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The water diffusion in four different, highly compacted clays �montmorillonite in the Na- and
Ca-forms, illite in the Na- and Ca-forms, kaolinite, and pyrophyllite �bulk dry density �b

=1.85�0.05 g /cm3�� was studied at the atomic level by means of quasielastic neutron scattering.
The experiments were performed on two time-of-flight spectrometers and at three different energy
resolutions �FOCUS at SINQ, PSI �3.65 and 5.75 Å�, and TOFTOF at FRM II �10 Å�� for reliable
data analysis and at temperatures between 27 and 95 °C. Two different jump diffusion models were
used to describe the translational motion. Both models describe the data equally well and give the
following ranking of diffusion coefficients: Na-montmorillonite�Ca-montmorillonite�Ca-illite
�Na-illite�water�pyrophyllite�kaolinite. Uncharged clays had slightly larger diffusion
coefficients than that of bulk water due to their hydrophobic surfaces. The time between jumps, �t,
follows the sequence: Ca-montmorillonite�Na-montmorillonite�Ca-illite�Na-illite�kaolinite
�pyrophyllite�water, in both jump diffusion models. For clays with a permanent layer charge
�montmorillonite and illite� a reduction in the water content by a factor of 2 resulted in a decrease
in the self-diffusion coefficients and an increase in the time between jumps as compared to the full
saturation. The uncharged clay kaolinite exhibited no change in the water mobility between the two
hydration states. The rotational relaxation time of water was affected by the charged clay surfaces,
especially in the case of montmorillonite; the uncharged clays presented a waterlike behavior. The
activation energies for translational diffusion were calculated from the Arrhenius law, which
adequately describes the systems in the studied temperature range. Na- and Ca-montmorillonite
��11–12 kJ /mol�, Na-illite ��13 kJ /mol�, kaolinite and pyrophyllite ��14 kJ /mol�, and Ca-illite
��15 kJ /mol� all had lower activation energies than bulk water ��17 kJ /mol in this study�. This
may originate from the reduced number and strength of the H-bonds between water and the clay
surfaces, or ions, as compared to those in bulk water. Our comparative study suggests that the
compensating cations in swelling clays have only a minor effect on the water diffusion rates at these
high densities, whereas these cations influence the water motion in non-swelling clays. © 2008
American Institute of Physics. �DOI: 10.1063/1.3000638�

I. INTRODUCTION

The behavior of water in confinement has been exten-
sively studied in different environments such as biological
cells, at the surface of proteins and membranes, and in
clays.1,2 Argillaceous rocks and compacted clays are being
considered worldwide as barriers for the deep geological dis-
posal of radioactive waste. The study of the dynamics of
water confined in clay minerals is important for the under-
standing of the properties of water within and the transport
mechanisms of dissolved components through clays, and
thus of the fate of radioactive contaminants.

Clay minerals are aluminum phyllosilicates with a lay-
ered structure. They are composed of tetrahedral �T: silicon
tetrahedra� and octahedral �O: aluminum octahedra� sheets.
Two or three such sheets form a TO or TOT layer. Several

sequences of these layers are combined to form larger units
called stacks, which again can cluster into particles or aggre-
gates. Substitution of one cation for another without change
in the structure �isomorphic substitution�, either in the tetra-
hedral or octahedral layer, can result in a net negative charge.
These charges are compensated by interlayer cations and cat-
ions on or near the external surfaces. The state of water in
clays depends on the type of clay �charged or uncharged� and
the degree of compaction and hydration. The clays used in
this article for the study of the dynamics of water at the
microscopic scale were selected because of their different
structures and way of hydrating. The charged clays montmo-
rillonite �swelling� and illite �non-swelling� have a TOT
structure and were saturated with Na and Ca cations. In
montmorillonite, water is located in between particles and in
the interlayer space. In illite, however, water is located only
in between particles because the interlayer surfaces are
tightly linked by potassium cations. The uncharged claysa�Electronic mail: fatima_oti@yahoo.com.
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�non-swelling� studied were pyrophyllite �TOT structure�
and kaolinite �TO structure�. They have no interlayers be-
cause their primary sheets are not �pyrophyllite� or only very
weakly �kaolinite� charged. Therefore, only the external sur-
faces are hydrated �see Fig. 1�.

The particular layered configuration of smectites �swell-
ing clay type� makes them very attractive for the study of the
structure and dynamics of water in confinement. The dynam-
ics of water in smectites was extensively studied at the mi-
croscopic scale by means of molecular modeling,3,4 as well
as by various experimental techniques covering a broad
range of time scales, such as neutron scattering �from a few
picoseconds5 to a few nanoseconds6� and nuclear magnetic
resonance studies7 �a few microseconds�. Most experiments
on swelling clays were performed with clay pastes or pow-
ders, and in fact, NMR investigations are in general only
possible at rather low bulk dry densities.8 Little is known, in
contrast, about compacted clays, which are favored artificial
sealing materials for radioactive waste. A high compaction of
the clays reduces the interparticle pore size9 and therefore
may affect the water-clay interaction. Some of the early
quasielastic neutron scattering �QENS� work10,11 as well as
more recent work12,13 focused on mono- and bihydrated �i.e.,
containing on the average one or two layers of water between
surfaces� swelling clays. The results are, however, not com-
pletely conclusive, as outlined by Malikova
et al.,12 which is possibly also connected to the different
resolutions achieved. Some of the early QENS work as well
as more recent work focused on mono- and bihydrated �i.e.,
containing on the average one or two layers of water between
surfaces� swelling clays. The results connected to the differ-
ent resolutions that were achieved as well. Also, the cations
within the clays play an important role in clay swelling as
well as in the motion of water depending on their hydration
properties14 and their location within the clay structure.15

