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Summary
Clay minerals are aluminium phyllosilicates, mostly products of the chemical alteration and mechanical breakdown of igneous and metamorphic rocks (weathering). Their physical and chemical
properties can be directly related to their layered, fine-grained (large surface area) structure
(Greenwood and Earnshaw, 1984). These properties such as large water retention, low hydraulic conductivity, heat resistance and ionic exchange capacities, make clays ideal for many different applications; e.g., concrete, brick, paper and ceramics production, in catalysis, or as sealing material for the
underground disposal of radioactive waste.
The last application has been the motivation for the present study. The long-term disposal of radioactive waste in an underground geological repository is based on a multibarrier concept. In the barrier
of highly compacted clay, water is intercalated and confined between the clay layers. The narrow
pores are responsible that under natural hydraulic gradients, molecular diffusion through water is the
dominant transport mechanism for released radionuclides. A large number of studies agreed that the
properties of water at the water-clay interface differ from that of bulk water (Low, 1976, Oster and
Low, 1964). Therefore, a good and deep understanding of the water structure and dynamics in compacted clay systems is fundamental. This knowledge is the base for the progressing research about
transport of pollutants through the compacted clays and argillaceous rock of radioactive waste barriers.
This particular study aims at understanding the dynamics of water in compacted clays. We focus our
study on four different types of pure clays, two of them charged, namely montmorillonite (in a Na and
Ca form) and illite (in a Na and Ca form), and two uncharged, namely kaolinite and pyrophyllite.
Their structural differences result in a significantly different behavior in contact with water. In case of
montmorillonite, water is located in between particles and in the interlayer space. In illite, water is
found only in between particles, because the interlayer surfaces are tightly linked by potassium
cations. The layers of kaolinite and pyrophyllite are uncharged and, consequently, water is located
only in between particles. The clay powders were compacted to reach a high bulk dry density of about
1.9 g/cm3, in order to reduce the pore sizes and to better study the dynamic properties of water close to
the water-clay interface.
We compared the water dynamics in fully hydrated compacted clays, at two significantly different
time- space scales, in an attempt to distinguish the relevant features of the water transport. A fundamental microscopic investigation, tracing down to the atomic level was carried out, by neutron scattering, using time-of-flight and backscattering techniques. A classical macroscopic study was performed
by using tracer (HTO) through-diffusion methods. At the macroscopic level (time/spatial scale of
about hours/mm to cm) the water diffusion depends strongly on the clay pore size and arrangement of
the particles. However, at the microscopic level (time/spatial scale of about ten to hundred ps/Å) the
diffusion is governed by the local environment, which concerns to cations and clay surfaces and less to
the particle arrangement. For a further understanding of this local environment, the water diffusion in
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clays was also measured at different hydration states, to vary the fraction of interlayer or external layer
water, as compared to free pore water.
The large difference in the diffusion paths of the two selected techniques makes a direct comparison
of water diffusivities impossible. Therefore two possibilities were established: An indirect comparison
by connecting the results for diffusion coefficient at the two different scales through pure geometrical
and electrostatic factors (G and q respectively, see equation (1)); and a direct comparison through the
activation energy (Ea). The Ea was estimated from the dependence of the diffusion coefficients on the
temperature. In contrast to the macroscopic diffusion coefficients, the activation energy is probably
less influenced by geometrical factors, and more by microscopic interactions, and thus could possibly
be directly compared at the two different scales.
The research was accomplished by a careful and detailed characterization of the clay samples using
various methodologies to better interpret the dynamic results. Parameters such as particle size, layer
spacing, chemical composition, external and total surfaces and porosity were determined.
Moreover, the freezing behavior of water in compacted clays and its dynamical properties in the supercooled regime were also investigated. For this purpose we used microscopic techniques such as
neutron scattering time of flight and backscattering techniques. These data complete the broad range
of temperatures at which the fundamental transport processes of water in compacted clays have been
investigated. The main results and conclusions of our experimental work are presented below.

The water diffusion coefficients
Macroscopic through-diffusion experiments of Na- and Ca-montmorillonite, Na- and Ca-illite and
kaolinite were performed at different ionic strengths with reservoir solutions of NaCl (1 M and 0.01
M) for the Na form clays and kaolinite and with solutions of CaCl2 (0.5 M and 0.005 M) for the Ca
form. For all highly compacted clays (~ 1.9 g/cm3), the ionic strength had no influence (error bars
overlapped) on the effective diffusion coefficients De. According to the double-layer theory (van Olphen, 1966), the ionic strength should affect the clay structure and thus the effective diffusion coefficient. However, in clays compacted to a bulk dry density above 1.5 g/cm3 with a narrow pore size distribution, this theory is obviously no longer valid (Bourg et al., 2003, Pusch and Hokmark, 1990).
The microscopic neutron scattering experiments, were performed with the same clays as well as with
pyrophyllite. For these experiments no external reservoirs are required, and the hydration of the clays
occurred with small amounts of Milli-Q water (Milli-Q-System, Millipore, Molsheim, France).
At both scales the diffusion coefficients were larger for the uncharged than for the charged clays.
This difference was even higher at the microscopic level, where the uncharged clays showed a more
water-like behavior. They had diffusion coefficients even slightly larger than those of bulk water,
probably caused by the hydrophobic surfaces present in these clays (Bridgeman et al., 1996, Bridgeman and Skipper, 1997). The number of water layers, on average, between two clay surfaces was calculated by simply dividing the volumetric water content by the total surface area. Uncharged, fully
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hydrated clays had a large number of water layers (20-60). A 50 % reduction of the water contents did
not change the diffusion values of these clays at a microscopic scale, because of the still large amount
of free pore water.
Within the charged clays, the two types of montmorillonite had lower diffusion coefficients than the
illite clays, due to the specific interlayer confinement of the water. Fully hydrated montmorillonite (Na
and Ca) had on average 2 water layers in the interlayer space, which represent ~ 100% of the total pore
water (due to the high compaction degree). Therefore, water was strongly influenced by the clay surfaces. Ca-montmorillonite exhibited at a macroscopic scale larger De (about 60%) than Namontmorillonite. These differences were mainly attributed to structural more than chemical differences. Ca-montmorillonite has about two times larger particle sizes and produces stacks of a larger
number of layers (10-15) than Na-montmorillonite (3-5) (Pusch, 2001). That results in a less tortuous
path (Choi and Oscarson, 1996) for the Ca- than for the Na-montmorillonite. These results could be
confirmed by the microscopic time of flight measurements, where the tortuosity plays a minor role.
There, no difference in the diffusion properties of these two clays was found, which discards chemical
differences. Because of the high compaction degree, the water motion is more dominated by the
geometrical confinement than by the difference in the saturating cation (Na or Ca). The calculated G
(pure geometrical factor) indicated a 60% more tortuous path in case of Na- than Ca-montmorillonite,
but the resulting q (pure electrostatic factor) was identical for the two clays. A 50 % reduction in the
water content (average hydration of 1 water layer) of these clays caused for both 50% lower diffusivities at a microscopic scale. In case of montmorillonite the dehydration led to a reduction of the interlayer spacing. Accordingly, water will be even more affected by solid surfaces and cations than for the
fully hydrated samples. Na-montmorillonite was measured at an even lower water content (named
quarter saturation with an average hydration of a half water layer). No remarkable differences were
found as compared with the half hydrated sample. This means that the average water properties were
about identical in both dehydrated samples, which is plausible in view of the very low average number
of water layers (one or half) in both cases.
Illite had on average nine water layers between the clay surfaces. Therefore the diffusion coefficients
obtained were less influenced by the water located near the clay surfaces and more by the so called
free pore water, as compared to montmorillonite. At a macroscopical scale the effective diffusion
coefficients of Ca-illite were 25% smaller than those of Na-illite. Here the different hydration properties of Ca (Ohtaki and Radnai, 1993) as compared to Na dominated the diffusion properties above
merely geometrical factors. The two types of illite had similar particle sizes and number of layers perstacks (~ 25, (Poinssot et al., 1999)). Microscopic time of flight measurements pointed exactly in the
same direction. At this scale, and contrary to montmorillonite, the diffusion coefficients of the two
illites clearly differed with about 50% larger values for Na than for the Ca form. As a result the values
of the geometrical tortuosities G were nearly identical (5% difference), but q was 25% larger for the
Ca- than for the Na-illite. At the microscopic scale, the Ca form was more affected by dehydration
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than the Na form. Half hydrated Ca-illite had diffusion coefficients only 20% higher than fully hydrated Na- and Ca-montmorillonite, whereas Na-illite showed 40% larger values.
To conclude, the macro- and microscopic experiments complement each other, making it possible to
distinguish between geometrical and chemical effects that influence the diffusive motions. Uncharged
clays showed larger diffusion coefficients than the charged clays at the two time scales. Charged clays,
especially montmorillonite due to its interlayer space, reduced diffusion stronger as compared to the
illites and the uncharged clays. In montmorillonite (Na and Ca) at the specific compaction degree studied, the saturating cation had no effect on the diffusion, and the differences in the effective diffusion
coefficients (macroscopic) are merely due to structural differences (different tortuosities). In illite,
however, the diffusion differences are due to the cation effect, because the structure of both illites is
very similar.

