous space and the interlayer nanospace20 within clay
particles. In the latter case at low water content, crystalline
swelling is a stepwise expansion resulting from the confine-
ment of water molecules in the interlayer space. This
adsorbed water is structured in a molecular packing that
has thermodynamically favored configurations corresponding
to different hydration states, commonly denoted as water
layers (WLs). Dehydrated (0WL), monohydrated (1WL),
bihydrated (2WL), trihydrated (3WL) states,21,22 and 4WL23

are observed, depending on the type of swelling clay. They
correspond to basal spacing of approximately ∼1.0, ∼1.2,
∼1.5, ∼1.8, and ∼1.9 nm, respectively. Water intercalation in
swelling clays (also called smectites) is strongly dependent on
the nature of the interlayer cation, the layer’s structural
charge, temperature, and the surrounding water state (liquid
or vapor, and the level of vapor relative humidity). The
interlayer cation plays an important role in the water
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adsorption process,24,25 since water can form different H2O−
cation complexes depending on the intrinsic charge and ionic
radius of the cation, which can significantly change the water
adsorption properties. An increase in the layer charge will
result in an increase in the number of interlayer cations, but
this can also cause a decrease in the interlayer distance and
consequently can make the clay material more hydro-
phobic.26,27 Additionally, it is well established that the
dissimilarities in H2O uptake and loss between different
smectites are related to the manner in which the intercalated
cation changes the H-bond network around H2O mole-
cules.28,29

Several methods have been employed to study the
multiscale process of clay swelling. For instance, X-ray
diffraction (XRD) provides a direct measurement of the
interlayer distance as a function of water content from the
measurement of the angular positions of Bragg reflections,
and valuable information (basal spacing, crystallite size, and
induced lattice strain) about the water adsorption process can
be readily obtained30−35 from peak shape evaluation and
comparison with data modeling. In addition, quasi-elastic
neutron scattering (QENS),28,36,37 nuclear magnetic reso-
nance (NMR),8,38−42 infrared spectroscopy (IR),43−45 and
computer simulations24,46−52 provide valuable insights on
water mobility, such as the diffusion coefficient in the
interlayer, proton exchange dynamics, cation mobility, etc.
For clay swelling related applications, it is of paramount

importance to understand how the interaction between water
and clay minerals results in hysteresis in the adsorption
process, since in nature or in industrial processes, these
materials are rarely found without water. Consequently, over
the years, several studies have been dedicated to better
understanding this phenomenon.42,53 The explanations range
from structural rearrangements in the clay,54 which changes
the water diffusion coefficient,28,29,52,55 to changes in the
layers during swelling or shrinkage, which is attributed to a
phase transition between hydration states.56,57 Hsiao and
Hedström47 concluded that processes occurring outside of
the interlayer structure must be considered since traces of
hysteresis in the interlayer space could not be found, while
Gates et al.58 performed an in situ QENS experiment and
found that rehydrated clay adsorbs less water, thus confirming
that water adsorption is hysteretic.
Synthetic fluorohectorites generally have a surface charge

that is proportional to the number of Li+ ions that substitute
Mg2+ ions in the center of the octahedral layers.21 FHt’s
advantage over laponite is due to its surface charge and
particle sizes. This material has been used to expand various
studies (hydration and phase diagrams of suspensions) to
configurations not available to laponite when it comes to
aspect ratio, charge range, and layer−platelet size.59,60 Using
this clay mineral, it was previously demonstrated that thermal
treatment of Ni-fluorohectorite (NiFHt) greatly influences its
hydration pathway,61 in accordance with the general
assumption that sample history is an important factor in
hydration. Additionally, our recent QENS−thermal analysis29

clearly demonstrates the presence of an interlayer species that
decreases the mobility of interlayer water. This result is in
accordance with the subdiffusive behavior of water vapor
transport in LiFHt powders.62 In the present work, we
investigate the impact of thermal treatment on the hydration
of Na-fluorohectorite (NaFHt) and Li-fluorohectorite
(LiFHt), with nominal chemical formula of Mx-[Mg6‑xLix]-

Si8O20F4, where x = 1.2 and M represents the interlayer
cation. XRD was used to quantify the effect of sample
preparation by measuring the interlayer displacement from
the (001) Bragg reflection as a function of relative humidity
(RH), controlled by a humidity chamber between 0 and
100%. The number of water molecules per cation was then
quantified from the thermal analysis, and the hysteresis due
to temperature treatment and rehydration was analyzed. This
work demonstrates that heat treatment and rehydration
introduce significant differences in the sample behavior in
terms of crystallinity and amount of water adsorbed, a result
that can have important implications for the design of clay-
based sorbents or confinement materials.

2. MATERIALS AND METHODS

2.1. Sample Preparation. LiFHt was purchased from
Corning Inc. and used without further purification, while
NaFHt was obtained from LiFHt through a cation exchange
procedure.63,64 The cation exchange consists in mixing LiFHt
and a sufficiently large amount of NaCl in a water solution,
collecting the powder after centrifuging, and finally removing
excess Li+, Na+, and Cl− ions by washing and rinsing the
powders with deionized water in a standard dialysis process.
Aiming to study the influence of sample treatment on the

H2O adsorption, we separated each sample batch in two sets,
which were placed individually inside a sample cell, as shown
in Figure 1. The cell consists of a closed cylinder chamber in
which the temperature and the mixing of humid and dry
gases can be controlled accurately; two Kapton windows
allow X-rays to penetrate and exit the cell with little
interaction other than the scattering by the clay sample.