Malikova et al.16 performed a complete theoretical �molecu-
lar modeling� and experimental study �neutron time of flight

and spin echo� on the dynamics of water in Cs- and Na-
montmorillonite at different hydrations. These three different
techniques reached similar values for the water diffusion in a
two-layer hydrated Na-montmorillonite at a room tempera-
ture of D= �5–10��10−10 m2 /s. Slightly larger values of D
between 11.3 and 12.4�10−10 m2 /s were found in an earlier
study for Ca-montmorillonite at the same hydration �two
layer� with neutron time-of-flight techniques.11 In these clays
water mobility is reduced with decreasing hydration, as
shown experimentally and by molecular modeling,16 while
the residence time, jump length, and rotational relaxation
times of the water molecules increase.17

The main novelty of this article is the study of non-
swelling clays such as illite, kaolinite, or pyrophyllite. These
clays have received less attention regarding water dynamics.
According to our knowledge, there is no neutron scattering
study on the dynamics of water in such clays nor a compara-
tive study in highly compacted charged and uncharged clays
with different cation saturations. Pyrophyllite and kaolinite
have a more hydrophobic character,18,19 in contrast to mont-
morillonite or illite. In molecular modeling studies, hydro-
phobic surfaces were found to increase water diffusion coef-
ficients as compared to that of bulk water.20–22 On the other
hand, molecular dynamics simulations23 of the water motion
in kaolinite at room temperature showed diffusion coeffi-
cients at the kaolinite interface of D=9.6�10−11 m2 /s. This
value corresponds to the average of the T and O sides, where
the tetrahedral side is hydrophobic whereas the octahedral
side is hydrophilic.24,25 At present, we are not aware of any
experimental study that confirms one or the other modeling
result in clay samples.

Temperature is an important factor for the performance
assessment of radioactive waste repositories. The retention
properties of the clays have to persist over a certain range of
elevated temperatures due to the heat produced by the decay
of radionuclides. Temperature also affects significantly the
diffusion of water or solutes. From the temperature depen-
dence of diffusion, the activation energy for diffusion can be
derived and vice versa. This dependency usually follows the
empirical Arrhenius equation

D = Ae−Ea/RT, �1�

where D is the diffusion coefficient, A is the pre-exponential
factor, R=8.314 J /K mol is the molar gas constant, and Ea is
the activation energy. The translational residence time also
follows the Arrhenius equation.

In charged clays we expect that the compensating cat-
ions and the clay surfaces influence the activation energy as
compared with bulk water. Ions can be divided into two
groups: kosmotropes �order makers: Mg2+, Ca2+, Li+, Na+,
H+� and chaotropes �disorder makers: K+, Rb+, Cs+, Br−,
I−�.26 The members of the first group exhibit stronger inter-
actions with water molecules than water with itself, which in
aqueous solutions results in a slow down of the water
diffusion27 and in an increase in the water Ea.26 Experimental
and theoretical studies11,28 about the effect of temperature on
the dynamics of water in smectites showed activation ener-
gies close to or lower than that of bulk water ��18 kJ /mol�,
in contrast to the effect created by cations in solution.

FIG. 1. Schematic representation of the structures of the clays used. The
small horizontal lines represent the negative charges of the clay structure.
Kaolinite has a very small permanent charge with a CEC of 3.3
milliequivalents/100 g �after Ref. 31�.

174706-2 González Sánchez et al. J. Chem. Phys. 129, 174706 �2008�
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In this article, we present the properties of the diffusion
of water at a microscopic scale obtained with QENS for
charged and uncharged clays. These clays were compacted to
a high dry density of �b=1.85�0.05 g /cm3 and investigated
at temperatures between 27 and 95 °C to derive activation
energies. For some clays the hydration was further reduced
to test whether the water mobility can be related or not to the
fraction of the different water types.

II. MATERIALS

The clays used in this study were montmorillonite from
Milos,29 illite from du Puy,30 kaolinite from Georgia �KGa-2
�Ref. 31��, and pyrophyllite from North Carolina �Ward
Natural Science 46E4630�. For the neutron scattering mea-
surements, pellets �5�1.5�0.1 cm3� with a bulk dry density
of �b=1.85�0.05 g /cm3 were pressed from the powder hy-
drated with the desired amount of water and encapsulated in
a tight aluminum sample holder. Half-hydrated �h.h� samples
were obtained from the fully-hydrated �f.h� ones by letting
them dry at room temperature. They were encapsulated again
and measured one or two days later only to obtain hydration
equilibrium. Once the samples were measured in a f.h or h.h
state they were dehydrated at 110 °C for 24 h and measured
again in the neutron spectrometer.

Several techniques were used to characterize the clay
powders and pellets as described in detail by González
Sánchez et al.32 The different characteristics of the f.h and
h.h clay pellets are presented in Table I. The average number
of water molecules per cation �for the charged clays� were
calculated from the cation exchange capacity �CEC� and the
gravimetric water content of the clays. For montmorillonite
the CEC used was 99 milliequivalents/100 g,33 and for illite,
it was 26.6 milliequiavalents/100 g.31 The last column in
Table I shows the average number of water layers between
two clay surfaces calculated as given by González Sánchez
et al.32 for Na- and Ca-montmorillonite, Na- and Ca-illite,
and kaolinite. Pyrophyllite �with 30% porosity� was calcu-
lated in the same way using an SBET �external surface area�
of 6.93 m2 /g, considering SBET�SEGME �total surface area�
as stated by Scheidegger et al.34 For montmorillonite in the
f.h form we have an average of about two layers of water
between the surfaces, in the h.h about a single layer, and in
the quarter-hydrated �q.h� statistically half a water layer �see
Table I�. These numbers agree well with x-ray diffraction
measurements because of the stepwise change in the d

spacing.35 Similar samples at similar densities have approxi-
mately 100% of the total water in the interlayers36 which can
be assumed also in our case.

The particle alignment of the compacted pellets was
probed by x-ray and neutron texture goniometry37 experi-
ments. The pellets were found to be mainly randomly ori-
ented.

