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Abstract
The freezing behavior of water confined in compacted charged and uncharged clays
(montmorillonite in Na- and Ca-forms, illite in Na- and Ca-forms, kaolinite and pyrophyllite)
was investigated by neutron scattering. Firstly, the amount of frozen (immobile) water was
measured as a function of temperature at the IN16 backscattering spectrometer, Institute
Laue–Langevin (ILL). Water in uncharged, partly hydrophobic (kaolinite) and fully
hydrophobic (pyrophyllite) clays exhibited a similar freezing and melting behavior to that of
bulk water. In contrast, water in charged clays which are hydrophilic could be significantly
supercooled. To observe the water dynamics in these clays, further experiments were performed
using quasielastic neutron scattering. At temperatures of 250, 260 and 270 K the diffusive
motion of water could still be observed, but with a strong reduction in the water mobility as
compared with the values obtained above 273 K. The diffusion coefficients followed a
non-Arrhenius temperature dependence well described by the Vogel–Fulcher–Tammann and the
fractional power relations. The fits revealed that Na- and Ca-montmorillonite and Ca-illite have
similar Vogel–Fulcher–Tammann temperatures (TVFT, often referred to as the glass transition
temperature) of ∼120 K and similar temperatures at which the water undergoes the
‘strong–fragile’ transition, Ts ∼ 210 K. On the other hand, Na-illite had significantly larger
values of TVFT ∼ 180 K and Ts ∼ 240 K. Surprisingly, Ca-illite has a similar freezing behavior
of water to that of montmorillonites, even though it has a rather different structure. We attribute
this to the stronger hydration of Ca ions as compared with the Na ions occurring in the illite
clays.

1. Introduction

The freezing and melting behavior of water and the dynamics
of supercooled water in nanometer-sized pores have been a
matter of attention in the last years (Christenson 2001, Liu et al
2006).
6 Author to whom any correspondence should be addressed. Present address:
Mehrhaldenstrasse 8, CH-5415 Nussbaumen, Switzerland.

Narrow pores, as occur for instance in clays, change the
properties of pore water, such that the freezing partly occurs
only at temperatures well below 273 K. The behavior of water
in clays is of special interest, because clay rocks or compacted
clays are widely considered as isolating barriers for radioactive
waste disposal. Radionuclides can dissolve in water and escape
by diffusion through the clay pores; therefore, it is essential to
understand the specific water behavior.
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Clay minerals are nanoporous materials which offer a
perfect environment (hydrophobic or hydrophilic) for the study
of supercooled water. The presence of the clay surfaces and
cations (chemical effect) and finite size constraints (physical
effect) directly influence the water hydrogen bonding and
thus the water dynamics and crystallization. Clay minerals
belong to the phyllosilicates. They have a layered structure
composed of planar sheets of Si4+ tetrahedra (T) and Al3+ or
Mg2+ octahedra (O). Silicate clays are charged mainly due to
isomorphic substitution, that is, the substitution of one element
for another in the crystal sheets without change of the structure.
This charge is compensated by positive counterions located in
the interlayer spaces or near the external surfaces.

A large number of techniques have been employed
to elucidate the structural and dynamical properties of
supercooled water in confinement, e.g. x-ray and neutron
diffraction (Yamaguchi et al 2006, Bellissent-Funel et al 1993),
NMR (Mallamace et al 2006, Hwang et al 2007), and different
neutron scattering techniques (Benham et al 1989, Venturini
et al 2001). However, the microscopic mechanism of diffusion
in supercooled water and the freezing/melting behavior of
water near hydrophilic and hydrophobic surfaces (Bellissent-
Funel 2005) are still poorly understood. Only a few studies
(Bergman and Swenson 2000) exist at temperatures below
273 K about the water dynamics in swelling clays. These clays
provide a two-dimensional geometry of interest for the study
of water dynamics. Furthermore, there is no comparative study
in the literature about the freezing/melting and dynamics of
supercooled water in charged and uncharged clays.