Figure 1. (a) Sketch of the sample cell, where the humidity and
temperature are controlled near the powder sample. (b) Angular
distribution of the X-rays scattered by the isotropic clay powder,
recorded on a 2D detector. (c) Azimuthal integration of the 2D
diffractogram provides the intensity as a function of the scattering
vector, with Bragg reflections. (d) q position of the (001) Bragg
reflection provides the average interlayer distance (d001) of the clay
sample in the scattering volume.
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We used two different sample conditions: the clay sample set,
hereafter called non-preheated, was dried under a N2
atmosphere at room temperature, while the other, hereafter
referred to as preheated, was dried under a N2 atmosphere at
150 °C. This treatment was done for 8 h before exposing the
samples to different values of RH. This procedure is
analogous to the one used in our previous study of Ni-
fluorohectorite.61

2.2. Control of Relative Humidity. All subsequent
measurements were performed at room temperature while
controlling the relative humidity (RH) through regulation of
a N2 flux into the sample chamber. The N2 gas line was
separated in two branches before reaching the chamber: one
passing through a water container, where N2 was saturated
with water vapor, and the other conducting the dry N2 gas
directly to the chamber. Both channels had flowmeters
installed in their respective flow paths for accurate control of
the applied RH, with suitable reproducibility. Figure 1 shows
a sketch of this setup. This is a custom-made setup, which
was also used and described in detail in the references.61,65

Prior to thermal gravimetric analysis (TGA) measurements,
the samples were prepared inside desiccators whose
atmosphere was in contact with a water solution saturated
with either NaCl or K2SO4 salts, with a RH value of ∼75 and
∼95%, respectively. Samples equilibrated at lab room
humidity equal to RH ≈ 37%, monitored by two relative
humidity sensors, were also collected. In this case, the
samples were kept in an open recipient inside the lab until
they reached equilibrium. After the samples were measured,
the powders were placed inside the desiccators and left
overnight (8 h) to rehydrate. These rehydrated samples
allowed us to quantify the initial amount of H2O in the clay
mineral layers as well as to describe different hydration states.
This procedure was also used in refs 29, 45, 61.
2.3. X-ray Diffraction Experiments. The non-preheated

samples were measured with an in-house Bruker NanoSTAR
X-ray scattering setup attached to a Xenocs X-ray source with
a copper (Cu) anode. The preheated samples were measured
in the XRD2 beamline at the Brazilian Synchrotron (LNLS)
using radiation with λ = 0.154 nm and a 6-circle Huber
goniometer.
The scattered X-ray intensities were recorded by a two-

dimensional detector Pilatus (Dectris). The isotropic powder
diffractograms were subsequently integrated over the
azimuthal angle and plotted as a function of the scattering
vector q (see Figure 1c):

π
λ

θ=q
4

sin
(1)

where 2θ is the scattering angle. The positions and full width
at half maximum (FWHM) of the deconvoluted Bragg
reflections were obtained by fitting to a Voigt peak function:
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where Ibck, A, wL, wG, qc denote the background, amplitude,
Lorentzian width of the sample’s Bragg reflection, Gaussian
width of the instrumental resolution function, and peak

position, respectively. The parameter A, which is considered
constant over the (001) q range, contains factorial
contributions that include the Lorentz polarization factor
and the silicate layer factor.31 The Bragg reflection is a
convolution of a Lorentzian (of width wL) with a Gaussian
profile. The former is due to the sample’s contribution to the
line width, while the latter results from the instrumental
resolution. The instrument resolution was wG‑NTNU = 0.18 ±
0.02 nm−1 and wG‑LNLS = 0.014 ± 0.005 nm−1 for the in-
house instrument and the XRD2 beamline at the LNLS,
respectively.
In order to perform equilibrium measurements, the

diffractogram corresponding to each RH step was recorded
repeatedly until the Bragg reflection had stopped evolving.
The equilibration time was between 1 and 2 h.

2.4. Thermogravimetric Analysis. TGA measurements
were performed using a TG 209F1 LIBRA instrument from
NETZSCH with a platinum top-opened crucible. The
experimental conditions as recommended by the instrument
manufacturer were as follows: a N2 atmosphere (N2 purge
rate of 40 mL/min) and a heating rate of 10 °C·min−1. To
correct mass change values, a baseline run is always carried
out under identical measurement conditions, such as the
heating rate, gas type, gas flow rate, crucible type and
geometry, etc., and subtracted (automatically by the instru-
ment software) from the sample measurement. The baseline
takes instrument and buoyancy influences into consideration.
Two types of measurements were performed: One was to

measure the mass loss as a function of the imposed
temperature, which was changed between 25 and 150 °C at
a heating rate of 10 °C/min, in order to obtain the
temperature at which the H2O molecules desorb from the
sample, and the other was to measure the evolution of the
mass at a constant temperature. The samples were heated
only up to 150 °C to avoid the layer charge reduction
(Hofmann−Klemen effect).66,67 After the first measurement
run, the samples were left to rehydrate (see section 2.2:
Control of relative humidity) for 8 h inside a chamber with
controlled RH, and were subsequently remeasured. This
allowed us to directly compare the relation between the
initial H2O content and the XRD Bragg reflection position
under dried conditions.

2.5. Hendricks−Teller Theory for Diffraction by
Partially-Ordered Layer Lattices. In their seminal paper,
Hendricks & Teller68 derive the formula for the X-ray
intensity scattered by a layer lattice whose repetition distance
between adjacent layers can take two distinct values d1 and
d2, with a random spatial distribution of these two values
across the lattice according to the respective probabilities f
and 1 − f. Considering the phase shifts ϕi = 4πdi sin θi/λ, (i
= 1, 2), the scattered intensity is

θ θ θ
θ ϕ θ

θ
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= − [ ]
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I F
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f f
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where F(θ) is the form factor, and the mean phase shift ϕ̅ is
defined by the following equation:

ϕ
ϕ ϕ
ϕ ϕ
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+ −
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1 2

1 2 (4)

The relations (eqs 3 and 4) can be rewritten as follows:
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Figure 2. Diffraction peaks corresponding to the stable hydration states for (a, c) NaFHt and (b, d) LiFHt for samples subjected to different
thermal treatments prior to the in situ hydration. Gray curves show intermediate states during the hydration transitions. The measurements
marked with colored symbols are the stable peaks.