III. METHODS

QENS experiments were carried out at SINQ, Paul
Scherrer Institut in Villigen, Switzerland, on the hybrid time-
of-flight spectrometer FOCUS �Ref. 38�, and at the FRM II
in Garching, Germany, on the chopper time-of-flight instru-
ment TOFTOF.39 Three wavelengths were selected to better
determine the parameters of the translational and rotational
motions. The experimental settings for the three incident
wavelengths �	i� are summarized in Table II. The sample
was encapsulated in a watertight rectangular aluminum
sample holder and placed at a 45° slab angle �transmission�
into the beam. The measurements were performed at tem-
peratures ranging from 27 to 95 °C. Vanadium was used for
detector efficiency calibration and to determine the energy
resolution of the instruments. No broadening of the elastic
line was found for the dry samples; the obtained line shapes
were identical to the resolution function. The spectra of the
dry samples and the empty sample holder were used to ac-
count for the background. Bulk water was measured as a
reference at the FOCUS spectrometer at 5.75 Å.

QENS in clay-water systems is dominated by the inco-
herent cross section of the hydrogen. The hydrogen dynam-
ics is assumed to represent the dynamics of the water mol-
ecules in these systems. The data as a function of Q
�momentum transfer� and 
� �energy transfer� were fitted by
the following expression:

I�Q,�� = �A�Q� · ��E� + B�Q� · S�Q,���

� G�Q,�� + C�Q� , �2�

with A�Q� ·��E� a contribution of the elastic scattering origi-

TABLE I. Characterization of clay pellets that are full-, half- and quarter-hydrated �f.h, h.h and q.h respectively�. The gravimetric water content is expressed
as grams of water per grams of dry clay.

d spacing �Å� No. of water molecules/cation Water �g/g� Water layers

Na-montmorillonite f.h/h.h/q.h 14.79 /11.35 /11.06 8–9 /4–5 /2–3 �0.16 /0.80 /0.040��0.001 �2 /1 /0.5
Ca-montmorillonite f.h./h.h 15.82 /15.17 16–18 /8–9 �0.15 /0.075��0.001 �2 /1
Na-illite f.h./h.h 9.92 /9.90 30 /15 �0.14 /0.070��0.001 �9 /4
Ca-illite f.h./h.h 10.11 /10.11 60 /30 �0.15 /0.075��0.001 �9 /4
Kaolinite f.h./h.h 7.16 /7.16 ¯ �0.13 /0.065��0.001 �20 /10
Pyrophyllitea h.h 9.2 ¯ �0.075��0.001 �60

aPyrophyllite was only h.h: a full saturation was not possible due to its strong hydrophobic character.

TABLE II. Experimental settings for the three wavelengths used.

Instrument 	i �Å� �E �eV� Q range �Å−1� Measured T �°C�

FOCUS 3.65 250 0.36–2.65 27
FOCUS 5.75 45 0.26–1.65 27,35,45,60,70,95
TOFTOF 10 13 0.22–1.12 27,45,95

174706-3 Diffusion of water in charged and uncharged clays J. Chem. Phys. 129, 174706 �2008�

 Reuse of AIP Publishing content is subject to the terms: https://publishing.aip.org/authors/rights-and-permissions. Downloaded to  IP:  130.92.9.55 On: Mon, 15 Aug 2016

10:58:07



nating from the dry clay, S�Q ,�� a model quasielastic scat-
tering function of water, B�Q� the intensity of the diffusing
water, G�Q ,�� the Gaussian-like spectrometer resolution
function, and C�Q� a constant background. Using the ap-
proximation that the rotational and translational motions of
the water are independent, the scattering function S�Q ,��
can be written by the convolution of the rotational and trans-
lational components in the following manner:

S�Q,�� � Sinc�Q,�� � Strans�Q,�� � Srot�Q,�� . �3�

This approximation has been found to be valid for bulk water
in the low Q range,40 which is the range used to obtain the
translational diffusion coefficients.

In clays, water may be present in interlayers, on external
layers, and as free pore water, with varying ratios depending
on the type of clay. Accordingly, the motion of the water
molecules observed by QENS must be regarded as an aver-
age of the different water types, weighted by their corre-
sponding fractions. We assumed that, at the given time reso-
lutions, the translational diffusion can be described by a three
dimensional �3D�, random, and spatially isotropic motion. In
this model the incoherent scattering can be described by a
Lorentzian function:41

Strans�Q,�� =
1

�

�t�Q�
�2 + �t

2�Q�
, �4�

where �t�Q� is the half width at half maximum of the Lorent-
zian curve and depends on the parameters of the diffusive
motion. At low momentum transfers, �t�Q� can be approxi-
mated by the continuous diffusion model �Fick’s law�, where
�t�Q�=
DQ2: 
=0.658 meV·ps is the reduced Planck con-
stant and D the diffusion coefficient. At large momentum
transfers Fick’s law is no longer applicable because the dif-
fusion process at atomistic scales becomes important. This
behavior is described by the widely used jump diffusion
models, in which the atom or molecule spends a considerable
time ��t� at a quasiequilibrium position before it rapidly
jumps to the next quasiequilibrium position.42 The data
�t�Q� shown here were fitted by the Singwi–Sjolander43 and
the Hall–Ross42 model. Both models have been successfully
used to describe water dynamics in clay minerals17,44 but
may lead to slightly different parameters. Thus, the assump-
tion of a specific model can result in a systematic error. We
applied the two different models to have an estimate of this
error. The difference between them is that they rely on two
different distribution functions for the jump lengths but both
converge to the Fickian limit for low Q. The Singwi–
Sjölander model is based on an exponential distribution of
jump lengths and leads to

�t�Q� =

DSSQ2

1 + DSSQ2�t,SS
. �5�

The Hall–Ross model assumes a Gaussian distribution of
jump lengths, which results in

�t�Q� =



�t,HR
�1 − exp�− Q2DHR�t,HR�� . �6�

The mean jump length for the two models is defined by

l = 	6D�t. �7�

The rotation of the water molecules is assumed to be con-
tinuous and isotropic and can be expressed by the well
known Sears expansion:45

Srot�Q,�� = j0
2�Qa���E� +

1

�


n=1

3

�2n + 1�

�jn
2�Qa�

n�n + 1��
/6�r�
�2 + �n�n + 1��
/6�r��2 . �8�

The term ��E� is the Dirac delta function, jn are the spherical
Bessel functions, a=0.98 Å is the O–H distance of the water
molecule, and �r is the rotational relaxation time. In our mea-
surement Q was limited to a maximum of 2.65 Å−1; there-
fore the terms for n�3 in Eq. �8� could be neglected. Equa-
tions �2�–�8� were fitted to the measured S�Q ,�� to obtain
the translational diffusion coefficients, residence times, and
rotational relaxation times for water at different temperatures
and different hydration states of the samples.