Activation energies
The activation energies (Ea) obtained at a temperature range of T ~ 0 to 70ºC for the macroscopic
experiments, and T ~ 27 to 95ºC for the microscopic measurements could be obtained from Arrhenius
equations. At a microscopic scale, the Ea values of the studied clays followed the sequence Namontmorillonite (~12 kJ/mol) ≤ Ca-montmorillonite (~12 kJ/mol) ≤ Na-illite (~13 kJ/mol) < kaolinite
(~14 kJ/mol) ≤ pyrophyllite (~15 kJ/mol) ≤ Ca-illite (~16 kJ/mol), with values lower or similar than
that of bulk water (17±1 kJ/mol (Low, 1962, Wang, 1951)). This sequence was interpreted as originating from a distortion and weakening of the H bonds by the narrow pore confinement and the clay surfaces, which reduce the water Ea. This effect was most relevant in the two montmorillonites, with the
lowest Ea values. In case of Ca-illite (showing the largest Ea), water is not as much affected by the surfaces as in montmorillonite, and the Ca cation might compensate the decrease in Ea produced by the
surfaces due to its strong kosmotrope character (larger than Na). Kosmotrope cations (water order
makers) exhibit stronger interactions with water molecules than water with itself, which results in an
increase of the water Ea in bulk solutions (Hribar et al., 2002).
Na- and Ca-montmorillonite had also similar Ea values at the macroscopic scale (~20kJ/mol), which
confirms the minor influence of the cations compared to the geometrical constraints. However, these
clays showed a large difference in the Ea results when comparing macro- and microscopic results. At
present, the reason for this difference is not clear. Further neutrons scattering measurements has to be
performed to evaluate if it could originate from the use of an inappropriate model for the analysis of
the QENS data (3D instead of 2D), or from a possible dependence of the geometrical G factor with
temperature (macroscopic scale). This dependence would influence the effective diffusion values, and
thus the Ea.
The other clays, Na- and Ca-illite and kaolinite, confirmed our previous expectations, and showed
the same Ea values at the two different scales. The activation energies for the illites are lower (Naillite) or similar (Ca-illite) than that of bulk water, with values differing by about 25%. The relative
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difference between the Na and the Ca form confirms what was previously mentioned, namely that in
this type of clay the differences in the De are mainly caused by interactions with the cations, and not by
the differences in the geometry factor. The larger value of Ea for the Ca form would be consistent with
the fact that Ca has a stronger kosmotrope character than Na.
Kaolinite has an Ea value of about 14 kJ/mol (microscopic) to 15 kJ/mol (microscopic), which is also
lower than that of bulk water. Studies by NMR (Fripiat et al., 1984, Jonas et al., 1982) of the water
motion close to the kaolinite surfaces showed a lower rotational activation energy than the one found
for bulk water. From these data it could be concluded that the kaolinite surfaces effectively change the
well developed hydrogen bond network of the water in the vicinity of the surfaces, especially at low
temperatures. Moreover, hydrophobic pores were found by molecular dynamic studies to accelerate
the water diffusion process especially at low temperatures (Hartnig et al., 1998) because at high
temperatures the thermal agitation energy is more relevant than the interactions between water and
clay surfaces. This would also result in a decrease of the activation energy, and may explain the results
of pyrophyllite, which has, at a microscopical scale, an Ea of 14.5 kJ/mol.
The highlight of the present study is the fact that, as hypothesized, we obtained in deed similar
activation energy values of the compacted samples at the two studied scales (except for
montmorillonite). This result is very useful and may help in the future to avoid long term and tedious
laboratory work, necessary to obtain macroscopic effective diffusion values at different temperatures.
Neutron scattering techniques can reduce the time for the data acquisition from several months to a
few days. Moreover, if the G factor is not influenced by temperature changes, the actication energy
could give some information about the chemical interactions occuring in the water-clay system.

Freezing behavior of water, undercooled water dynamics
The freezing behavior of the clays showed that water in charged clays with hydrophilic surfaces
freezes and melts gradually in a temperature range well extended below the freezing point of bulk water. These clays showed no hysteresis effect except for Na-illite. Uncharged clays had a more abrupt
freezing behavior and presented a strong hysteresis in the similar temperature range as that of bulk
water. The freezing curves were influenced by the geometry and the chemistry of the clays. Clays with
strong geometrical restrictions, such as montmorillonite, showed the smoothest freezing behavior.
Both montmorillonites showed (as it occurred with the microscopic diffusion coefficients and Ea) almost identical freezing curves. However the two illites (as explained, with no significant structural
differences), differ considerably in the freezing curves, due to the differences in the saturating cation.
These results showed that the pore size distribution (which is similar in both illites) analysis based on
freezing curves has to be treated carefully.
The dynamics of water in the supercooled regime has been measured for the charged clays and was
found to be highly reduced as compared with the values obtained above 0ºC. The diffusion coefficients followed a non-Arrhenius temperature dependence well described by a Volger-Fulcher-Tamman
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(VFT) type relation (Price et al., 1999), as in bulk water (Price et al., 1999). This fits gives also the
values of the glass transition temperature (Tg, temperature at which water turns into an amorphous
solid). The obtained Tg values were in good agreement with the freezing curves (Tg=150 K for Na-,
Ca-montmorillonite and Ca-illite, and Tg=180K for Na-illite). The activation energy was also calculated in the supercooled regime and was found to follow the increasing order Na-montmorillonite ≤
Ca-montmorillonite < Ca-illite < Na-illite. Surprisingly the water in Ca-illite (non-swelling clay) behaved very similarly as the water in Na- and Ca-montmorillonite (swelling clays) at the undercooled
temperatures.
The fundamental transport processes in compacted clay systems were studied over a broad range of
temperatures, combining microscopic diffusion experiments (T ~ 98 to -23ºC) with macroscopic
measurements (T ~ 70 to 0ºC). Such knowledge contributes to develop simplified models for water
(and possibly also solute) transport through clays, as they will be used to assess the performance of
radioactive waste repositories. From this point of view, it can be beneficial for the safety of radioactive
waste repositories and thus the protection of the environment.