Table 1. Summary of the XRD Peak Positions for the Hydration States. The Uncertainties on the Peak Positions Are Less
than 0.01 Nm−1a

dehydrated peak peak I peak II peak III peak IV

sample
peak position

(nm−1)
RH
(%)

peak position
(nm−1)

RH
(%)

peak position
(nm−1)

RH
(%)

peak position
(nm−1)

RH
(%)

peak position
(nm−1)

RH
(%)

NaFHt 6.40 5.10 30 4.10 99
LiFHt 6.10 a 5.29 0 4.53 58 4.10 77 3.37 90

aCould only be measured in the preheated sample.

Figure 3. Evolution of the FWHM for NaFHt (a, c) and LiFHt (b, d) for different relative humidities. The peaks corresponding to the local
minima of the FWHM are labeled as peak I to IV.
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which is the formula mostly found in the clay minerals
literature. By expressing the half scattering angle θ as a
function of the scattering vector q or structural length d, the
scattered intensity can alternatively be expressed as a function
of these parameters.

3. RESULTS
3.1. XRD Results. The expansion of the clay minerals

resulting from intercalation of H2O molecules is directly
measured from the change in position of the (001) Bragg
reflection with the increasing values of relative humidity
(RH), according to the relation d001 = 2π/qc. As discussed in
the Introduction, this intercalation of water molecules in the
clay particles is strongly influenced by the type of interlayer
species (cations, hydrogenous complexes, or impurities).
Figure 2 shows the evolution of the XRD patterns as a

function of the scattering vector q when RH is changed
stepwise from 0 to 100% in a quasi-static manner. Results are
shown for NaFHt (Figure 2a,c) and LiFHt (Figure 2b,d), for
samples subjected to different thermal treatments prior to the
in situ hydration, i.e., preheated samples (Figure 2c,d) and
non-preheated samples (Figure 2a,b). As the RH is increased,
the scattering vector qc characteristic of the (001) Bragg
reflection moves to a lower value. To identify the hydration
states, the (001) Bragg reflections at different RH values are
denoted respectively as the dehydrated peak and peaks I to
IV. NaFHt exhibits only peaks I and II in addition to the
dehydrated peak, whereas LiFHt exhibits four peaks, peaks I
to IV. One should note that the only difference between
these samples is the type of interlayer cation.
A well-defined dehydrated state could only be reached after

preheating the samples. For non-preheated LiFHt, the X-ray
spectra feature an additional transition for the highest
humidity used (RH ≈ 96%), to the left of peak IV. This
transition curve features two local maxima at qc ≈ 3.33 nm−1

and qc ≈ 2.23 nm−1, cf. to the yellow curve in Figure 2b.
Otherwise, the peak positions remain the same for the
preheated samples as for the non-preheated ones, with the
difference that peak IV does not appear for the preheated
LiFHt sample. Table 1 shows a summary of the XRD peak
positions for the pure hydration states.
To identify the hydration states, the FWHM of the (001)

reflection peak, extracted by means of eq 2, was evaluated for
different RH levels. The results are shown in Figure 3. Such
analysis is useful to determine stable hydration states in clay
minerals.61 Indeed, stable hydration states are characterized
by a smaller FWHM than for transition peaks, so they can be
determined from the positions of the local minima in the
plots of the FWHM for different RH values.
The amount of water layers (WL) corresponding to each

indexed peak was inferred following the procedure used in ref
61, whereby the average H2O molecule diameter is taken to
be approximately 0.27 nm (see Table 2).61 For NaFHt, the
1WL hydration state corresponds to peak I and the 2WL
state to peak II. For LiFHt, the hydration states are 1WL for
peak I, the so-called 1.5WL for peak II, 2WL for peak III,
and 3WL for peak IV. The mixed state labeled as the
transition peak in Figure 2b has a Bragg reflection growing

from the position of peak IV (3.37 nm‑1) to ∼2.25 nm‑1.
Based on the corresponding interlayer distance, this latter
component has approximately 5 water layers, which could be
a transition from crystalline to osmotic swelling. To the best
of our knowledge, this is the first time such a hydration state
is observed experimentally in Li-intercalated clay minerals.
Such a state has, however, been predicted by H2O adsorption
simulations in Na-montmorillonite.69

Figure 4 shows the evolution of the interlayer distance d001
as a function of the RH for the preheated and non-preheated
NaFHt and LiFHt samples. In contrast to NiFHt,61 NaFHt
and LiFHt show a step-like process, with transitions between
the hydration states occurring within a narrow range of
relative humidity values, a behavior which is also observed in
natural smectites, such as montmorillonite,30 saponite,70 and
vermiculite.17 However, in LiFHt, transitions from 1.5WL to
2WL occur more gradually (both for preheated and non-
preheated samples). For the non-preheated NaFHt, in Figure
4, the sample is in the dehydrated 0WL state when exposed
to a N2 atmosphere at room temperature. At RH ≈ 16%, the
sample makes a transition to the 1WL state, and at RH ≈
63%, the system goes from the 1WL to the 2WL state. For
the preheated NaFHt, the 0WL to 1WL and 1WL to 2WL
transitions occur, respectively, at RH ≈ 25% and RH ≈ 94%.
For LiFHt (see Figure 4b), the dehydrated state 0WL could
only be achieved by heating the sample to 150 °C.
Consequently, for the non-preheated LiFHt sample, the
hydration experiments start with the sample already in the
1WL state and the d-spacing increases continuously but at a
low rate until RH ≈ 52%, where the system undergoes a
transition to the 1.5WL state. At RH ≈ 62%, the sample
reaches the 2WL state, and finally at RH ≈ 89%, the system
moves to the 3WL state. For the preheated sample the 0WL
to 1WL transition occurs at RH ≈ 1%, the 1WL to 1.5WL
transition around RH ≈ 74%, and the 1.5WL to 2WL around
RH ≈ 88%. Hence, after thermal treatment, the transitions
between the hydration states are shifted to higher RH values,
both for NaFHt and LiFHt. One should also note that for
each hydration state and for all samples, a continuous regime
of the slow increase of d001 is observed within a certain range
of relative humidity, demonstrating that small water uptake
inside the interlayers spaces causes texture rearrangement
(changes in the crystallographic orientations) prior to the
hydration transition.54,62,71 This property has been used in
previous studies to infer local RH values from XRD
measurements of d001.