Water confined in nanopores is unable to crystallize
and remains fluid even below its homogeneous nucleation
temperature TH = 235 K (Chen et al 2006). Supercooled
water becomes increasingly viscous towards its glass transition
temperature, Tg—the temperature at which the water turns into
an amorphous solid, generally believed to lie at about 135–
140 K (Angell 2002). Typically, in a fluid the viscosity (η) and
diffusion coefficients (D) in the supercooled region follow a
super-Arrhenius temperature dependence such as the Vogel–
Fulcher–Tammann (VFT) law (Vogel 1921, Fulcher 1925,
Tammann and Hesse 1926):

D = D0e(−BTVFT/(T −TVFT)), (1)

where T is the temperature and B and D0 are fitting constants.
Liquids that present an Arrhenius behavior are termed ‘strong’,
whereas liquids with a non-Arrhenius behavior are called
‘fragile’ (Angell 1988). According to another model, the
diffusion coefficient of bulk water at temperatures below 273 K
follows a fractional power law (FP) behavior (Bengtzelius et al
1984):

D = D0T 1/2

(
T

Ts
− 1

)γ

, (2)

where γ is a fitting parameter and Ts is the low temperature
limit, where D extrapolates to zero. It has been suggested
that at temperatures below Ts bulk water (Ts ∼ 228 K
(Price et al 1999)) follows again an Arrhenius behavior. Ts

is therefore the temperature at which the ‘fragile–strong’
transition occurs. Experimental studies showed that water

confined in hydrophobic pores has a lower Ts value than
when it is restrained in hydrophilic pores (Chu et al 2007).
Investigations of water dynamics in clays (Bergman and
Swenson 2000, Swenson et al 2001) revealed a non-Arrhenius
behavior in the region below 273 K with a TVFT ≈ 163 K for a
two-layer hydrated Na-vermiculite (swelling clay). Also, they
suggested a fragile–strong transition at a singular temperature
between Ts = 215–250 K.

Hysteresis of freezing and melting of water in confined
porous media is a well known but not fully understood effect. It
depends strongly on the pore size distribution, being significant
in large pores and vanishing in small pores (Morishige
and Kawano 1999). Moreover, hysteresis is related to the
connectivity of the pores (Mu et al 1996), and the kinetics
(temperature rate) of freezing and melting (Gleeson et al
1994). Freezing and melting hysteresis in cylindrical pores
was explained by Grosse et al (1997) with the phenomenon
of dynamic wetting of solids by liquids. An advancing wetting
front always has a larger contact angle than a receding one, thus
the freezing is lower than the melting temperature. As a result,
interconnected pores showed a larger hysteresis than small and
individual ones. The investigation of the hysteresis between
the freezing and melting of water in clays with significantly
different structure and chemistry could give more insight into
the behavior of water at the supercooled conditions.

The especially large incoherent scattering cross section
of hydrogen as compared to other elements makes neutron
scattering a powerful technique to study the water dynamics in
bulk or in restricted geometries such as nanoporous materials.
We investigated the freezing/melting of charged and uncharged
clays at the backscattering spectrometer IN16. The water
diffusion below 273 K could be measured for the charged clays
at the time of flight spectrometers FOCUS and TOFTOF, where
supercooled water occurred. We then compared these data with
values at temperatures > 273 K obtained in an earlier study
(González Sánchez et al 2008a). The aim was to investigate
the dynamics of water over a wide temperature range. The
outcome of this study contributes to characterize (i.e. porosity)
and get a better understanding of the fundamental transport
processes (i.e. dominant influence of clay surfaces or cations)
occurring in compacted clays.

2. Materials and method

Four different clays were investigated because of their different
behavior in contact with water, namely montmorillonite from
Milos (Decher 1997) and illite du Puy (Gabis 1958), both
conditioned to the homoionic Na- and Ca-forms, kaolinite
from Georgia (KGa-2 Van Olphen and Fripiat 1979), and
pyrophyllite from North Carolina (Ward Natural Science
46E4630). The charged clays (montmorillonite and illite),
with a TOT structure, have hydrophilic surfaces. In
montmorillonite, which can swell upon addition of water, the
water is located in between particles and in the interlayer
space. In illite, which has no swelling capacity because the
interlayer surfaces are tightly linked by potassium cations,
water is located in between particles only. The uncharged
clays were pyrophyllite (TOT structure) and kaolinite (TO
structure). Pyrophyllite has hydrophobic surfaces (Bridgeman
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Figure 1. Schematic representation of the structures of the clays used. The small horizontal lines denote the negative charges present in the
clay systems. Kaolinite has a very small permanent charge on the O layer, with a cation exchange capacity of 3.3 meq/100 g (Van Olphen and
Fripiat 1979).