-6-

Introduction and Motivation

1.

Introduction and motivation

Energy is the engine of economical and social development for the growing world population. Energy demand will increase by 30% until 2030 according to the EIA (Energy Information administration) forecast (see Figure 1.1). The growing sensitivity about the environment will increasingly influence the global energy mix, currently dominated by fossile energy sources. New regulations on green
house emissions will favour the use of renewable and nuclear energy.
The use of nuclear energy produces almost no green house gases and guarantees energy supply and
price stability. In addition, nuclear technology has reached a maturity degree that makes it safe and
reliable. However it is not exempt of risks which make its social acceptance a challenge. The society
concerns are related, amongst other topics, with the management of radioactive waste, an unavoidable
subproduct of the nuclear operations. These concerns make final decisions being based more on political strategies rather than on purely technical or economical arguments.

Figure 1.1: World marketed energy consumption 1980-2030. Sources: History: Energy Information
Administration (EIA), International Energy annual 2004 (May-July 2006), web site (www.eia.doe.gov/eia).
Projections: EIA, System for the Analysis of Global Energy Markets (2007).

Main countries that used nuclear energy, and international institutions like the nuclear energy agency
NEA (OECD) or the international atomic energy agency IAEA, have focused their joint efforts on investigating radioactive waste repositories. Geologic disposal has evolved as a preferred option for the
long term disposal of radioactive waste of high level activity (high level waste HLW). This option implies an underground storage to guarantee a safe isolation from the biosphere. The high level waste
coming from nuclear power plants is deposed off in the following process (see Figure 1.2): Spent fuel
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from the nuclear power plants is classified into reusable uranium and plutonium and high-level radioactive waste by reprocessing. High-level radioactive waste (fission products) is vitrified (since glass
excels in durability, heat resistance and stability) and stored within stainless steel canisters. The vitrified waste will be temporarily stored -sometimes called interim storage- during approximately 30 to 50
years in order to cool down. Finally, in Switzerland it is intended to dispose it in stable earth stratums
at a depth of about 600 meters.

Figure 1.2: Process followed by high level waste to be finally disposed.

The disposal concept is based on a multiple barrier system. The first barrier is the matrix which contains the radioactive elements. Then there is the waste packaging (stainless steel canisters), and additional barriers like the buffer material (compacted clay) and the host rock of the disposal site (natural
barrier). The purpose of this system is to provide a robust containment and confinement for the waste
by using several barriers. Since water is the most likely transport medium for waste isotopes to escape
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into the environment, this concept isolates the packaged waste in an adequate remote underground location to prevent the contact with external water.
The main problem of a radioactive waste disposal is its containment: it should make sure that the radioactive species will not migrate, or that the migration time of radionuclides from the containment to
the biosphere will be long enough for the radioactivity to have decayed below the acceptable dose limits. In Switzerland, the nuclear power plant operators and the Swiss Federal Government founded Nagra, the National Cooperative for the Disposal of Radioactive Waste. Swiss law stipulates that a geological disposal site should be found within Switzerland, and should open before 2040.

The engineered barrier (buffer material) is formed by compacted clays due to their well-suited
physico-chemical and hydrological properties (i.e., low hydraulic conductivities and high retention
capacities). It has to be ensured that any cavity or hole produced during the characterization, construction and operation of the deposit is filled and sealed up by these materials to prevent contact of the
underground water with the stainless steel canisters. The compacted clay barrier must then fulfil some
requirements such as:
1. To be a plastic medium to absorb the stress produced during construction and protect the
containment from mechanic deformations produced by the tectonic movements.
2. To prevent water flow into/from the storage and minimize the volume of water in contact
with the canisters.
3. To retain and delay the exit of the radionuclides that begin to migrate through the compacted
clay barrier.
4. To dissipate heat and gases produced in the system fuel-canister.

The geological barrier is formed by the rocks that surround the repository. It is the final barrier,
and has to prevent radionuclides coming from the repository and being transported via underground
water to reach the biosphere in a short period of time. While the engineered barrier can be designed
and constructed, in the geological barrier the processes of selection and characterization are extremely
important. The necessary requirements that a geological barrier must fulfil are:
1. To protect the engineered barriers in a long term ensuring hydraulic, mechanic and geochemical stability.
2. To assure as little water flow in the repositories as possible, as well as the stability of the
flow conditions.
3. To maximize delay and slow the radionuclide migration from the repositories to the biosphere.
4. To permit easy operation and construction of the repository, and to avoid human intrusion.
Water plays a definitive role in these multibarrier systems. In highly compacted clays the pores are
so narrow that under natural hydraulic gradients molecular diffusion through water is the main
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transport mechanism for released radionuclides. Classical studies show how properties of water at the
mineral-water interface deviate from that of the bulk water (Low, 1976). This might have several implications for the thermodynamics of water and the diffusive transport of pollutants in compacted
clays. Therefore a good knowledge and understanding of the structure and dynamics of water in such a
system is essential. It will help to improve a mechanistic comprehension of the fate of radionuclides in
argillaceous rocks and compacted clay systems.
This study aims at understanding the dynamics of water in compacted clays. For this purpose and to
simplify the problem we selected four different types of pure clays (charged and uncharged) with significantly different behavior in contact with water: montmorillonite, illite, kaolinite and pyrophyllite.
They were highly compacted to a bulk dry density of ~1.9 g/cm3 to reduce the pore sizes and increase
the relative water-clay interface. In order to better interpret our results, a careful and detailed analysis
of the clay samples was performed by various methods. Parameters such as particle size, layer spacing,
chemical composition, external and total surfaces and porosity were determined.
Because water molecules have a large range of possible frequencies of motion, depending on the nature of the confining medium, we combined two techniques operating on different time scales for the
study of the water dynamics in compacted clays: at the fundamental level the microscopic neutron
scattering (time-of-flight and backscattering (BS)), and at a classical level the macroscopic tracer
through- and out-diffusion. Macroscopic diffusion experiments run from hours to days in clays of mm
to cm thickness (Kozaki et al., 1998). Diffusion coefficients at this scale are strongly affected by the
geometry of the pore space. Microscopic diffusion, studied by quasi-elastic neutron scattering
(QENS), can measure the momentum and energy exchange between the water molecules and the neutrons. This exchange occurs over a distance of a few molecular diameters or a time of few picoseconds
(Skipper et al., 2006). At this scale, the dynamics are only influenced by the local environment, that is,
mostly by the clay surfaces and cations, but not the geometrical arrangement of the particles. Different
techniques that probe the motion of water at different time scales lead to different diffusivities (Kärger
and Caro, 1977, Paoli et al., 2002) because of the different lengths of the diffusion paths. Hence, a direct comparison of diffusivities obtained with different techniques is not always possible. The diffusion coefficient at a macroscopic scale for tracers with electrostatic interactions (Bourg et al., 2006)
can be given by the following expression:

Dp =

Dw ⋅ q
;
G

(1)

where Dp is the pore diffusion coefficient, Dw is the self-diffusion coefficient of bulk water, q is the
electrostatic constraint and G a purely geometrical factor which is determined by the pore-network
geometry.
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At a microscopic scale (~Å) the geometrical effect is negligible and therefore we can consider the
geometrical factor G ≈ 1 and write the microscopical diffusion coefficient obtained by QENS experiments as:
D p ,QENS = D w ⋅ q ,