54,62,71

Table 2. Hydration States of LiFHt and NaFHt with Their
Respective Mean Values for d001, as Inferred from the
Experimental Data Shown in Figure 4, for Samples
Prepared under Different Initial Conditions

peak type peaks
mean d001
(nm)

subtraction of 0
WL(∼0.97 nm)

calculated
number of H2O

layers

Peak type
NaFHt

Peak I 1.24 ± 0.01 0.27 1.00
Peak II 1.51 ± 0.01 0.55 2.04

Peak
typeLiFHt

Peak I 1.21 ± 0.01 0.24 0.89
Peak II 1.39 ± 0.01 0.42 1.56
Peak
III

1.53 ± 0.01 0.54 2.00

Peak
IV

1.88 ± 0.01 0.91 3.37
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Note that in Figure 4, the dehydrated states for NaFHt and
LiFHt differ in d001. For NaFHt, the 0WL yields a d-spacing
of 0.97 nm, which is close to the theoretical value of 0.96 nm
reported in the literature for dehydrated smectites.72,73

However, for LiFHt, this value is ∼1.03 nm for the preheated
sample. The observed 0.06 nm difference between the two
samples is most likely related to disordered H2O
interstratification, or it is caused by the presence of the
hydrogenous complexes in the interlayer observed by Larsen
et al.29 using QENS and TGA (see section 4.4). In the full
diffractograms of LiFHt and NaFHt (see Figure 5), besides
the (00 ) reflections, three extra phases are identified: brucite
(Mg(OH)2), quartz (SiO2), and Li2O·2SiO2. These exoge-
nous phases are byproducts of the LiFHt synthesis. Here, we
note that quartz (SiO2) and Li2O·2SiO2 have been quantified
by Rivera et al.74 by using atomic absorption spectroscopy
(AAS). The authors showed that the LiFHt powder received
from the producer (Corning Inc.) contains about 20% by
mass of impurities. This is confirmed in the XRD data, where
Li2O·2SiO2 (lithium disilicate−Li2Si2O5), SiO2 (quartz), and
Mg(OH)2 (brucite) are identified phases in the sample, while
brucite was also observed by Larsen et al.29

From the measured FWHM values depicted in Figure 3
and the subsequent extraction of the parameter ωL

corresponding to the Lorentzian contribution, the thickness
of the stack of clay platelets (that is, its size in the [ ]00
direction), N·d, can be obtained using the Scherrer equation:

π· =N d
w
2

L (4b)

The results are shown in Figure 6 for preheated and non-
preheated NaFHt and LiFHt samples.
In Figure 6, the particle thicknesses in the preheated and

non-preheated samples fall close to each other in the 1WL
state, indicating that for the pure 1WL hydration state; the
particle thickness seems to depend neither on thermal

Figure 4. Evolution of d001, obtained from the Bragg reflection position, as a function of the relative humidity at room temperature for (a)
NaFHt, preheated and non-preheated, and (b) LiFHt, preheated and non-preheated. Vertical lines are RH values at which TGA measurements
were performed (see below).

Figure 5. Bragg reflections corresponding to different hydration states of preheated LiFHt. Data collected on the XRD2 beamline at the LNLS.
B, Q, and L indexes denote brucite (Mg(OH)2), quartz, and Li2O·2SiO2, respectively. The hk-band is an in-plane feature found in FHt.75

Figure 6. Clay particle thickness with error bars, obtained from the
Scherrer equation and the Lorentzian width, as a function of the
number of water layers for the Na- and LiFHt non-preheated and
preheated samples.
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treatment nor on cation type. For that state, the small
differences observed could be due to the different X-ray
geometries; since for technical reasons, the preheated samples
were measured in reflection, while the non-preheated samples
were measured in transmission. In the 2WL state, the particle
thickness for the two LiFHt samples are similar but not for
NaFHt as water is less strongly bound to the Na+ cation than
to the Li+ cation, and therefore the heat treatment impacts
the particle thickness more in NaFHt. An important
observation is the low value of the calculated thickness for
LiFHt in the 1.5WL hydration state, which is consistent with
the corresponding large FWHM for the LiFHt peak around
the 1.5WL region (qc ≈ 4.5 nm−1) in Figure 3. This, together
with the more gradual transition from 1.5WL to 2WL shown
in Figure 4, strongly indicates that the nature of this 1.5WL
hydration state is fundamentally different from that of the

other pure hydration states, suggesting a metastable or an
interstratified state.
Since LiFHt exhibits more hydration states than NaFHt,

the evaluation of the crystalline size via eq 4 was
complemented using a Williamson−Hall analysis.31 With
this aim, higher order Bragg reflections of the preheated
LiFHt sample were considered, see Figure 5. The
Williamson−Hall analysis is a generalization of the Scherrer
equation that considers the contribution of the lattice strain ξ
to the widening of the Lorentzian peak:

ω π ξ=
·

+
N d

q
2

L (00 ) (5b)

The Lorentzian width ωL, extracted from the (00 ) peaks in
Figure 5 is thus expected to depend linearly on q(00 ), with an

Figure 7. (a) Results of the Williamson−Hall analysis for the preheated LiFHt, with straight lines showing a near linear behavior of wL as a
function of q(00 ), except for 1.5WL. (b) Particle thickness N·d and lattice strain ξ obtained from the linear fits. Error bars are statistical errors in

the parameter determination from the fits.