Table 1. Characterization of the hydrated pellets, after González Sánchez et al (2008a, 2008b). These clay parameters correspond to the
water saturated samples.

Clays
Part. size
(μm) Porosity (%) d-spacing (Å)

Water
content (g/g)

Water
layers

No of water
molecules/cation

Na-mont. 0.50 32 14.79 0.16 ± 0.01 ≈2 8–9
Ca-mont. 1.10 30 15.35 0.15 ± 0.01 ≈2 16–18
Na-illite 0.32 28 9.92 0.14 ± 0.01 ≈9 30
Ca-illite 0.34 30 10.11 0.15 ± 0.01 ≈9 60
Kaolinite 1.30 26 7.16 0.13 ± 0.01 ≈20 —
Pyrophyllitea 1.30 30 9.2 0.15 ± 0.01 ≈60 —

a Pyrophyllite was only half saturated; a complete hydration was not possible due to its strong hydrophobic
character.

and Skipper 1997); kaolinite is partly hydrophobic (T surface)
and partly hydrophilic (O surface) (Tunega et al 2002). These
clays have no interlayer space, so, the water is located only in
between the particles (see figure 1).

An extensive characterization was performed by several
experimental techniques in order to describe accurately the
water–clay interaction at temperatures above 273 K (González
Sánchez et al 2008a, 2008b). The most relevant parameters are
shown in table 1. Compacted clays in a pellet form (5 × 1.5 ×
0.1 cm3 for montmorillonite and illite, and 5 × 1.5 × 0.2 cm3

for kaolinite and pyrophyllite), with a bulk dry density of
ρb = 1.85±0.05 g cm−3, were pressed from powders hydrated
with the desired amount of water to get full saturation at this
bulk density. After being measured, the samples were dried at
110 ◦C during 24 h in an evacuated furnace.

So-called fixed-window scans were performed at the
backscattering spectrometer IN16 (ILL) (Frick and Gonzalez
2001). In this mode the Doppler drive was stopped, therefore
the energy of the incident and scattered neutrons was the
same. The intensity of these elastically scattered neutrons was
measured as a function of temperature and it represents the
amount of immobile or frozen water in the clay samples. The
intensity of the dry samples was also measured at the same
temperature range as the wet samples. Based on the IN16
experiments, several temperatures were selected to perform
the study of the dynamics of water in charged clays (only
hydrophilic surfaces) by quasielastic neutron scattering. The
latter experiments were carried out at the chopper time-of-
flight instrument TOFTOF (FRM II) (Unruh et al 2007)
and at the hybrid time-of-flight spectrometer FOCUS (SINQ)

3
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Table 2. Instrumental settings of the three set-ups used: incident
wavelength, instrument resolution and Q range.

Instruments λi (Å) δE (μeV) Q range (Å
−1

)

IN16 6.27 1 0.02–1.90
TOTOF 10 13 0.22–1.12
FOCUS 5.75 45 0.26–1.65

(Janssen et al 1997). The details of the instrumental settings
are specified in table 2. The water saturated samples were kept
in a watertight rectangular aluminum sample holder, placed at
45◦ slab angle (transmission). Vanadium was used to calibrate
the detector efficiency and determine the energy resolution of
the instruments. The dry samples and the empty sample holder
were measured to account for the background. No quasielastic
signal was observed for these dry clays, which shows that all
diffusing water could be removed.