(2)

Our aim was to obtain these two factors (geometrical G and electrostatic q) that connect the diffusivity of water in clays at the different scales. Moreover temperature is an important factor for the performance assessment of HLW repositories. The retention properties of the clays have to persist over a
certain range of elevated temperatures due to the heat produced by the breakdown of radioactive species. Temperature also affects significantly the diffusion of water. We measured the diffusion coefficients by the two mentioned experimental techniques within a broad range of temperatures to estimate
also the activation energy (Ea) of the diffusion of confined water. In contrast to the macroscopic diffusion coefficients, the activation energy is probably less influenced by the geometry factor, and more
by the microscopic interactions, and thus could possibly be directly compared at the two different
scales. More extended information about Ea is found in Appendix 2.
Finally, to better understand the dynamical properties of water in compacted clays we also investigated the freezing behavior and dynamics of supercooled water in clays at a microscopic level by neutron scattering techniques (time-of-flight and backscattering (BS)).
In summary, we combined diffusion experiments at a micro- (T ~ 98 to -23ºC) and macroscopic
level (T ~ 70 to 0ºC) over a broad range of temperatures, to get a better understanding of the fundamental transport processes occurring in compacted clay systems. Such knowledge builds the basis for
more simplified transport calculations as they will be used to assess the performance of radioactive
waste repositories. In this sense, it helps to improve safety of such repositories and thus to protect the
environment.

1.1 Objectives
The main objective of this study was to better understand the diffusion processes in clays. This information can improve the knowledge of the hydrogeochemical behavior of clays involved in the geological barrier of a radioactive waste repository.
For this purpose some specific objectives were established, all focussing on the diffusion of water
through clays:
1. To compare the diffusivities in charged and uncharged clays at the two particular time scales.
2. To evaluate (only in charged clays) the influence of different cations in the clay structure (Na,
Ca) on the diffusion processes.
3. To get more insight into the coupling between macro- and microscopic diffusion processes
through the separation of geometrical (tortuosity factors) and electrostatic constraints and
through the study of the temperature effect on diffusion (Ea).
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2.

Theory and literature review

2.1 The water-clay system
The mineralogy and structure of clays as well as the mechanisms governing the water-clay system
have been described extensively in the literature over the last decades (Grimm, 1968, Güven et al.,
1992, Sposito, 1984, van Olphen, 1966, Velde, 1992). In order to understand the interactions in the
water-clay system it is necessary to know the main structural, physical and chemical characteristics of
the wet and dry phases.
This study is concerned with montmorillonite, illite, kaolinite and pyrophyllite clays. The following
sections discuss the structural characteristics of the clays, emphasizing at the end their behavior in
contact with water.

2.1.1 Clay structure
In soil texture, the smallest size class with particles smaller than 2 µm is denoted as clay fraction.
This fraction contains mostly clay minerals. The mineralogy of clays determines their chemical and
physical properties. Clays result from the weathering (decomposition of rocks, soils and their minerals
through direct contact with air and water) of various mineral rocks. Clay minerals are built up of a
number of crystalline sheets. There are two types of sheets: tetrahedral sheets (T), made up of silicon
(Si4+) and oxygen (O2-), and octahedral sheets (O) built up of hydroxide (OH-) and either aluminium
(Al3+) (named dioctahedral) or magnesium (Mg2+) (named trioctahedral). Two or three such sheets
form a TO or TOT layer. The tetrahedra within a T sheet are linked by sharing three of the four corners (O atoms) to form a hexagonal pattern. The oxygen at the fourth corner of the tetrahedrons forms
part of an adjacent octahedral sheet, with octahedrons linked by sharing edges.
Clays are classified by their arrangement of tetrahedral and octahedral sheets. One octahedral sheet
bonded to one tetrahedral sheet results in a 1:1 clay mineral; one octahedral sheet bonded to two tetrahedral sheets results in a 2:1 clay mineral; and 2:1:1 clay minerals contain an octahedral sheet that is
adjacent to a 2:1 layer.
Isomorphic substitution (replacement of ions in the crystals without change of the structure) may occur in any of these sheets. For instance, cations such as Fe3+ and Al3+ can substitute for Si4+ in the tetrahedral sheet, or Mg2+, Fe2+, Fe3+, Li+, Ni2+, Cu2+ can substitute for Al3+ in the octahedral sheet. As a
result a negative layer charge is developed which is compensated by cations in the interlayer space and
on or near the external surfaces, and possibly by some protons. The total sum of the exchangeable
cations that a clay mineral can adsorb is called “cation exchange capacity” (CEC).
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Several sequences of TO, TOT or TOT O layers are combined and form larger units called stacks.
Several clay stacks group together to produce particles and aggregates. The density and location of the
isomorphic substitutions and the type of the compensating cation determine the layer stacking of a
clay particle and the behavior of the particle when wetted (van Olphen, 1966).
The clay mineral group is defined by the type of combination of sheets to layers, and the type of interlayers that hold the layers together. The clays involved in this study were montmorillonite from
Milos (Decher, 1997), illite du Puy (Gabis, 1958), kaolinite from Georgia [KGa-2 (Van Olphen and
Fripiat, 1979)] and pyrophyllite from North Carolina (Ward Natural Science 46E4630). In the following subsection and in Figure 2.1 the main structural characteristics of the clays under study are reported.

2.1.2 Clay hydration
Clay hydration is directly influenced by relative humidity, temperature and pressure. Water molecules interact with the charged or uncharged surfaces of clay minerals. The interaction forces are essentially electrostatic. The nature and the strength of forces that a water molecule experiences depend
on its position within the pore space, that is, the distance to the clay surfaces. Molecular modeling
studies revealed that the range of influence of the clay surfaces extends to about the first two layers
(Bridgeman and Skipper, 1997, Sposito and Prost, 1982) .

Figure 2.1: Schematic clay structure. The lattice d-spacing (given in Å) was measured by X-ray diffraction (own
measurements of fully water saturated clays, at a compaction degree of about 1.9 g/cm3).

One can classify the pore water fractions in clay differentiating between three types of pore water:
1. Free pore water: water in larger pores relatively far from surfaces. Water structure and dynamics are very similar to that of bulk water because it is not or only weakly restricted in its motion by
the surface force fields.
2. External surface water: water bound to the external clay surfaces. This water can also form
hydration complexes around the cations, like the interlayer water.
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3. Interlayer water: water bound or very close to the internal surfaces of smectites (swelling
clays group). The water structure depends strongly on the type and hydration of the interlayer cations,
and on the interaction between the cation and the clay surface.
The studied clays (charged and uncharged) have significantly different properties, which determine
the state of the pore water. A descriptive plot about these hydrated clays is presented in Figure 2.1.

2.1.2.1 Uncharged clays
Kaolinite: This is the most common clay of the kaolinite group and it has a T-O dioctahedral structure (1:1 layer). The kaolinite structure is based on a gibbsite-like sheet of octahedrally coordinated Al
bound to a sheet of Si tetrahedra through shared oxygens (Bish, 1993). Since the layers are electronically neutral, the bonding between layers is by weak van der Waals bonds. These weak bonds cause
the cleavage and softness of this mineral. Also, kaolinite is a non-swelling clay because the layers are
uncharged. The water in kaolinite structure is located in between the clay particles. Calculations
showed that the two sides (T or O) interact very differently with water (Tunega et al., 2002a, Tunega
et al., 2002b). The tetrahedral side is hydrophobic, whereas the octahedral side is hydrophilic.