The assumption of a translational diffusion described by
a locally 3D, random, and spatially isotropic motion is real-
istic for clays such as illite �Na- and Ca-�, kaolinite, and
pyrophyllite with a large average number of water layers in
their structure �see Table I�. However, for Na- and Ca-
montmorillonite it might not be entirely correct. The mont-
morillonite clay with two water layers has almost all the
water molecules in the interlayer space which can be consid-
ered as a two dimensional �2D� confinement. Thus the spec-
tra of montmorillonite samples were analyzed additionally
with a 2D dynamical model for randomly oriented
particles,41,46 which is discussed in Sec. IV D.

IV. RESULTS AND DISCUSSION

The quality of the fits is shown in Fig. 2 for kaolinite at
the three different wavelengths. The values calculated for the
three wavelengths were in good agreement for all clays and
at all the different hydrations and temperatures. Accordingly,
we treated the data �t�Q� obtained at the different wave-
lengths as a single set to estimate D and �t. An example of
�t�Q� for different 	i is shown in Fig. 3 for f.h Na-illite and
h.h Ca-illite. In contrast, the choice of the jump diffusion
model had a significant influence on the estimated param-
eters. The diffusion coefficients were always 10–20% larger
for the Singwi–Sjölander than for the Hall–Ross model �see
Table III�, the time between jumps 10%–20% smaller for all
the data analyzed �see Table IV�. Because the fits were
equally good for both models, we cannot decide which
model characterizes the data better �see the quality of the fits
in Fig. 4�. The systematic error introduced by the model can
be observed by comparing both results. It may be possible
that a different jump length distribution applies for charged
clays at high bulk densities �low water contents� as compared
to bulk water. Accordingly, for charged clays average values
may be used and the systematic uncertainty should be con-
sidered for relative comparisons, not just for absolute values.

At low values of Q �where D is obtained� the quasielas-
tic scattering is mainly caused by translational displacement

174706-4 González Sánchez et al. J. Chem. Phys. 129, 174706 �2008�
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motions and the rotational contribution is almost negligible.
However, at high Q values �where �t is obtained�, both rota-
tion and translation contribute significantly to the quasielas-
tic scattering. Thus the obtained �t is generally considered to
be less reliable than the D values.

A. Translational diffusion parameters for fully hydrated
samples at 300 K

The data obtained �see Table III� for bulk water are in
good agreement with other neutron scattering data11,47 as
well as other measurements.48 In summary, the diffusion co-
efficients obtained for the charged clays were strongly re-
duced, whereas those for the uncharged kaolinite were iden-
tical or slightly higher compared to those for bulk water �see
Table III�. The diffusion coefficients at 300 K �as generally
all temperatures� followed the following increasing order:
Na-montmorillonite�Ca-montmorillonite�Ca-illite�Na-
illite�water�kaolinite. The residence time �see Table IV�
and mean jump length followed just the opposite order, the
values of kaolinite in this case being larger than those of bulk
water. Within the context of the jump diffusion model, the
slower diffusion as compared to that of the bulk water is
mainly caused by the longer residence time, which is only
partly compensated by the larger jump length. The jump
lengths can be directly extracted from Tables III and IV. For
comparative reasons, the approximate values between the
two models are given here: water �1.5 Å, Na-
montmorillonite �f.h�� Ca-montmorillonite �f.h��2.9 Å,
Na-illite �f.h��1.7 Å, Ca-illite �f.h��2.2 Å,
kaolinite �f.h��2.0 Å, and pyrophyllite �h.h��1.6 Å.

For montmorillonite the diffusion coefficients are ap-
proximately half of the ones in bulk water, the residence time
eight times larger, and the jump lengths about two times
larger. The type of cation has only a slight effect on the water
motion in montmorillonite, whereas in illite it strongly af-

fects the diffusion parameters. Na+ and Ca2+ behave very
differently when hydrated.14 Ca2+ has a much higher hydra-
tion energy �−1660 kJ /mol� than Na �−440 kJ /mol� and is
also more electronegative; therefore the water molecules are
much more strongly bound to Ca2+ than to Na+. Ca-illite had
30% smaller D than the Na-form. Due to the compensating
cations, the water dynamics in this type of clay can be com-
pared with that in aqueous solutions of 4M NaCl �D
= �1.85�0.1��10−9 m2 /s �Ref. 49�� and 2M CaCl2 �D
= �1.40�0.05��10−9 m2 /s �Ref. 50��, respectively, where
CaCl2 at half concentration than NaCl �as it happens in the
clay structure� reduces stronger the water dynamics. A simi-
lar difference in diffusion of water, depending on the saturat-
ing cation, was observed in our illite samples. We are not
aware of any other measurement of the local water diffusion
coefficients in illites.

FIG. 3. The translational diffusion broadening �t �meV� vs Q2 �Å−2� for the
three incident wavelengths �	i=3.65, 5.75, and 10 Å� for f.h Na-illite and
h.h Ca-illite.

FIG. 2. Typical fits of the QENS spec-
tra. Intensity �arbitrary units� vs en-
ergy exchange �meV� for kaolinite at
Q�1 Å−1 and T=27 °C.
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However, in montmorillonite the forces exerted by sur-
faces and interfaces on water molecules may hinder the full
hydration of the cations, and possibly the direct influence of
the surfaces masks the cation effect. Previous studies20,51

confirmed that the range of influence of the clay surfaces
extends to about the first two water layers. Hence all water in
our montmorillonite samples was strongly affected by the
surfaces.