The obtained spectrum was dominated by the incoherent
dynamic structure factor of the hydrogens in the water,
Sinc(Q, ω). The translational motion of the supercooled water
molecules could be described by a single Lorentzian with a
half width at half maximum �t(Q). Additional data analysis
including the rotational component led essentially to the same
parameters for the translational diffusion. This is because
in the temperature range studied (below 273 K), and in the
energy range of interest for the translational diffusion, the
rotational motion of the water molecules can be treated as
a flat background. Therefore, assuming a three-dimensional,
random, and spatially isotropic motion, the line width was
fitted by the Singwi–Sjölander (Singwi and Sjolander 1960)
and Hall–Ross (Hall and Ross 1981) models. The Singwi–
Sjölander model assumes an exponential distribution of jump
lengths and leads to

�t(Q) = h̄ DSS Q2

1 + DSS Q2τt.SS
, (3)

whereas the Hall–Ross model is based on a Gaussian
distribution of jump lengths, which results in

�t(Q) = h̄

τt.HR

[
1 − exp

(−Q2 DHRτt.HR
)]

, (4)

where h̄ = 0.658 eV ps is the reduced Planck constant, D
the diffusion coefficient, and τt is the average residence time
between two consecutive jumps.

The three-dimensional model of a translational diffusion
described by a three-dimensional, random, and spatially
isotropic motion is realistic for the water diffusion in illite
clays. However, for montmorillonite it is valid only under
certain circumstances. Most of the water contained in
montmorillonite at this bulk density is located in the interlayer
space (Pusch 2001), which provides a two-dimensional
confinement. However, previous investigations of González
Sánchez et al (2008a) in the range between 300 and 368 K
revealed that for the current data the 3D model could be used
to describe the local motion of the interlayer water because the
instrument resolution is insufficient to capture the 2D diffusion.
This applies even more for the lower temperatures used in this
study.

Figure 2. Differences of the two diffraction peaks (intensity versus
2θ) of Ca-montmorillonite at T = 150 and 300 K measured at the
two-axis neutron diffractometer and reflectometer MORPHEUS. The
calculated d-spacing at 150 K was 15.12 Å and that at 300 K was
15.33 Å.

We checked the variation of the interlayer space
in montmorillonite produced by a temperature reduction
through the two-axis neutron diffractometer and reflectometer
MORPHEUS (http://kur.web.psi.ch/morpheus/) at the Paul
Scherrer Institute, PSI. Figure 2 shows the differences of the
two diffraction peaks of Ca-montmorillonite. The d-spacing
at 150 K was 15.12 Å and that at 300 K was 15.33 Å. This
variation (1.4%) is attributed to a change in the water density.
We used 250 K as the lowest temperature for the study of
the water dynamics; therefore a significantly smaller change is
expected. We can then conclude that the diffusion coefficients
calculated in Ca-montmorillonite at temperatures below 273 K
were not influenced by a change in the interlayer space. Similar
conclusions could be derived for Na-montmorillonite.

3. Results and discussion

3.1. Fixed-window scans

The intensity of the elastic scattering, which represents the
amount of immobile or frozen water in the clay systems, is
shown for uncharged clays in figure 3 and for charged clays in
figure 4 as a function of temperature. The intensity difference
between the wet and dry samples at each temperature should
be correlated to the amount of liquid water in the samples.
However, this difference was negative for T > 273 K (the
intensity measured for the dry samples was higher than for
the wet samples). The reason is that the neutron beam is
attenuated while going through the sample. The quasielastic
scattering originated from the diffusing water molecules acts
as absorption. As a result, the intensity of the elastic scattering
is reduced by the significant fraction of neutrons scattered
at temperatures where water is still liquid. This effect is
especially significant for the specific set-up of the instrument
(backscattering), because the beam goes twice through the
sample. Correction for this effect would be imprecise;
therefore the data obtained for the dry clays were not used
in the current analysis. Thus the curves shown in figures 3
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Figure 3. The elastic intensity for wet, uncharged clays and water
measured as a function of temperature and summed up for all Q
values. The heating and cooling rate for uncharged clays was
∼0.25 K min−1 and for water ∼0.5 K min−1.

and 4 correspond to the wet clays without any correction for
the intensities of the dry samples.

As the samples were cooled down the elastic intensities
showed an abrupt (uncharged clays) or gradual (charged clays)
increase until the slope became relatively flat at about 260–
265 K (uncharged clays) or 180–190 K (charged clays).
This increase in the elastic intensities indicates a decrease
in the quasielastic signal of liquid water until at sufficiently
low temperatures the quasielastic line falls entirely into the
energy window given by the instrument resolution. Below
this temperature the variation in the elastic signal is only due
to the Debye–Waller factor, which represents the number of
inelastically scattered neutrons caused by thermal vibrations.