Figure 8. Mass loss as a function of temperature for NaFHt (a) and LiFHt (b), measured with TGA on samples prepared at different RH
values. The corresponding derivative of the mass loss (dML/dT) curves are shown in (c) for NaFHt and (d) for LiFh. The inset shows the
behavior at much larger temperatures.
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intercept related to the particle thickness and a slope
representing the lattice strain.
Figure 7 shows the results of the Williamson−Hall analysis

for preheated LiFHt. A significant increase in particle
thickness is observed in the transition from 0WL (∼34
nm) to 1WL (∼150 nm), but the thickness then hardly
changes between the 1WL and 2WL states. However, for
1.5WL, the extracted particle thickness is very small, around
30 nm. Such a behavior is similar to what was found in our
previous analysis for NiFHt,61 implying that the intercalated
water does not occupy the interlayer space homogeneously in
the 1.5WL state (see the Discussion section), resulting in the
broadening of the Bragg reflection. Note also that for 1.5WL,
there is a significant departure from the linear dependence of
ωL on q00 , which puts in question the usefulness of applying
the Williamson−Hall analysis in that state. This departure in
turn results in much larger uncertainties in the inferred mean
particle thickness. The lattice strain remains approximately
constant for lower hydration states and increases threefold
between 1.5WL and 2WL, due to the higher water mobility,76

since in the 2WL, much more water molecules are outside
the hydration shells of the cations. Another feature that can
be seen in Figure 7, is that in the 1.5WL hydration state, the
Bragg reflection intensities for the (00 ) reflections decrease,
while the intensities of the other peaks increase (as compared
to other hydration states). Such a feature is likely related to
the rotation of the clay mineral layers around the [ ]00
direction, which causes the in-plane reflection planes to align,
thus increasing the intensity of the corresponding in-plane
peaks.77,78

3.2. TGA Results. Figure 8 shows the mass loss as a
function of temperature for samples initially prepared at RH
≈ 37, ∼75, and ∼95% for both NaFHt and LiFHt; data for
the samples rehydrated for 8 h are also shown. The mass loss
(Figure 8a,b) together with its derivative (dML/dT, see
Figure 8c,d) provide direct macroscopic information on the
desorption process of these samples.
Using the XRD data as reference, we have established that

NaFHt at RH = 37% is in the 1WL state (see Figure 4a),
while at RH = 70%, it is in the 1WL state for the preheated
sample and in the 2WL state for the non-preheated sample,
and at RH = 90%, both samples are in the 2WL state.
For LiFHt, the RH = 37% curve represents the 1WL state

(see Figure 4b). At RH = 75%, the curves of hydrated and
rehydrated LiFHt are shown to have similar amounts of
adsorbed H2O. This might be due to the rehydrated smectite
(similarly to the preheated sample in Figure 4) being close to
the transition between the 1.5WL and 2WL state. Then, a
slight deviation in the RH level can cause the sample state to
change to the 2WL state. On the contrary, for RH ≈ 90%,
there is a clear difference between the behaviors of the
hydrated and rehydrated sample, since as shown in Figure 4,
the non-preheated sample is at 3WL and the preheated is at
2WL. Hence, the TGA is consistent with the XRD analysis
discussed above.
Based on the dML/dT data (Figure 8c,d), in which the

local minima correspond to inflection points in the TGA
curves (Figure 8a,b), the data for NaFHt and LiFHt exhibit a
broad inflection point around 80 and 70 °C, respectively.
This can be associated with interparticle H2O populations
and H2O molecules confined in the intraparticle nanopores,
between the layers.28,29,58−61 Furthermore, from the dML/dT

data, the small additional mass loss at ∼120 °C for NaFHt
and ∼140 °C for LiFHt is most likely related to adsorbed
surface H2O or the coordinated interlayer cation.28 In fact,
Xie et al.,23,51 using TGA, divided the dehydration of Na-
montmorillonite samples into three steps: The first is the loss
of tightly bounded H2O (cationic interlayer H2O), the
second step is the loss of interlayer surface H2O (easy to
remove upon heating), and the third step is the loss of H2O
coming from both interlayer surfaces and bulk. These are
defined according to the difficulty of removal.
The inset in Figure 8d shows another inflection starting at

450 °C and lasting until 600 °C with a peak at 580 °C in the
rehydrated LiFHt sample. This inflection is associated with
exogenous phases present in the powder sample in
accordance with the XRD data of Figure 5.
To better compare the amount of water loss depending on

the cation type, NaFHt and LiFHt at RH = 37% were heated
to 150 °C and maintained at that temperature, where the
mass loss was measured as a function of time. The result is
shown in Figure 9 and compared with NiFHt taken from ref
61.