Our results for the bihydrated Na- and Ca-
montmorillonite at room temperature are consistent with
other QENS measurements of clay powders.11,16 Thus, it
seems that just the hydration state but not the sample form
�pellets or powder� dominates the local diffusion properties.
This is possibly true only for clays with interlayer hydration
�smectites�.

For kaolinite the diffusion coefficients at 300 K are
slightly larger than those measured for bulk water �see Table
III�. This seems to support those results of molecular model-
ing studies that reported larger diffusion coefficients on ka-
olinite surfaces because of the partial hydrophobicity.20–23

However, in view of the small differences in diffusion coef-
ficients and possible additional uncertainties that arise from
the choice of the models for the analysis of the QENS data,
the present data set does not allow to make a definite con-
clusion. Furthermore, considering the fact that our data rep-
resent an average over the about 20 water layers between the

kaolinite surfaces, with both hydrophilic and hydrophobic
surfaces present, the hydrophobic surfaces must either affect
the first few water layers very strongly or otherwise have a
very long range of influence.

B. Translational diffusion parameters for half-hydrated
samples at 300 K

The results for the partially hydrated samples are pre-
sented in Tables III and IV. The dehydration produced a
significant effect in the diffusion parameters of the charged
clays �lower diffusion coefficients� but no variation in the
case of kaolinite.

Kaolinite at the reduced water content has similar diffu-
sion parameters as in the f.h state, with a diffusion coefficient
still only slightly larger than that of bulk water. This contra-
dicts the interpretation that hydrophobic surfaces that affect
strongly the first few water layers only are responsible for the
increase in the observed D; in this case, an increased effect at
the lower water content would have been expected. The find-
ings may be interpreted in two other ways. One is that the
hydrophobic surfaces indeed lead to the larger D but they
affect many and not just the first few water layers. Then, a
reduction in the water content �from 20 to 10 layers between
surfaces� would not increase the effect. Alternatively, kaolin-
ite at the reduced water content may still have mostly free

TABLE III. Values for the diffusion coefficient D �m2 /s� for bulk water and f.h, h.h, and q.h clays. obtained by
the two jump diffusion models �SS: Singwi–Sjölander and HR: Hall–Ross�. The abbreviations correspond to
Na-montmorillonite �Na-m�, Ca-montmorillonite �Ca-m�, Na-illite �Na-i�, Ca-illite �Ca-i�, kaolinite �Kao�, and
pyrophyllite �Pyro�.

D �10−9 m2 /s�

27 °C 35 °C 45 °C

SS HR SS HR SS HR

Water 2.37�0.08 2.30�0.10 �2.84�0.26�a �2.75�0.26�a 3.73�0.20 3.58�0.12
Na-m �f.h� 1.21�0.12 0.98�0.05 1.30�0.11 1.08�0.06 1.45�0.10 1.20�0.10
Ca-m �f.h� 1.22�0.08 0.95�0.06 1.33�0.12 1.10�0.12 1.48�0.10 1.22�0.07
Na-i �f.h� 2.15�0.12 1.97�0.10 2.42�0.08 2.27�0.10 2.85�0.11 2.76�0.09
Ca-i �f.h� 1.55�0.10 1.38�0.08 1.90�0.11 1.70�0.08 2.38�0.12 2.15�0.11
Kao �f.h� 2.90�0.16 2.50�0.15 ¯ ¯ 3.76�0.24 3.85�0.18
Pyro �h.h� 2.70�0.10 2.57�0.10 ¯ ¯ 3.83�0.12 3.66�0.16
Na-m �h.h� 0.53�0.09 0.47�0.03 ¯ ¯ 0.78�0.07 0.70�0.05
Na-m �q.h� 0.48�0.04 0.46�0.03 ¯ ¯ ¯ ¯

Ca-m �h.h� 0.46�0.03 0.41�0.03 ¯ ¯ ¯ ¯

Na-i �h.h� 1.78�0.10 1.62�0.10 ¯ ¯ ¯ ¯

Ca-i �h.h� 1.18�0.07 1.08�0.06 ¯ ¯ 1.61�0.12 1.56�0.10
Kao �h.h� 2.81�0.19 2.50�0.12 ¯ ¯ ¯ ¯

D �10−9 m2 /s�

60 °C 70 °C 95 °C

SS HR SS HR SS HR

Water �4.67�0.35�a �4.48�0.35�a 5.87�0.26 5.60�0.12 8.40�0.40 8.00�0.16
Na-m �f.h� 1.86�0.12 1.55�0.06 2.22�0.08 1.81�0.10 2.62�0.20 2.31�0.11
Ca-m �f.h� 1.90�0.14 1.56�0.08 2.09�0.10 1.73�0.10 2.42�0.08 2.23�0.12
Na-i �f.h� 3.60�0.12 3.36�0.08 4.21�0.18 3.92�0.16 5.39�0.25 5.19�0.20
Ca-i �f.h� 2.91�0.16 2.56�0.12 3.38�0.16 3.00�0.12 4.95�0.18 4.44�0.17
Kao �f.h� ¯ ¯ 6.12�0.24 5.55�0.22 7.80�0.52 7.21�0.43
Pyro �h.h� ¯ ¯ 5.64�0.20 5.36�0.23 7.89�0.80 7.60�0.33
Ca-i �h.h� ¯ ¯ ¯ ¯ 3.20�0.15 3.12�0.18

aThese values were not measured but obtained for comparison purposes from the activation energy curves �Eq.
�1��.
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pore water, such that the average properties remain similar as
those of bulk, water and those of the f.h kaolinite. In this
case, the small increase in D as compared to bulk water must
be regarded as insignificant. At present, no definitive judg-
ment can be made on this topic.

The strong hydrophobic behavior of pyrophyllite made it
impossible to fully saturate it at a bulk dry density of
�1.9 g /cm3, and only a half-water-saturated sample could

be tested. This sample had also a slightly larger diffusion
coefficient than bulk water, similar as the kaolinite samples.
Accordingly, the same interpretation as for kaolinite is pos-
sible, even though the larger number of water layers between
surfaces seems to support more the idea that mostly bulk
water is present.