Pyrophyllite: This clay belongs to the phyllite group and it has a TOT dioctahedral structure (2:1).
The bonding between the TOT sandwiches is nearly nonexistent, which gives a softness and perfect
cleavage to this mineral. Pyrophyllite is a non-swelling clay with water located in between particles.
Its surfaces were found -by theoretical studies- to be highly hydrophobic (Bridgeman et al., 1996,
Bridgeman and Skipper, 1997, Churakov, 2006). Pyrophyllite is identical in physical properties to talc.
The two are isomorphous (same monoclinic structure) but have different chemistries. Talc contains
Mg instead of Al; the two are indistinguishable without a chemical test for aluminum.

2.1.2.2 Charged clays
Charged clays were saturated with two different cations, Na+ and Ca2+. These two cations behave
very differently in contact with water (Ohtaki and Radnai, 1993). The main parameters of the hydration of Na+ and Ca2+ are presented in Table 2.2 (Grimm, 1968, Güven et al., 1992).

Illite: This clay is part of the mica group and it has a TOT dioctahedral structure (2:1). The lattice
substitutions occur predominantly in the tetrahedral sheet, where Si4+ is replaced by Al3+. The cations
which compensate the negative charge are mostly potassium, tightly linked to the tetrahedral sheets
and forming the so-called interlayer. Potassium is ‘fixed’ to the clay structure and is not available for
exchange or hydration. Therefore this type of clay is non-swelling. On the external surfaces, the
charges are balanced by some positive counterions (see Table 2.1, CEC).
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Table 2.1: Main structural characteristics of the clays under study. The structural formulae were obtained by the clay chemical composition (ICP-AES), the d-spacing (X-ray diffraction) corresponds to wet
(fully water saturated clays (~ 1.9 g/cm3)) and dry (pellets dried out during 24 h at 110ºC).
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Table 2.2: Principal hydration characteristics for Na+ and Ca2+. Hydration nº: nº of water molecules
which interact strongly with the ion (first hydration shell). CN: presence of water molecules close to the
ion that are affected by the ion charge (Ohtaki and Radnai, 1993).

Dehydrated

Hydrated

Hn: Hy-

radius(Å)

radius(Å)

dration nº

Na+

0.98

7.90

Ca2+

1.06

9.6

Ion

CN:

Ehydration

Coord. nº

(kJ/mol)

3

6

-440

8

6-10

-1660

Montmorillonite: This clay is a member of the smectite group and it has a TOT dioctahedral structure (2:1). The isomorphic substitution of the montmorillonite used takes mostly place in the octahedral sheet, where trivalent Al may be replaced by bivalent Mg. This results in a deficit of charge which
is compensated by cations forming the so-called interlayers. These cations are responsible for the
swelling character of this clay. Al ions may also be replaced by ions of Fe, Cr, and Zn. In the tetrahedral sheet, tetravalent Si is partly replaced by Al3+ (van Olphen, 1966). Its particular structure makes
montmorillonite an ideal material to retard the flow of water. The clay-water interaction depends
mainly on the valence radius, the number density of the interlayer counterions, and the number density
and origin (octahedral or tetrahedral substitution) of the clay layer charge (Skipper et al., 1991, Skipper et al., 1995). Smectites hydrate in a step-wise manner. First the crystalline hydration (the water
molecules occur in crystals but are not covalently bonded to a host molecule or ion) starts followed by
an increase of the number of water layers formed in the interlayer. This increase occurs more or less in
discrete steps that are denoted as mono-hydrate (one layer), bi-hydrate (two layers) and so on. With
increase of the relative humidity, the hydration becomes continuous until a colloidal suspension is
formed (number of aligned layers <10) (Berend et al., 1995, Cases et al., 1997). The hydration state of
smectites is typically studied by X-ray diffraction techniques combined with water adsorption gravimetry (Cases et al., 1997). In compacted clays, the compaction degree determines the number of water
layers within the interlayer space. Kozaki et al. (1998) investigated with X-ray diffraction the number
of water layers in Na-montmorillonite as a function of compaction. The results are presented in Figure
2.2.
Natural clays present numerous heterogeneities in the way of stacking and a certain variety of hydration states, which is sometimes referred to as interstratification. Therefore when a clay is classified as
a mono-hydrate, or a bi-hydrate, this can be only considered as an average number (Malikova et al.,
2006).
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Figure 2.2: XRD patterns (CuKα) for water Na-montmorillonite at different compaction degrees (bulk
dry densities) (Kozaki et al., 1998).

2.1.3 Clay dehydration
Clay dehydration is mainly studied by thermogravimetric measurements (Eschenburg et al., 1956,
Velde, 1992), where hydrated clays are heated at a constant rate while recording the changes of their
mass. We analyzed our fully hydrated clays by this technique (see Figure 2.3). We could observe that
the desorption of weakly bound water (free pore water, some external or even internal layer water),
depending on the type of clay, occurred between 30 or 40ºC to 80 to 100ºC, strongly bound water desorption took place between about 100 to 200ºC (probably mostly interlayer water, first hydration shell
of cations) and dehydroxilation (removal of the structural OH groups) of clay layers occurred at temperatures above 550ºC. For the chosen heating rate, the desorption processes in the clays were more or
less continuous without the possibility to distinguish discrete steps for distinct water fractions. These
measurements however were useful to obtain the temperature range at which the hydrationdehydration process is still reversible. This range was taken into account for our experimental settings.
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Figure 2.3: Thermogravimetry analysis and its derivative (differential thermal analysis) for Namontmorillonite and kaolinite (own measurements)
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2.2 Macroscopic diffusion
The diffusive transport of water in clay minerals is affected by the properties of water, the solid
properties (type of clay, dry density) and temperature (Nakazawa et al., 1999). Our studies focus on
the diffusive properties of different clays at a high compaction degree (~1.9 g/cm3) in order to investigate the interactions at the clay-water interface. For that purpose we used a through diffusion technique with a diffusion direction parallel to the direction of the compaction. The diffusion experiments
were performed with two different salt solutions, to observe their effect on the diffusivity, and at different temperatures. Once the through-diffusion experiments were completed, out-diffusion measurements were performed as a check of the through-diffusion results.

2.2.1 Theoretical approach
Diffusion is defined as a process where small particles (atomic or molecular size) move randomly
(Brownian motion) and thus homogenise any initial macroscopic concentration gradient or inhomogeneity. Macroscopically, the flux J [M·L-2·T-1] of matter per unit cross-sectional area due to diffusion is
proportional to the concentration gradient. In one dimension, it is expressed as:

J =− D⋅

∂C i
.
∂x

(3)

This equation is known as Fick’s first law, where D [L2⋅T-1] is the proportionality constant or diffusion coefficient and C [M·L-3] is the concentration of the constituent i that may depend on time t and
distance x. The negative sign indicates that the flux is in the direction of higher to lower concentration
of the constituent i.
Fick’s second law is the mass balance equation that applies for transient diffusion where the
concentration within the diffusion volume changes with time. If D is independent of x, it is:

∂C
∂ 2C
= D⋅
.
∂t
∂x 2

(4)

In porous media, such as compacted clays, diffusion of solutes in pore water depends on the geometrical constraints, that is, the length and shape of the diffusion paths through the pores.
Accordingly, the pore diffusion coefficient, D p , is typically related to the diffusion in bulk water,