The stronger hydrophobic character of pyrophyllite as
compared to kaolinite (also partly hydrophilic Tunega et al
2002) was observed in the freezing curves. The water in
pyrophyllite freezes homogeneously, as predicted for other
hydrophobic surfaces (Koga and Tanaka 2005), whereas in
kaolinite this process is smoother.

Geometrical restrictions and chemical interactions of
water in clays prevent water crystallization at temperature
< 273 K. In the uncharged clays, the chemical effects are
negligible. There, we conclude from the freezing curves
(figure 3) that the pores should be larger in pyrophyllite than
in kaolinite. This is in agreement with the estimated average
number of water layers between the clay surfaces shown in
table 1.

The freezing behavior of the charged clays is significantly
affected by both the chemical and the geometrical effects.
It is well established that aqueous solutions freeze at lower
temperature than bulk water depending on the concentration
of the solute. According to figure 4, Na- and Ca-
montmorillonite had a very similar freezing behavior, despite
the large differences of the hydration properties of Na and Ca
cations (Ohtaki and Radnai 1993). Therefore the geometrical
constraints of the interlayer spaces seemed to be dominant
here. The two forms of illite, however, presented significant

Figure 4. The elastic intensity for wet, charged clays measured as a
function of temperature and summed up for all Q values. For the
montmorillonites the cooling or heating branch is shown only,
because these clays did not exhibit any hysteresis. The rates were
∼0.25 K min−1 and 1 K min−1 for cooling and heating, respectively.

differences in the freezing curves. Na-illite had a noticeable
hysteresis and a certain similarity to the behavior of the
uncharged clays, whereas Ca-illite was very similar to the
montmorillonites. This similarity was rather unexpected and
is interpreted as being due to the different hydration properties
of the saturating cations in the illite samples. Both illites have
the same particle size, porosity, and number of water layers
between particles (see table 1) and produce stacks of the same
size (Poinssot et al 1999). In illite the cations are fully hydrated
and thus have a larger influence on the pore water than in
montmorillonite, where the confinement (interlayer) does not
allow a full hydration of cations.

Bulk water showed hysteresis, which could be caused by
the kinetics while cooling or heating (0.5 K min−1). The same
effect was also observed in the uncharged clays (0.25 K min−1

cooling and heating), where the confined water has a more
bulk-like behavior. In the case of charged clays, no hysteresis
was found except for Na-illite. The difference in hysteresis
in both illites proved that with surfaces and cations interacting
with the fluid, a purely geometrical description (Morishige and
Kawano 1999, Mu et al 1996) of the hysteresis cannot be valid.

The differences in the freezing behavior are in agreement
with the results and conclusions of previous QENS studies for
the same clays at temperatures above 273 K. González Sánchez
et al (2008a) found that the two forms of montmorillonite had
similar dynamical behavior, whereas Ca-illite showed a much
more reduced water motion than the Na-illite. However, Ca-
illite was not so similar to montmorillonite as in this study.

3.2. QENS dynamics

Quasielastic neutron scattering experiments were performed
for the charged clays at 250, 260 and 270 K. A plot showing
the quality of the fits is presented in figure 5. The diffusion
coefficients and residence times of the charged clays are shown
in table 3. For comparison purposes table 4 shows the same
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Figure 5. Quality of the fits of the intensity (arbitrary units) versus exchanged energy (meV) for Ca-illite at Q = 0.7 Å
−1

for T = 250 K
(left-hand side) and T = 270 K (right-hand side).

Table 3. Translational diffusion coefficients D (m2 s−1) and residence times τt (ps) for Na-montmorillonite (Na-m), Ca-montmorillonite
(Ca-m), Na-illite (Na-i) and Ca-illite (Ca-i) calculated at different temperatures by the Singwi–Sjölander (SS) and Hall–Ross (HR) jump
diffusion models. Ca-montmorillonite at T = 250 K was measured at FOCUS (λ = 5.75 Å), where the resolution was at the limit of the
detection of dynamical effects. Therefore, these particular results are less reliable and have a larger error.