Figure 9 demonstrates that NiFHt loses mass much faster
than NaFHt and LiFHt, with 11% of the mass lost in 200 s.
NaFHt loses 9% of its total mass in 600 s with no significant
mass loss observed afterwards, while LiFHt takes much
longer (∼1000 s) to lose 7% of its total mass. LiFHt has
been demonstrated in refs 29, 62 to hold more interparticle
H2O, but it also retains interlayer and cationic H2O more
strongly than NaFHt, since the cation Li+ has a smaller ionic
radius, and thus a more concentrated charge. Therefore, H2O
is more strongly bound to it, which could explain why the
dynamics of dehydration is slower in LiFHt than in NaFHt.
Restricted mobility was also clearly reflected in ref 29 by
significantly longer residence times and a smaller diffusion
coefficient in NiFHt at RH = 70%, which was attributed to
the presence of Ni2+−H2O complexes in the interlayer.29,61

Using the information contained in the TGA data, it is
possible to calculate the number of H2O molecules per
milligram of the sample. Assuming that the mass loss shown
in Figure 8 corresponds to the total amount of adsorbed

Figure 9. Mass loss as a function of time for LiFHt and NaFHt at
RH = 37% when maintained continuously at 150 °C. The data are
compared with NiFHt data from ref 61.
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H2O,
29 then, the latter can be calculated as a function of the

RH. By using the chemical formula of LiFHt and NaFHt,
first, the number of cations can be estimated per unit of mass
(mg). Dividing the amount of H2O molecules obtained from
the mass loss in TGA by the number of cations then allows a
direct estimation of the number of H2O molecules per cation.
These results are presented in Figure 10.
Figure 10a shows the number of H2O molecules per cation

as a function of RH, which is related to the d-spacings
according to the relation shown in Figure 4. Consequently,
the d-spacing as a function of the number of H2O molecules
per cation can also be obtained. This is shown in Figure 10b.
This analysis demonstrates that a number of H2O molecules
per cation between 2.19 and 4.14 correspond to a 1WL state,
while the number is between 5.18 and 9.29 for a 2WL state.
For LiFHt, the 1.5WL and 3WL correspond to approximately
6.0 and 16.7 number of H2O molecules per cation,
respectively. Interestingly, in a study using molecular
dynamics, Morrow et al.72 did predict the existence of a
1.5 WL in NaFHt with 5.5 H2O/Na

+. Although in the
present work no 1.5 WL was detected for NaFHt, the
predicted number is similar to the one measured here for
LiFHt in this state. In the 1WL hydration state, the inferred
values for the number of H2O molecules per cation match
those found in a previous study38,39 but deviate at higher RH
for NaFHt. This might be a consequence of the inevitable
loss of H2O in the time interval between the chamber
opening and the start of the measurement, where we observe
the loss of weakly bonded water molecules, such as surface
and mesoporous water. Of more importance, however, is the
fact that similar values are reported in the literature, either
from molecular dynamics simulations or from other
experimental techniques,43,44,69,70,76,79 which supports the
idea that this methodology is very accurate in estimating
the interlayer water population responsible for clay mineral
swelling.

4. DISCUSSION
4.1. Effect of Heat Treatment. It is important to note

that the samples were preheated only up to 150 °C in order
to prevent layer charge reduction by the Hofmann−Klemen
effect, which is when the interlayer cations can migrate to the
octahedral sites of the silicate layer, partially neutralizing the

negative charge there. This effect has been reported to start
at temperatures around 250 °C66,67,80 and is particularly
important for the Li+ cation in smectites due to its small size.
Significant differences between preheated and non-pre-

heated samples have been noted previously for NiFHt.61 In
the present work with NaFHt and LiFHt, also, significant
differences between the preheated and non-preheated samples
are observed, which raises the question whether a layer
charge reduction is taking place at temperatures below 200
°C. The hydration state of a clay mineral is dependent on
many factors: interlayer cation, layer charge, lateral
dimensions, and hydroxyl groups in the layers.33 For FHt,
which has a high layer charge and features F− instead of OH−

in the silicate layers, which provides it with a higher
hydrophobicity when compared to a natural hectorite or
montmorillonite, we argue that the lack of higher hydration
states (above 2WL) in the non-preheated NaFHt is a direct
consequence of this hydrophobic nature26 together with its
higher layer charge compared to montmorillonite.81 The
preheated NaFHt was found to have its hydration state
transitions shifted to a higher RH value, and the same was
observed for preheated LiFHt, with the consequence (not
seen for NaFHt) that the 3WL state was not reached.
It is evident from Figure 4a that flushing with N2 was

enough to bring the Bragg reflection close to the 0WL
position for NaFHt; there is still a small difference between
the Bragg reflections of preheated and non-preheated 0WL.
The former being ∼0.97 nm, which is close the theoretical
value for smectites, while the latter is ∼0.98 nm. The
difference between the hydration paths for NaFHt could thus
be due to initial random intercalation of small amounts of
H2O, which could facilitate the crystalline swelling.
In the case of LiFHt, the non-preheated sample did not

reach its 0WL state at ∼1.03 nm, which shows that there is
initial 1WL in the interlayer space, which can facilitate the
intercalation of more H2O. Preheating LiFHt reduced this
initial H2O content, which caused the hydration transitions to
be shifted to higher values of RH and suppression of the
3WL state. As explained below (section 4.4), preheating to
150 °C should not have affected the hydrogenous structure
reported by Larsen et al.29 The 3WL suppression could also
happen if there was a cation population reduction in the
interlayers due to the Hofmann−Klemen effect, which could