The two forms of montmorillonite showed also at the
reduced water contents a similar behavior. In the case of
montmorillonite the dehydration led to one-layer hydrate and
a reduction in the interlayer spacing, as reported in Table I.
Accordingly, water will be even more affected by the cations
and clay surfaces than in the case of the f.h samples. In these
clays the diffusion coefficients and residence times were re-
duced and increased, respectively, about 50% as compared
with the f.h samples. The mean jump length, however, did
not change, which was also observed in other studies with
powder Ca-montmorillonite17 for similar hydration states.
Malikova et al.16 found similar values for the diffusion co-
efficients of Na-montmorillonite powder ��1−3�
�10−10 m2 /s� at the same hydration �one layer�. We mea-
sured Na-montmorillonite at even lower water contents �de-
noted as a quarter-water-saturated, corresponding to about a
half-layer-hydrate on average�. No remarkable differences
were found as compared with the h.h sample. This means
that the average water properties were about identical in the
half- and quarter-saturated-water sample. It is also conceiv-
able that the hydration state was more heterogeneous in the

TABLE IV. Values for the residence time �t �ps� for bulk water and f.h, h.h, q.h clays obtained by the two jump
diffusion models �SS: Singwi–Sjölander and HR: Hall–Ross�.

�t �ps�

27 °C 35 °C 45 °C

SS HR SS HR SS HR

Water 1.00�0.06 1.57�0.12 �0.88�0.35�a �1.36�0.30�a 0.71�0.06 1.13�0.37
Na-m �f.h� 11.89�1.00 13.81�0.62 9.09�0.27 11.74�0.64 8.50�0.24 12.00�0.60
Ca-m �f.h� 11.01�0.92 15.41�0.24 10.02�0.70 12.67�1.00 8.84�0.62 12.17�0.24
Na-i �f.h� 1.96�0.20 2.84�0.20 1.54�0.10 2.35�0.16 1.30�0.08 2.08�0.15
Ca-i �f.h� 4.49�0.30 6.29�0.34 3.42�0.30 4.79�0.38 2.74�0.22 4.42�0.22
Kao �f.h� 2.19�0.11 2.31�0.22 ¯ ¯ 1.44�0.09 2.56�0.09
Pyro �h.h� 1.15�0.09 2.05�0.12 ¯ ¯ 0.90�0.06 1.50�0.09
Na-m �h.h� 21.31�1.00 26.49�1.13 ¯ ¯ 14.69�1.00 21.33�1.00
Na-m �q.h� 19.21�1.13 29.50�0.62 ¯ ¯ ¯ ¯

Ca-m �h.h� 23.10�0.83 34.24�0.94 ¯ ¯ ¯ ¯

Na-i �h.h� 3.00�0.52 4.06�0.76 ¯ ¯ ¯ ¯

Ca-i �h.h� 7.73�0.71 10.91�0.50 ¯ ¯ 4.29�0.80 6.85�0.41
Kao �h.h� 2.12�0.14 2.76�0.12 ¯ ¯ ¯ ¯

�t �ps�

60 °C 70 °C 95 °C

SS HR SS HR SS HR

Water �0.62�0.33�a �0.96�0.34�a 0.52�0.08 0.82�0.22 0.42�0.11 0.64�0.08
Na-m �f.h� 6.22�0.21 8.07�0.81 5.76�0.22 7.35�0.43 4.26�0.60 5.74�0.25
Ca-m �f.h� 6.84�0.62 8.74�0.60 5.78�0.40 7.44�0.23 3.99�0.21 6.07�0.22
Na-i �f.h� 1.14�0.08 1.71�0.12 0.97�0.06 1.46�0.08 0.75�0.06 1.15�0.09
Ca-i �f.h� 2.41�0.24 3.33�0.23 1.78�0.14 2.53�0.22 1.36�0.08 2.08�0.08
Kao �f.h� ¯ ¯ 0.91�0.06 1.31�0.10 0.67�0.05 0.99�0.08
Pyro �h.h� ¯ ¯ 0.64�0.07 1.00�0.08 0.49�0.04 0.81�0.05
Ca-i �h.h� ¯ ¯ ¯ ¯ 2.13�0.11 3.21�0.13

aThese values were not measured but obtained for comparison purposes from the fit of �t as a function of
temperature with the Arrhenius equation.

FIG. 4. Fully saturated clays, except h.h pyrophyllite, and water �this study�
fitted by the two models, Singwi–Sjölander and Hall–Ross, at T=27 °C for
	i=5.75 Å.
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case of the half layer hydrate, with some interlayer having
still about one water layer, whereas others were completely
dried. These results also support the fact that water diffusion
in these clays is more affected by the clay surfaces than by
the interaction with the cations, as it happened in both illites.

Dehydration in Na- and Ca-illite produced also a reduc-
tion in the diffusion parameters but not as pronounced as in
montmorillonite. The Ca-form is more affected by dehydra-
tion than the Na-form; however, we expect that further re-
duction in the water content would cause similar water dif-
fusion in both illites, as it happened in Na- and Ca-
montmorillonite. Indeed, in the h.h illites with four water
layers between the clay particles �see Table I�, the diffusion
parameters became similar �Ca-illite, �115%� or slightly
larger �Na-illite, 140%� than those of f.h Na- and Ca-
montmorillonite �bilayer�.

C. Rotational diffusion

The rotational relaxation times of water �r were com-
paratively less affected by the clay surfaces and cations than
the translational diffusion parameters. Results for the
charged clays and bulk water are given in Table V. Un-
charged clays had similar values as those of bulk water even
at reduced hydrations; therefore they are omitted in the table.
The bulk water values were in agreement with the values
found in the literature.52 Both montmorillonites showed simi-
lar �r at each temperature and hydration, as it happened with
the diffusion coefficients. The �r in illite, however, was
found to be different for both forms. The Na-form seemed to
be closer to the bulk water values, and the Ca-form was more
affected by dehydration.