Clay T (K) λi (Å) DSS (×10−10 m2 s−1) τt .SS (ps) DHR (×10−10 m2 s−1) τt .HR (ps)

Na-m 250 10 3.55 ± 0.14 32.61 ± 1.23 3.20 ± 0.13 44.00 ± 1.02
Na-m 260 5.75 5.14 ± 0.23 22.44 ± 1.44 4.30 ± 0.22 29.11 ± 0.88
Na-m 270 5.75 6.40 ± 0.24 17.24 ± 0.87 5.30 ± 0.26 22.38 ± 1.01
Ca-m 250 5.75 3.70 ± 1.0 32.30 ± 9.0 3.20 ± 1.0 41.18 ± 16.0
Ca-m 260 5.75 5.07 ± 0.20 20.72 ± 1.04 4.25 ± 0.31 27.18 ± 0.94
Ca-m 270 5.75 6.51 ± 0.27 17.06 ± 0.46 5.42 ± 0.28 22.21 ± 0.77
Na-i 250 10 3.11 ± 0.15 23.22 ± 1.34 3.00 ± 0.21 37.43 ± 1.36
Na-i 260 5.75 6.20 ± 0.27 12.27 ± 0.83 5.50 ± 0.19 16.84 ± 1.42
Na-i 270 5.75 8.24 ± 0.23 7.98 ± 0.76 7.73 ± 0.29 11.42 ± 0.49
Ca-i 250 10 3.32 ± 0.15 27.28 ± 1.35 3.16 ± 0.17 42.53 ± 1.84
Ca-i 260 5.75 5.48 ± 0.25 16.24 ± 0.87 4.65 ± 0.23 21.57 ± 1.64
Ca-i 270 5.75 7.80 ± 0.27 11.15 ± 0.61 6.70 ± 0.26 14.99 ± 0.65

parameters at similar temperatures for bulk water as found in
the literature.

The two jump diffusion models (Singwi–Sjölander and
Hall–Ross) described the data equally well (see figure 6).
The diffusion coefficients are always 10–20% larger for the
Singwi–Sjölander than for the Hall–Ross model. The opposite
behavior was found for the time between jumps τt, that is,
10–20% larger values for the Hall–Ross than for the Singwi–
Sjölander model.

The water dynamics in Na- and Ca-montmorillonite at
temperatures below 273 K was very similar, as was also the
case above 273 K (González Sánchez et al 2008a). At the
studied degree of compaction more than 95% of the water is
contained in the interlayers (Pusch 2001). Here, the effect
of the cations is hidden because of the spatial restrictions
(interlayers), which impede the full hydration of the cations.

The influence of the cations on the water dynamics was
well observed in the case of illite for T = 270 and 260 K
similarly as at temperatures above 273 K (González Sánchez
et al 2008a). Ca-illite had a lower D and a larger τt than

Table 4. Translational diffusion coefficients D (m2 s−1), residence
times τt (ps), activation energy Ea (kJ mol−1) at temperatures above
and below 273 K, glass Tg (K), and ‘fragile–strong’ transition
temperatures Ts (K) for bulk water.

T (K)
D a

(×10−10 m2 s−1) τt
a (ps)

253 4.19 22.7
263 7.01 6.47
268 8.48 4.66

Tg
b (K) =

135–140
Ts

c (K) =
228

Ea
d,e (>273 K) = 17 ± 1 kJ mol−1

Ea
c (250 K) = 30 kJ mol−1

a After Teixeira et al (1985).
b After Angell (2002).
c After Price et al (1999).
d After Wang (1951).
e After Low (1962).

the Na-form. At T = 250 K this difference disappeared
and both illite forms presented similar dynamics. The smaller
amount of unfrozen, mobile water in the Na-illite seemed to
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Table 5. Glass Tg (K) and ‘fragile–strong’ transition temperatures Ts (K), and activation energies Ea (kJ mol−1) for the two data sets obtained
by Singwi–Sjölander (SS) and Hall–Ross (HR) models. The clays were fitted at the temperature range of 250–368 K. The Ea data for the
values of 368–300 K were taken from the QENS study of González Sánchez et al (2008a). The abbreviations correspond to
Na-montmorillonite (Na-m), Ca-montmorillonite (Ca-m), Na-illite (Na-i), and Ca-illite (Ca-i).