Dw , as:
Dp =

δ
⋅ Dw .
τ2

(5)

This formulation was introduced by van Brakel and Heertjes, (1974). They defined tortuosity ( τ 2 ) as
the square of the ratio of the length of actual diffusion paths to the length of their projection on the x
axis, and constrictivity (δ) as a factor accounting for the variable shape and diameter of the pores. In
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most cases, it is not possible, unfortunately, to determine these factors independently. Accordingly, the
pure geometrical factor can also be given as:

δ
1
=
.
τ2 G

(6)

Studies on diffusion of water in clays at a microscopical scale (quasielastic neutron scattering:
QENS), are not, or at least less influenced by the geometrical particle arrangement. Cebula et al.,
(1981), showed that the water motion in such environment is not the same as in bulk water. Therefore
an extra parameter has to be added to equation (5) to account for the electrostatic interaction between
the water and the clay sites. The Dp (m2/s) for tracers with electrostatic interactions can be written as
follows:
Dp =

q
⋅ Dw ,
G

(7)

where q [-] is the electrostatic constraint and G can be considered as the tortuosity. In our study of
microscopic diffusion coefficients (QENS study) of water in compacted clays, we can assume that at
this scale (~Å) geometrical restrictions are negligible and therefore the geometrical factor (or tortuosity) G ≈ 1. Thus the microscopic diffusion coefficient obtained by QENS can be expressed as:
D p ,QENS = Dclay ,QENS = Dw ⋅ q

,

(8)

By comparing the values of the macroscopic D p , the microscopic D p ,QENS and the D w we could obtain the q and G values. More information is given in chapter 5.
In porous media not all the volume is available for diffusion. Accordingly, the flux is reduced in
proportion to the porosity ε . We can combine D p and ε to the effective diffusion coefficient, De ,

De = ε ⋅ D p ,

(9)

with ε [-] the porosity or water content in a water saturated medium that contributes to diffusion.
Therefore, Fick’s first law for a porous medium takes the form (Crank, 1975):

J = − Dp ⋅ε ⋅

∂C p
∂x

,

( 10 )

where C p is the concentration of diffusing species in the pore, and J the solute flux per total cross
sectional area.
For transient diffusion through a porous medium (with constant ε and D p ), we write:

α⋅

∂C
∂ 2C
= ε ⋅ Dp
,
∂t
∂x 2
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where α [-] is the so-called rock capacity factor defined as:

α =ε + ρd ⋅ K D ,

( 12 )

with KD the equilibrium distribution coefficient [L3⋅M-1], and ρd the dry bulk density of the material
[M⋅L-3]. According to the equation (11), the transient phase of diffusion of a sorbing tracer is determined by the apparent diffusion coefficient Da:

Da =

De

α

.

( 13 )

For conservative solutes (non sorbing tracer as HTO in our experiments) K D = 0 , α = ε and thus
D p = Da . The steady-state diffusion, on the other hand, is defined through the effective diffusion coefficient De .

2.2.2 Estimation of diffusion coefficients for non-sorbing tracers
There are some empirical and theoretical models which relate the effective diffusion coefficients
with the porosity and water content in the porous media. Some of them are presented in this section:

2.2.2.1 Archie’s law:
Archie’s law (e.g. Hunt, (2004)) relates the effective diffusion coefficients of saturated soil De (m2/s)
to the diffusion coefficients of its pore fluid Dw and the geometry of the pore space by the relationship:

De / D w = β ⋅ ε m ,

( 14 )

with β and m constants that depend on the type of soil or rock. The constant m is usually referred to
as the cementation factor.

2.2.2.2 Millington & Quirk’s model:
This theoretical model (Flury and Gimmi, 2002) relates the effective diffusion coefficient of unsaturated porous media with the porosity. It is independent of the soil type except for the porosity and is
given as:
De / D w =

ξ 10 / 3
,
ε2

( 15)

where ξ [L3·L-3] is the volumetric water content. This model is sometimes also used to describe
gaseous diffusion in soils, but replacing ξ for the air content φ . For fully water saturated media
( ξ = ε ), it leads to De / D w = ε 4 / 3 .
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2.2.2.3 Generalized model
From a compilation of various models the following generalized relation (empirical) was proposed
(Flury and Gimmi, 2002):
De / D w = α (ξ − β )

γ

for ξ > β ,

( 16 )

with α , β and γ empirical constants that are only valid for certain soils and partly deduced from independent measurements. For values of ξ ≤ β ⇒ De / D w = 0 ; a non-zero value of β means that
the water films in the soil are not longer continuous below a certain threshold, water content; thus the
diffusion in the liquid phase is stopped.

2.2.2.4 The cubic model
This model (Pusch and Hokmark, 1990), based on bentonite pore structure, assumes a grid-like three
dimensional network of cylindrical pores. In this type of network τ = 3 (from equation 5), for

steady-state diffusion in the x direction, because one third of the pores allow the diffusion in this direction, the other pores are oriented in the y and z direction.

2.2.2.5 Bourg’s model
Bourg et al. (2006), based on a model for the pore geometry of clays, determine quantitatively the
relative contributions of the pore-network geometry (tortuosity factor, G) and of the diffusive behavior
of water molecules near montmorillonite basal surfaces (electrostatic factor for the water in the interlayer, δ interlayer , because macropores were considered to have δ = 1 ) to the apparent diffusion
coefficient tensor. Their model is described by these two fitting parameters (G and δ interlayer ) in the following form:

[

]

Da 1
= (1 − f interlayer ) + δ interlayer f interlayer ,
Dw G

( 17 )

with f interlayer the volume fraction of the interlayer water, given by:
f interlayer =

1
d mont

⋅

ρ b, mont

⋅

ρ mont − ρ b, mont ξ 2 − layer
d 2 −layer

+

1
,
1 − ξ 2 −layer

( 18 )

d 3−layer

with d mont = d basal − d interlayer , and d basal is the basal spacing of montmorillonite and d interlayer is the statistical thickness of water in the interlayer (equal to d 2 −layer or d 3−layer , respectively in the 2- and 3-layer
hydrates). Here ρb, mont and ρ mont are the bulk dry density and the solid density of montmorillonite, respectively, and ξ 2 −layer the water volume of the 2-layer hydrate per total interlayer water.
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2.2.3 Experimental methods to determine diffusion properties
The methods used to measure the effective and apparent diffusion coefficients can be classified basically in two types, steady state (diffusive flux is constant) and transient state (non-constant diffusive
flux). Here we will present the two methods used in our experiments, the through-diffusion (steady
state technique) and the out-diffusion (based on the transient state).

2.2.3.1 Through-diffusion
In this method a piece of material is located between two reservoirs (see Figure 2.4).

Figure 2.4: Stetch of our experimental setup. The diffusion cells were immersed in a water bath to regulate the temperature. After (Van Loon et al., 2005).