Figure 10. (a) Number of H2O molecules per cation as function of relative humidity; (b) d-spacing as function of the number of H2O
molecules per cation.
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reduce the swelling capacity of this smectite upon heating at
150 °C. However, to the best of our knowledge, there are no
reports in the literature suggesting such a low temperature
Hofmann−Klemen effect in FHt.
4.2. Lateral Dimensions. A key point to consider when

discussing hydration states is the lateral dimensions of the
silicate layers, since one potential mechanism for interlayer
hydration is that coordination cations closer to the edge of
the layers will become fully hydrated first, followed by cations
positioned farther away from the edges of the silicate layer.
This implies that when H2O molecules hydrate the innermost
cations, this region is in the 1WL state, while in a continuous
hydration process, cations closer to the edge could already be
in the 2WL state.23,82 Indeed, Bowers et al.8 showed that one
of the reasons why the d-spacing increases with increasing
RH is related to the lateral dimensions of the silicate layers,
which is dependent on the interlayer cations. The authors
proposed that in the case where lateral dimensions are large
enough for more than one hydration state to occur in the
same interlayer at the time of observation, only a single Bragg
reflection is observed during the transient phase between two
hydration states. In the present experiment, this effect did not
impact the X-ray data since at each RH step the powder
samples were measured repeatedly until the steady state was
reached, i.e., until the diffractogram had ceased to evolve in
time.
4.3. One-and-a-Half Water Layer Hydration State

(1.5WL). According to ref 76, the 1.5WL state in LiFHt
could be a stable hydration state, in which the Li+ cation goes
from being part of an inner-sphere complex, which is a
position close to the smectite layers, to a position located
near the middle of the interlayer space, i.e., within an outer-
sphere complex. However, other studies such as ref 30 argue
that the 1.5WL state is due to structural or chemical
heterogeneities in the sample leading to interstratification of
1WL and 2WL and resulting in a different average d-spacing.
Na-hectorite simulations have provided a third possible
explanation according to which the predicted 1.5WL state
is a result of a five-coordinate nearest neighbor Na+ cation,
which lacks well-defined planes in the interlayers.72 The
current results show that the 1.5WL state is present in the
preheated and non-preheated LiFHt samples (cf. Figure 4),
and that the dependence of the FWHM of the peak on the
position exhibits a local minimum (cf. peak II in Figure
3b,d), indicating a potential hydration state in both cases.
Note, however, that the Bragg reflection for 1.5WL is broader
than for 1WL, 2WL, and 3WL. According to ref 31, for the
pure hydration states, the particle size is expected to be
nearly independent of the type of interlayer cation. It can be
noted that the Williamson−Hall (WH) analysis of Figure 7
provides a plot that is not linear for the 1.5WL peak, as a
result of the wider Bragg reflections, as compared to the
other hydration states (see Figure 3). In the complete X-ray
diffractogram of Figure 5, the (00 ) reflections corresponding
to the 0WL state are very close to neighboring reflections,
which causes uncertainties in the fitted parameters. This is
particularly a problem for the 1.5WL data where the
nonlinearity is even more pronounced, meaning that we
here approach the limit of the WH analysis. This suggests
that the 1.5WL is not a standard hydration state, since the
particle thicknesses of hydrated states are otherwise
approximately identical (except for 0WL).

In order to further our understanding of the 1.5WL state,
we note that fitting the Hendricks−Teller (HT) interference
function I(θ(q)) of eq 3 to the experimental 1.5WL Bragg
reflections yields the orange dashed curve in Figure 11, which

is significantly broader than the experimental peak. Here, we
have assumed, for simplicity, that the layer factor, F(q), is
independent of q, since computing the complete layer factor
would hardly modify the width of the HT interference
function. A HT peak as measured by the setup, however,
would be the convolution of the interference function by the
Voigt profile, in eq 2, accounting for the finite thickness of
the clay nanostacks and the resolution of the instrument (as
shown for example in the 2WL hydration peak). Such a
simulated HT peak is shown as a continuous thick red line in
Figure 11. Due to the convolution, the result is a peak that is
even wider than the interference function peak and
approximately twice as wide as the 1.5WL peak. Hence, the
1.5WL peak seen in the data is unlikely to result from
Hendricks−Teller mixed intercalation between the 1WL and
2WL hydration states, which points to a metastable hydration
state. Although in Figure 3, the 1.5WL state has a broader
FWHM than the 1WL and 2WL; it still corresponds to a
local minimum in the FWHM, which corroborates a possible
metastability of this particular hydration state. However, we
cannot fully exclude the possibility that the presence of a
hydrogenous species (see section 4.4) in LiFHt could be
responsible for this 1.5WL state, which is not seen in NaFHt.

4.4. Role of the Hydrogenous Species in the
Interlayer of FHt. In previous works,29,61 it has been
shown that NiFHt contains an extra phase that is present in
the interlayers, since the basal spacing was 1.146 nm and not
the theoretical 0.96 nm. The authors proposed that a Ni2+−
H2O complex or Ni(OH)2 (Ni-hydroxide) could coexist in
the interlayer galleries, causing the d-spacing to be larger than
0.96 nm even after heating the sample to 150 °C. This has
been confirmed and thoroughly investigated by Loch et al.83

In LiFHt, the Bragg reflection for the dehydrated state had a
d-spacing of ∼1.03 nm. Before proposing what is causing
such an expansion, it is important to discuss the effect of
temperature on the three exogenous phases identified in the
XRD data in Figure 5. The inset of TGA data for LiFHt

Figure 11. Hendricks−Teller (HT) interference function and the
corresponding simulated HT peak that best fit the 1.5WL peak of
LiFHt. The simulated HT peak accounts for the finite thickness of
the clay nanostacks and the resolution of the instrument. The 1WL
and 2WL peaks of LiFHt are shown as well.
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shows a small inflection in the dML/dT when the sample
reaches ∼400 °C, lasting until 600 °C. This phase transition
cannot be lithium disilicate (Li2Si2O5), since this material
only changes at a temperature of approximately 942 °C.84