Clay Tg(SS) (K) Tg(HR) (K) Ts,SS (K) Ts,HR (K)
Ea(SS)

T (300–368 K)
Ea(HR)

T (300–368 K)
Ea(SS)

T (250 K)
Ea(HR)

T (250 K)

Na-m 108 ± 22 76 ± 24 205 ± 15 195 ± 15 11.8 ± 1.0 11.8 ± 1.0 16.1 ± 1.0 14.6 ± 1.0
Ca-m 107 ± 11 75 ± 14 201 ± 7 188 ± 9 11.6 ± 1.2 11.8 ± 1.0 16.0 ± 0.5 14.4 ± 0.5
Na-i 188 ± 6 183 ± 5 238 ± 4 240 ± 4 12.5 ± 0.3 12.8 ± 0.3 35.7 ± 2.0 33.9 ± 1.0
Ca-i 134 ± 16 100 ± 19 200 ± 15 176 ± 28 14.8 ± 0.3 15.6 ± 0.3 23.4 ± 0.5 20.5 ± 0.5

Figure 6. The measured �t (meV) versus Q2 (Å
−2

) symbols and the
fits of the two models, Singwi–Sjölander (solid line) and Hall–Ross
(dashed line), at T = 260 K and λ = 5.75 Å for the charged clays.

reduce the water mobility to diffusion coefficients closer to the
Ca-illite.

The water motion in the supercooled region for all the
clays studied showed a remarkable reduction in the diffusion
coefficients as compared with bulk water and a large increase in
the residence times (table 4). The jump diffusion lengths (l =√

6Dτ ) were very similar for all the temperatures, including
the previous studied temperatures above 273 K (González
Sánchez et al 2008a), for the two types of montmorillonite
(2.7 Å) and Ca-illite (2.4 Å). Na-illite (2.2 Å) had ∼20% larger
l in the supercooled region than above 273 K. The reason for
this difference remains unclear.

3.3. Activation energies and glass transition temperatures

The temperature dependence of the diffusion coefficients
obtained in a previous study for temperatures above 273 K
(González Sánchez et al 2008a) showed an Arrhenius behavior;
however, the data of the supercooled region followed a super-
Arrhenius behavior. These data were extended to 250 K;
further down to this temperature a mixture of different fractions
of water and ice can be found within the clay pores (see
figure 4). Therefore the diffusion coefficients, which describe
an average of this inhomogeneous water–ice system, could
not be compared. The extended data set, down to 250 K,
could be equally well fitted over the whole temperature range

Figure 7. The temperature dependence of the diffusion coefficients
for the charged clays fitted by the VFT law for the data set obtained
by the Singwi–Sjölander model. The dashed line corresponds to the
fit of Ca-montmorillonite. The data for the values above 273 K were
taken from the QENS study of González Sánchez et al (2008a).

(250–368 K) by two different models: the Vogel–Fulcher–
Tammann (VFT) (equation (1)) and the fractional power (FP)
(equation (2)). However, we expect a divergence of the
two models near to the critical temperatures (TVFT and Ts),
as happens in bulk water (Price et al 1999). The obtained
parameters are presented in table 5, and figure 7 shows the VFT
fits.

Through the fit of the VFT model we obtained TVFT (also
referred to by some authors as the glass transition temperature).
with values very similar for Na- and Ca-montmorillonite and
Ca-illite (TVFT ≈ 120 K). However, Na-illite showed a larger
value, TVFT ≈ 180 K, which is in agreement with the freezing
curves, where Na-illite seemed to freeze at higher temperatures
than Na- and Ca-montmorillonite and Ca-illite.

Both montmorillonites and Ca-illite had a Ts ≈ 210 K
obtained through the FP fit. Na-illite had a value, Ts ≈ 240 K,
slightly higher than that of bulk water (see table 4). The results
are comparable with those obtained for a two-layer hydrated
Na-vermiculite, where TVFT = 163 K and Ts ≈ 215–250 K
(Swenson et al 2001).