After the sample is water saturated, one of the reservoirs is labelled with a given amount of tracer.
Transport then takes place from the labelled to the non-labelled compartment. The diffusion can be
followed by monitoring the amount of solute transported from one reservoir to the other as a function
of time. The experimental flux (average flux j exp (Bq/m2s) over the time interval ∆t ) is obtained
through the tracer activity collected over a time interval, A∆t , in the non-spiked reservoir as follows
(Van Loon and Soler, 2004):

j exp =

A ∆t
,
S ⋅ ∆t

( 19 )

Here S is the cross-section area of the sample [L2].
This kind of experiment can be described with equation (10), or (11) (Van Loon et al., 2005). The
concentration of the two reservoirs remains approximately constant such that finally a steady state

- 24 -

Theory: Macroscopic Diffusion
diffusion across the sample is obtained. The initial transient and the steady-state phase can be described by the following initial and boundary conditions:
C (x > 0, t = 0) = 0,
C (x = 0, t > 0) = C 0 ,
C (x = L, t > 0 ) = 0,

with C the concentration of tracer in the sample, and L the sample thickness [L]. The analytical solution to this diffusion process is obtained as (Crank, 1975, Jakob et al., 1999):

 D ⋅ t α 2 ⋅α
At = S ⋅ L ⋅ C 0  e 2 − − 2
6 π
 L

∞

∑
j =1

(− 1) j exp − De ⋅ j 2 ⋅ π 2 ⋅ t  
j2




L2 ⋅ α

 ,


( 20 )

with At the total diffused activity [M], and C 0 the concentration of the spiked reservoir [M·L-3]. In
our experiments we did not use these solutions, but corrected for the filters as described in section
2.2.4. In Figure 2.5 the flux and total accumulated activity vs. time are represented. There are two distinguishable regions, the increasing flux region (transient state) and the plateau flux region (steadystate). In this region the total accumulated activity has a linear shape as a function of time (Crank,
1975). We then can write:

S ⋅ L ⋅ C0 ⋅ α

a =
6
A(L, t ) = a + b ⋅ t 
,
b = S ⋅ C 0 ⋅ De

L

( 21 )

From the linear equation α and De can be obtained. For non-sorbing tracers α = ε and the porosity
can be directly obtained by the linear interception with the y-axis. In case of K D > 0 (sorbing tracers),
the sorption coefficient is obtained from α with some assumptions about the diffusion accessible porosity. The effective diffusion coefficient arises from the slope of this line (see Figure 2.5).

Figure 2.5: Flux and accumulated activity vs. time. Two regions can be distinguished, transient state
(variable flux), and steady state (constant flux).
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Diffusion transport is affected by temperature. The diffusion coefficient increases with increasing
temperature (Kozaki et al., 1998), therefore the slope of the linear fit, b in equation (21), will change.
For non-sorbing tracers the linear interception with the y-axis is temperature independent ( α = ε ),
however for sorbing tracers will be temperature dependent ( α = ε + ρ d ⋅ K D ).
The dependence of diffusion on the temperature can be studied by two different methods
(Van Loon et al., 2005):
1. Step method: For each temperature and sample, the transient and steady-state phase of diffusion
are measured.
2. Continuous method: Once the steady state is reached for a given experiment, the temperature is
changed. A short transient state with respect to temperature (few hours) will be followed by a steady
state at the new temperature. The accumulated activity will be linear for each temperature and De can
be extracted from the corresponding slope. However the intercept with the y-axis can only be derived
from the first transient phase of solute diffusion. This was the method utilized in our experimental
work.

2.2.3.2 Out-diffusion
Out-diffusion experiments are performed once the through-diffusion experiments are finished. The
solutions in the labelled and non-labelled reservoirs are substituted by a fresh solution, and the outdiffusion process starts (Van Loon and Soler, 2004). The new containers (one on the high level activity side ( x = 0 ) and one on the low activity level side ( x = L )) are replaced after a given amount of
time and the resulting activity is measured. The flux is calculated from the activity collected on each
side, as it can be seen in Figure 2.6.

Figure 2.6: Experimental and modelled flux for out-diffusion experiments. The red line represents the
high activity side (x=0), the blue line is the low activity side (x=L).
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The out-diffusion diffusion can also be described with equation (11). The suitable initial condition
for this equation is given by the stationary profile for the through-diffusion:

x

C ( x ) = C 0 ⋅ 1 −  .
 L

( 22 )

The boundary conditions have the form:

C (0,t ) = C (L ,t ) = 0; t > 0
The solution is described in detail by Jakob et al. (1999). The pore water has a tracer concentration
of:
 n⋅π  De
 ⋅ ⋅t
L  α

∞

2

1
x  −

C ( x ,t ) = 2 ⋅ C 0 ⋅ ∑
⋅ sin n ⋅ π ⋅  ⋅ e 
L

n =1 n ⋅ π

.

( 23 )

The spatial derivative of the equation (23) is proportional to the flux, resulting in absolute values of
the diffusive flux at both boundaries:
At x=0

At x=L
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In out-diffusion experiments the fluxes at times 0 or ∞ can be expressed as below:
J (L, t → 0 ) = J L = De ⋅

C0
L

J (0, t → ∞ ) = J (L, t → ∞ ) ⇒ lim
t →∞

J (0, t )
= −1
J (L, t )

Out-diffusion experiments were performed after each through-diffusion experiment in order to verify
the through-diffusion results.

2.2.4 Evaluation of the diffusion data
The diffusion parameters in our experimental setup were corrected for the use of filters (only for the
through-diffusion data), which were located on both sides of the sample. As shown by Glaus et al.
(2007), the filter properties change from a fresh (unused) to a used state and finally depend on the type
of clay, with which the filter was in contact. Strongly swelling clays like montmorillonite distort the
filters, which may lead to an increase of diffusive resistance. Even for a non-swelling clay like kaolinite, a slight reduction of the value for the effective diffusion coefficient from a fresh to a used state has
been observed. The details about the diffusion coefficients of the filters are given in Appendix 1.
The modelled part involved a system described by three transport domains coupled in series, representing a filter (0, x1), the clay plug (x1, x2) and another filter (x2, L), (see Figure 2.7). Solving the
equations for the three-region system requires that the values of the effective diffusion coefficients of
the filters be known.
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Diffusion can be described by Fick’s second law in one spatial dimension (equation (11)), which applies for the clay sample as well as the two filter regions.
A suitable initial condition to solve equation (11) is:
C ( x, t ≤ 0) = 0;

for all x ∈ [0, L] ,

with L (m) the total system thickness. The boundary conditions are as follows:
1. C (x = 0, t > 0 ) = C 0
2. C ( x = L, t > 0 ) ≈ 0
The continuity conditions at the interfaces filter/clay are:
C ( x1− , t ) = C ( x1+ , t ) 
 for all t > 0
C ( x 2 − , t ) = C (x 2 + , t )

x1− , 2 − = x1, 2 − δ 
 δ > 0 and δ → 0
x1+ , 2 + = x1, 2 + δ 

J ( x1− , t ) = J ( x1+ , t ) 
 for all t > 0
J ( x 2 − , t ) = J ( x 2 + , t )

meaning that the concentration C and the flux J are continuous across the filter-clay interfaces. The
resulting system of equations was solved using COMSOL Multiphysics V3.2b (www.comsol.com).
The effective diffusion coefficient De,clay was varied until the calculated flux according to Fick’s first
law,
jmodel = − De ,clay

∂C
∂x

,

( 26 )

x= L

matched with the experimental flux, j exp , that is, the flux calculated by through-diffusion experiments. The clay porosity ε clay was estimated from the transient phase of the experiment. The fitting
was done “by eye”, that is, by a visual estimation of the goodness of the fit along with a careful scrutiny of its underlying parameter values.