Our measurements are consistent with the data found in
literature for one-water-layer hydrated powder of
Ca-montmorillonite.17 Anderson et al.17 found rotational re-
laxation times twice the value of bulk water. Note that the
differences of the rotational relaxation times follow the dif-
ferences in translational motion: samples with lower diffu-
sion times had generally larger relaxation times.

D. The two-dimensional dynamics

In montmorillonite clays, with one to two water layers,
the water motion may be restricted perpendicular to the in-
terlayers and in the extreme case a 2D diffusion of water
may result. The time-of-flight measurements presented in
this paper have been performed on pressed samples with a
given degree of compaction. In these samples there is a

slightly preferred orientation of the particles perpendicular to
the press direction; however, the angular distribution is very
broad.

Because the quality of the fits for the montmorillonite
spectra was not as good as for the other clays, especially at
low Q values �see Fig. 5�, we fitted the Na-montmorillonite
data with a model46 that assumes a 3D rotational and a 2D
translational motion, with a Gaussian jump length distribu-
tion and an isotropic particle arrangement. The quality of the
fits obtained for montmorillonite is shown in Fig. 5. The 2D
and 3D models had similar quality, being slightly better at
high Q than at low Q. This 2D model has a characteristic
logarithmic singularity at zero energy transfer. To observe
this singularity the instrument resolution has to be signifi-
cantly smaller than the width of the quasielastic line.53 We
estimate the time scale t needed for the “exploration” of the
full interlayer as

t �
l2

2D
, �9�

with l�5 Å the interlayer thickness �see Table I� and D
�10−9 m2 /s the local diffusion coefficient obtained using
the 3D model at room temperature. The resulting t is about
100 ps which could just be observed at TOFTOF �observa-
tion time in the order of 50 ps� but clearly not at FOCUS �15
and 3 ps�. Therefore TOFTOF data for Na-montmorillonite
were used to test the applicability of the 2D model. The
results showed that at low temperatures �27–45 °C� the 2D
diffusion parameters were similar to the ones obtained by the
3D model; however, at high temperatures �95 °C� the diffu-
sion coefficients of the 2D model �D=3.20�10−9 m2 /s�
were larger than those based on the 3D model. Thus, for the
given instrument resolution the 2D movement cannot be re-
solved at the lower temperatures because the time of obser-
vation is too short for the restrictions to become relevant. At
95 °C the line shape deviates already from a typical 3D mo-
tion, but at the same time the 2D movements are not fully
resolved yet and the 2D values are not reliable either. We can
conclude that all results except the one at 95 °C measured at
TOFTOF �not used in this article� describe the 3D local mo-
tion.

E. Temperature dependence

The mean jump lengths obtained for all the clays are
about constant at all the temperatures �as for bulk water�.
Activation energies were calculated using the Arrhenius
equation �1�. The results are presented in Table VI and the
quality of the fits can be seen in Fig. 6. In our experiments

TABLE V. Values for the rotational relaxation time �r �ps� for bulk water and fully-, half- and quarter-hydrated
�only for Na-montmorillonite� charged clays. The estimated errors are not larger than 5%.

�r �ps� 27 °C 35 °C 45 °C 60 °C 70 °C 95 °C

Water 1.08 0.91 0.74 0.61
Na-m �f.h/h.h/q.h� 1.51 /1.69 /1.70 1.40 / - / - 1.27 /1.40 / - 1.10 / - / - 1.01 / - / - 0.86 / - / -
Ca-m �f.h/h.h� 1.53 /1.67 1.42 / - 1.26 / - 1.12 / - 1.04 / - 0.87 / -
Na-i �f.h/h.h� 1.10 /1.30 0.99 / - 0.92 / - 0.79 / - 0.75 / - 0.61 / -
Ca-i �f.h/h.h� 1.32 /1.52 1.20 / - 1.1 /1.24 0.97 / - 0.88 / - 0.74 /0.88
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bulk water had an Ea value of about 17 kJ /mol, which is in
agreement with the values found in the literature.54,55 Due to
the systematic error between the two studied jump diffusion
models, the activation energies calculated from both models
are almost identical �Table VI�. The Ea results for all the
clays are between 15 kJ /mol �Ca-illite� and 11–12 kJ /mol
�Na- and Ca-montmorillonite�. The differences are relatively
small �about 30%� despite the large differences in the struc-
ture and chemistry of the studied clays. Thus the activation
energy of the local diffusive motion is a less sensitive param-
eter in evaluating the differences of the diffusion in the in-
vestigated clays. The Ea values followed the following in-
creasing order: Na-montmorillonite�Ca-montmorillonite
�Na-illite�kaolinite�pyrophyllite�Ca-illite�water. All
clays had lower Ea values than that of bulk.

In water solutions it has been observed that the presence
of cations �such as Na+ and Ca2+� increase the water Ea.26

Therefore one could interpret that, in contrast to the cations,
the confinement and close interaction with the surfaces pos-
sibly tend to reduce the Ea. The limited space for the water to
diffuse and the competition between the cations and clay

surfaces could distort the H-bonds between two water mol-
ecules or a water molecule and the clay surfaces or a cation,
resulting in a lower Ea. This interpretation is supported by
the fact that the jump lengths in montmorillonite are signifi-
cantly higher than that in bulk water, which means weaker
H-bonds. The interpretation seems plausible also in view of
the Ea sequence of the studied clays. The clay most affected
was montmorillonite, which has the largest geometrical re-
strictions due to its interlayer structure, followed by Na-illite
�less restricted�, the uncharged clays �even less restricted�,
and Ca-illite. In the case of Ca-illite, the weakening of the
H-bonds by the surfaces seemed to be compensated by the
strong interactions with the Ca cation �stronger kosmotrope

FIG. 5. Intensity �arbitrary units� vs
energy exchange �meV� for Na-
montmorillonite at T=27 °C and 	i

=10 Å at low Q=0.22 Å−1 and high
Q=0.82 Å−1 fitted by a 3D and a 2D
models.