Quartz undergoes an α-SiO2 to β-SiO2 transition between
500 and 575 °C,84,85 which hardly would cause a variation in
the dML/dT. Brucite (Mg(OH)2) is reported to start its
dehydroxylation process between 400 and 525 °C,29,86 which
is too low to correspond to OH groups in the silicate
sheets.87,88 These impurities are byproducts of the sample
synthesis and they are unlikely to occupy the interlayer space
of LiFHt. However, it is expected that Li+ forms strong
complexes with H2O, which was predicted in a simulation
study by Greathouse and Sposito50 in Li-smectites. One of
such complexes could be lithium hydroxide (LiOH), which is
known to retain H2O and to dehydroxylate at ∼427 °C,89

and could be present in the interlayer space of LiFHt in small
amounts, thus causing the dehydrated d-spacing to deviate
from 0.96 nm. Another possibility for a Li+−H2O complex is
one of the many aqualithium ions,90,91 which could form in
the interlayer space during the cation exchange procedure or
during the hydration experiments. More investigations are
needed to evaluate the role of this hydrogenous structure in
hydration processes, since they can influence the H2O
mobility and retention in the interlayer galleries.
In any case, it has been demonstrated here that a simple

cation exchange process to convert LiFHt to NaFHt removed
this hydrogenous structure from the interlayers, since
NaFHt’s dehydrated peak was measured to be approximately
0.97 nm, which is close to the theoretical value for dry
smectites.72,73

5. CONCLUSIONS
The present work studied water adsorption at room
temperature, as a function of relative humidity, in isotropic
powders of Na- and Li-fluorohectorite subjected to different
prior thermal treatments: preheated to 150 °C and non-
preheated. The synthetic samples were analyzed in situ using
XRD and TGA as a function of temperature and RH.
From the XRD measurements, the dependence on RH of

the d-spacing for the thermally treated samples showed a
significant difference with respect to the non-treated ones.
Besides the obtention of a 0WL hydration state in preheated
LiFHt, some of the hydration states were suppressed, for
example, 3WL in preheated LiFHt and transitions to higher
hydration states were achieved at higher relative humidity
values. Furthermore, the XRD data from the preheated
samples showed a different hydration path when compared to
the non-preheated sample. An explanation for this behavior
could be an initial H2O population in the interlayer and
possibly an additional low temperature Hofmann−Klemen
effect (at a temperature lower than 200 °C), for which
migration of the interlayer cation to the octahedral sites of
the smectite layers takes place. Consequently, smectite
particles adsorb less water. This behavior is confirmed by
the TGA data, which quantifies the global amount of
adsorbed water depending on the ambient temperature and
shows that the preheated sample and its rehydrated
counterpart adsorb less water than the non-preheated sample,
both initially and in its rehydrated state. This observation can
be attributed to a hysteresis effect during clay mineral
rehydration. For LiFHt, the Williamson−Hall analysis was
used to investigate the effect of increased relative humidity on

the apparent particle thickness and strain. It showed a
decrease of the particle thickness in the 1.5WL state, which is
consistent with the peak broadening of the (001) Bragg
reflection peak for that hydration state but contradicts the
otherwise increasing trend of particle thickness as a function
of the amount of intercalated water. Finally, by combining
the XRD and TGA results, the number of water molecules
per cation was estimated for each sample as a function of the
RH; the estimates are in good agreement with previous
results obtained from NMR and QENS data as well as
molecular dynamics simulations. The number of water
molecules per cation is not affected by the thermal treatment
for NaFHt. For LiFHt in the 1WL hydration state, the
number of water molecules per cation has a low impact, but
in the 2WL state, that number is strongly impacted by the
thermal treatment.
In addition to characterizing the impact of thermal

treatment on adsorption of water by clay mineral particles,
this study shows that the so-called 1.5WL hydration state
observed in LiFHt is likely to be a metastable state resulting
from a displacement of the Li+ cation within the interlayer
space of the FHt. This interpretation is privileged since the
corresponding Bragg reflection is too narrow to result from
mixed intercalation, such as described by Hendricks and
Teller’s theory of random mixed intercalation, and the
dependence of the Bragg reflection’s FWHM on the
scattering vector clearly exhibits a local minimum for the
scattering vector that corresponds to the 1.5WL peak.
Furthermore, it has been demonstrated that LiFHt contains
a hydrogenous structure in the interlayers, which could be
related to Li+−H2O complexes, such as LiOH or one of the
many aqualithium ions. More investigations are needed to
verify the role of these hydrogenous complexes in the
hydration behavior of smectites.
These findings demonstrate that the evolution of water

absorption properties of smectite materials resulting from
exposure to temperatures significantly higher than ambient
conditions depends on the nature of the intercalation cation.
Prospects to this work include the study of this phenomenon
on natural smectites, such as montmorillonite/bentonite.
Indeed, if generalizable to natural hectorites, our findings may
have strong implications for the design of confinement
materials, such as those of interest for nuclear waste.
However, one must be aware of the challenges of studying
natural smectites, which is well demonstrated by Bowers et al.
in an XRD and NMR study of a natural hectorite sample
from San Bernardino.42 Even after purifying the material, the
partial substitutions of OH− to F− and the non-uniformity in
cation/layer charge distribution amplifies the complexity of
the system as compared to a synthetic hectorite.
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6118, F-35000, France

M. A. S. Altoe ́ − Departamento de Quıḿica e Fıśica,
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Filho (UNESP), Bauru, SP 17033-360, Brazil
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(79) Malikova, N.; Cadeǹe, A.; Marry, V.; Dubois, E.; Turq, P.
Diffusion of Water in Clays on the Microscopic Scale: Modeling and
Experiment. J. Phys. Chem. B 2006, 110, 3206−3214.
(80) Daab, M.; Eichstaedt, N. J.; Edenharter, A.; Rosenfeldt, S.;
Breu, J. Layer Charge Robust Delamination of Organo-Clays. RSC
Adv. 2018, 8, 28797−28803.
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