By taking the derivative of equation (1), we could obtain
the activation energy (table 4) for the diffusive processes at the

7
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studied supercooled temperatures by the following expression:

Ea = BTVFT R

(1 − (TVFT/T ))2 , (5)

with R = 8.314 J K−1 mol−1 the molar gas constant, and
B a fitting parameter, as obtained for the VFT fit. The
activation energy values followed the increasing order Na-
montmorillonite ≈ Ca-montmorillonite < Ca-illite < water <

Na-illite (tables 4 and 5). The values obtained at temperatures
in the supercooled regime were significantly larger than the
activation energies obtained at temperatures above 273 K
(González Sánchez et al 2008a). The clays Na- and Ca-
montmorillonite and Ca-illite had lower activation energies
than that of bulk water above and below 273 K; however, Na-
illite had lower activation energy above 273 K and slightly
higher below this temperature.

As the temperature range went no further down than 250 K
to the region where typically TVFT and Ts occur, the values
obtained for these two parameters as well as for the activation
energies (below 273 K) remain uncertain. However, these
data are consistent with the observations of the freezing curves
(figure 4).

4. Conclusions and discussion

The fixed-window scans showed that water in uncharged clays
freezes significantly differently from the water in charged
clays. Charged clays showed a smooth and gradual freezing
of water, whereas uncharged clays had a more bulk-water-
like freezing behavior. Hysteresis effects were present in
kaolinite, pyrophyllite and Na-illite but not in Na- or Ca-
montmorillonite or Ca-illite. The data showed that geometrical
and chemical effects have to be taken into account, and their
significance depends on the particular clay structure. The
dynamics of water in charged clays in the supercooled regime
showed a strong reduction of D and a large increase of τt as
compared with bulk water. For Na- and Ca-montmorillonite
and Ca-illite the jump length remained the same as the values
found for temperatures above 273 K (González Sánchez et al
2008a). The clays studied in the supercooled regime could be
equally well described by the super-Arrhenius Vogel–Fulcher–
Tammann (VFT) and fractional power (FP) relations at the
studied temperature range (250–368 K). Within the charged
clays Na- and Ca-montmorillonite and Ca-illite showed strong
similarities in the freezing behavior and dynamics of water.
This group showed similar values for TVFT and Ts, in contrast to
Na-illite, which had a behavior closer to that of bulk water. The
similarities of these three clays (Na- and Ca-montmorillonite
and Ca-illite) contrasted with the large structural differences
of montmorillonite as compared to illite. Montmorillonite has
a significantly number amount of cations and notably smaller
average pore size than the Ca-illite. It seems that for the
montmorillonites the reactive surfaces dominate the freezing
behavior, whereas for the Ca-illite at the given density the
chemical effects of the dissolved cation are also responsible
for the observed freezing depression.
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Puy-en-Velay (Haute-Loire) Bull. Soc. Franç. Minéral.
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González Sánchez F, Van Loon L, Gimmi T, Jakob A and
Glaus M 2008b Self diffusion of water and its dependence on
temperature and ionic strength in highly compacted
montmorillonite, illite and kaolinite Appl. Geochem. at press

Grosse K, Ratke L and Feuerbacher B 1997 Solidification and
melting of succinonitrile within the porous network of an
aerogel Phys. Rev. B 55 2894–902

Hall P L and Ross D K 1981 Incoherent neutron-scattering functions
for random jump diffusion in bounded and infinite media Mol.
Phys. 42 673–82

8

http://dx.doi.org/10.1016/0022-3697(88)90002-9
http://dx.doi.org/10.1021/cr000689q
http://dx.doi.org/10.1063/1.465031
http://dx.doi.org/10.1016/j.crte.2004.10.011
http://dx.doi.org/10.1088/0022-3719/17/33/005
http://dx.doi.org/10.1103/PhysRevB.39.633
http://dx.doi.org/10.1038/35002027
http://dx.doi.org/10.1088/0953-8984/9/20/007
http://dx.doi.org/10.1073/pnas.0603253103
http://dx.doi.org/10.1088/0953-8984/13/11/201
http://dx.doi.org/10.1103/PhysRevE.76.021505
http://dx.doi.org/10.1016/S0921-4526(01)00492-6
http://dx.doi.org/10.1111/j.1151-2916.1925.tb16731.x
http://dx.doi.org/10.1103/PhysRevB.55.2894
http://dx.doi.org/10.1080/00268978100100521


J. Phys.: Condens. Matter 20 (2008) 415102 F González Sánchez et al
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