TABLE VI. Values for activation energy Ea �kJ/mol� for bulk water and f.h
and h.h clays obtained by the two jump diffusion models �SS: Singwi–
Sjölander and HR: Hall–Ross�.

Ea �kJ/mol� SS HR

Water 16.32�0.70 17.40�0.80
Na-m �f.h� 11.98�1.20 12.16�0.50
Ca-m �f.h� 10.75�0.70 11.42�0.30
Na-i �f.h� 12.76�0.35 12.99�0.30
Ca-i �f.h� 15.10�0.50 15.30�0.56
Kao �f.h� 14.23�1.00 14.54�1.00
Pyro �h.h� 14.50�0.20 14.51�0.20
Ca-i �h.h� 13.43�0.13 14.07�0.16

FIG. 6. Arrhenius plot showing the linear temperature dependence of the
clay diffusion coefficients and water for the data fitted by the Singwi–
Sjölander model.
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character than Na+�. Therefore, closer values to that of bulk
water were obtained in this case. The above interpretation
seems to be reasonable with our observations but other rea-
sons cannot be discarded. The Ea of kaolinite is approxi-
mately 15% lower than that of bulk water. Results of NMR
measurements56,57 showed a reduction in the rotational acti-
vation energy of water in contact with kaolinite surfaces.
This was explained by reduced or weaker H-bonds between
the water and the clay, which is in agreement with the inter-
pretation of the traslational Ea data obtained in our study.

Half-hydrated pyrophyllite showed results similar to ka-
olinite. Interestingly kaolinite and pyrophyllite �uncharged
clays with partly hydrophobic character� have larger Ea than
both montmorillonites but still lower than that of bulk water.
Thus, the increase in diffusion due to the presence of hydro-
phobic surfaces dissapears at higher temperatures, at which
both clays have a more waterlike behavior. In our opinion it
reminds us unclearly how much this hydrophobicity affects
the Ea results.

The activation energy for the half-saturated Ca-illite is
lower than that for the fully-saturated sample. In this clay the
water seemed to be more influenced by the clay surfaces
�decrease Ea� than by the cations �increase Ea�, such that the
proposed weakening of the H-bonds seems to become more
relevant. In the same way, but for montmorillonite,
Malikova et al.28 found by molecular modeling values of
12–15 kJ /mol for the monohydrated montmorillonite �Cs-
and Na-form� and higher values for the bihydrated Na-
montmorillonite with 14–19 kJ /mol. Experimental values of
bihydrated Ca-montmorillonite samples were found to be in
the same range as ours with Ea=11�1 kJ /mol.11 No data
regarding the activation energy were found for illite or un-
charged clays.

V. SUMMARY AND CONCLUSIONS

Diffusion of water in highly compacted clays could be
successfully quantified by QENS studies. The measurements
performed at three different wavelengths showed good
agreement, which increases the confidence in the parameters
obtained. The two jump diffusion models used to fit the
translational diffusion parameters �Singwi–Sjölander and
Hall–Ross� described the data very accurately but gave
slightly different results. The former makes it impossible to
decide which model is more appropriate. Possibly for
charged clays different jump length distributions could be
applied; in this case average values from both models may
be used.

The differences in the clay structures were reflected in
the diffusive properties of the confined water. Charged clays
had lower diffusion coefficients D and larger residence times
�t, mean jump lengths l, and rotational relaxation times �r

than uncharged clays. Within charged clays, Na- and Ca-
montmorillonite were found to reduce the water diffusion
stronger due to their particular confining interlayer structure.
The diffusive parameters for the compacted montmorillonite
pellets studied here are similar to those previously found clay
powders11,16 at the same level of hydration. Both montmoril-
lonites showed similar diffusion results probably because the

water motion is dominated by the interlayer confinement
rather than by the difference in the saturating cation �Na+ or
Ca2+� for the particular bilayer hydration studied. However,
when the cations are located predominantly on the external
surfaces, as in the case of the two types of illite, the behavior
of the water motion is affected differently depending on the
type of cation. Ca2+ reduces the water mobility stronger than
Na+, as also occurs in aqueous solutions. Uncharged clays
had a more waterlike behavior �sometimes even larger diffu-
sion coefficients than bulk water� possibly due to their hy-
drophobic character. Kaolinite showed larger values in �t,
and l than water, which is attributed to the contribution of the
hydrophilic octahedra layer.

Charged clays at reduced water contents showed a fur-
ther reduction in the effective diffusion coefficients and an
increase in �t and �r. This is indicative of the stronger inter-
action between the water and the clay surfaces and cations.
Dehydration caused no effect on the l values for all the clays.
Na-montmorillonite at even lower water contents �q.h�
showed no appreciable differences with respect to the h.h
samples. The number of water layers for the h.h clay is al-
ready so low that a further reduction in the water content did
not affect the diffusivity. These results confirm that the cat-
ions have only a minor effect on the diffusion of water as
compared with the clay surfaces due to the reduced confine-
ment. Uncharged clays at a half water saturation showed no
differences in the diffusion parameters as compared with the
f.h samples due to the large amount of free pore water still
present in these systems.

Fully-water-saturated charged and uncharged clays had
lower activation energy values than bulk water. We think that
the interaction of water with the clay surfaces may weaken
and distort the H-bonds of the water molecules and thus de-
crease Ea. The disturbance of the H bonds due to surface
interactions was observed especially in the case of the two
montmorillonites �water distributed in the reduced interlayer
confinement� which had the lowest Ea values, which con-
firms our hypothesis. The activation energy for charged clays
was found to be lower than or equal to that for the uncharged
clays. The kosmotrope character of the cations was not re-
flected in the activation energy values of montmorillonites
but in the illites, having a larger Ea for the Ca-form than for
the Na-form. Ca-illite at a reduced water content �h.h.�
showed a lower Ea than the f.h form. This is attributed to the
suggested weakening of the H-bonds, since the water mol-
ecules at this hydration rate seem to be more influenced by
the clay surfaces than by the cations. Hydrophobic surfaces
such as those of kaolinite and pyrophyllite were also found
to reduce Ea.
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