Figure 2.7: Sketch of the used filter-clay-filter system.
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2.3 Neutron scattering
Neutrons allow determining positions and motions of atoms in condensed matter. This is possible
because neutrons have a wavelength comparable with the interatomic spacings of atoms in matter, and
because their kinetic energy is comparable with the energy of excitations in a solid. In addition neutrons can penetrate deep into the matter (they have no charge) and therefore bulk properties can be
measured. The interaction mechanism of neutrons with atomic nuclei is via very short-range forces
and magnetic dipole.
The neutron wavelength is defined by the de Broglie relation λ = h / mv , where h = 4.135·10-15
eV·s is the Planck’s constant, m = 1.675·10-27 kg is the neutron mass and v the velocity. The associated

r

r

wave vector k has a magnitude k = (2π ) / λ and shows into the propagation direction. Neutrons

r

r

r

r

can be described classically as particles with a momentum p = mv as well as waves with p = hk .
The neutron kinetic energy can be written as:

E=

1 2
2 2
mv = h k / 2m .
2

( 27 )

Neutron scattering involves all techniques where the deflection of neutron radiation is used as a research tool. Neutrons, depending on their energy, are classified as cold, thermal, and hot neutrons (see
Table 2.3) (Bée, 1988, Mezei, 1980). Cold neutrons match spatially and energetically (temporally)
with the length- and time scale of translational and rotational motions in condensed matter and therefore have been used for our experiments.
Table 2.3: Neutron classification according to their temperature. (1eV=1.6·10-19J).

Neutron type

Energy (meV)

T(K)

λ(Å)

Cold neutrons

0.1-10

1-120

4-30

Thermal neutrons

5-100

60-1000

1-4

Hot neutrons

100-500

1000-6000

0.4-1

During a scattering process, neutrons can exchange momentum and energy with the sample. The

r
momentum transfer hQ is given as follows

(

)

r r
r
r
∆p = hQ = h k i − k f ,

r

r

( 28 )

r

with k i and k f being the incident and final (scattered) wave vectors respectively and Q the socalled scattering wave vector.
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Energy transfer hω is defined as:

∆E = hω = E i − E f =

h2 2
(k i − k 2f ) .
2m

( 29 )

Here ω is the angular frequency (i.e. the neutron energy loss is positive), Ei and E f the incident
and scattered energy respectively. An energy change of the incident neutron wave occurs, for instance,
when neutrons excite phonons (lattice vibration) or interact with particles with unquantified motions
(i.e. diffusion).
There are two types of scattering (see Figure 2.8 and Figure 2.9):
1. Elastic scattering: the neutrons interact with the nuclei in the sample but do not change in energy. This type of scattering gives information about the immobile matter (i.e positions of atoms
in the matter structure). Thus, k i = k f ⇒ ∆E = hω = 0 .
2. Inelastic scattering: the neutrons exchange energy with the nuclei in the sample. This type of
scattering gives information about the mobile atoms (i.e. diffusion). Hence, ∆E = hω ≠ 0 . Energy can be lost ( k f < k i ) or gained ( k f > k i ) by the scattered neutrons. Within this type of scattering exists an especial case, the quasielastic scattering, which receives the name because its
form is a broad line centered at zero energy transfer (see Figure 2.9).

r
Figure 2.8: Representation of Q (wave-vector) in the reciprocal space, for a given incident wave-vector

r

r

( k i ), and different final wave-vectors k f . Elastic scattering results when k i = k f , and quasielastic occurs
when k i ≠ k f .

The neutron-nucleus interaction has a very short range (~ 1.5 ⋅ 10 −13 cm, with the nuclear radius only
about an order of magnitude larger). The neutrons scatter isotropically and the interaction neutronnuclei is well characterized by a single parameter b, called the scattering length (Marshall and Lovesey, 1971).
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Figure 2.9: Representation of the scattering function vs. energy exchange. Three different types of scattering can be observed; elastic ( ∆E = 0 ), inelastic and quasielastic ( ∆E ≠ 0 ).

This parameter can be complex, with a real part usually positive, describing the scattering of the
neutrons, and the imaginary part describing the absorption (principally radiative capture of thermal
neutrons), which is in most cases small. The real part of b is related to the total scattering cross-section
(the area related to the probability that a neutron interacts with a nucleus) by the following expression:

σ = 4π b 2 .

( 30 )

The scattering cross section and absorption, varies irregularly from one atom to another and also
from one isotope to another. Considering these variations the scattering cross-section can be divided
into coherent and incoherent contributions (Marshall and Lovesey, 1971).
The coherent and incoherent scattering cross-sections are given by:

σ coh = 4π b

(

2

σ inc = 4π b − b
2

( 31 )

,
2

).

( 32 )

The coherent scattering cross-section is an average over all isotopes and spin states, and therefore
belongs to the description of collective behavior in the material. The incoherent part corresponds to the
difference between the total and the coherent cross-section and, thus reflects single particle characteristics. Hydrogen has the largest incoherent cross-section of all natural elements (80 barns, 1 barn=10-28
m2). In Table 2.4 are reported the values of the coherent and incoherent cross sections (real part of b),
and of the absorption cross sections (imaginary part of b) for the main constituens of clay minerals.
The nuclei in a solid are not strictly bound nor are they completely free. We set aside a discussion of
these points on the concepts of coherent and incoherent neutron scattering.

Coherent scattering arises from a periodicity in the material which results in uniform scatterers.
The scattered neutron wave presents interference. The scattering of the equilibrium positions of the
atoms is elastic and gives information about the structure. In an inelastic coherent scattering collective

- 32 -

Theory: Neutron Scattering
motions, such as phonons (lattice vibrations), can be created (neutron energy loss) or annihilated (neutron energy gain).

Incoherent scattering happens when the incident neutron wave interacts independently with each
nucleus in the sample; the scattered waves from different nuclei cannot interfere with each other. The
elastic incoherent scattering is isotropic and usually seen as background (i.e. in our quasielastic neu-

tron scattering experiments it is dominated by the amount of immobile hydrogens in the sample). The
inelastic incoherent scattering provides information about the uncorrelated motion of single nuclei

(i.e. diffusion, vibrational density of states).
Table 2.4: Coherent, incoherent scattering and absorption cross sections of the main elements found in
clay minerals (1barn=10-24 cm2). Source: Center for Neutron Research (NIST) (www.ncnr.nist.gov).

Element

σ coh (barn)

σ inc (barn)

σ abs (barn)

H

1.7568

80.26

0.3326

Si

2.163

0.004

0.171

Al

1.495

0.0082

0.231

O

4.232

0.0008

0.00019

Fe

11.22

0.4

2.56

Mg

3.631

0.08

0.063

Ca

2.78

0.05

0.43

Na

1.66

1.62

0.53

K

1.69

0.27

2.1

The interaction between a neutron and a sample can be described more precisely using the doubledifferential cross-section ( d σ / dΩdE f ) (Squires, 1996), defined as the number of neutrons
2

(intensity) scattered per time unit within a solid angle dΩ and with energy dE normalized by the
neutron flux. The double differential cross section depends on the static and dynamic properties of the
material, which can be expressed by the following correlations:
- the pair correlation function, G (r ,t ) , which is the probability of finding a nucleus at a certain po-

r

sition and time (r ,t ) given that there is another one at a position r =0 and at t=0 (coherent scatter-

r

r

ing).

- the self correlation function, G S (r ,t ) , which is the probability of finding a nucleus at (r ,t ) if the

r

r

r

same nucleus was at r =0 and at t=0 (incoherent scattering).
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The measured intensity (double differential cross section), it is given for a monoatomic system as:

[

( )]

( )

r
r
kf 1
d 2σ
=
σ coh S coh Q, ω + σ inc S inc Q, ω
dΩdE k i h

( 33 )

( )

r
with S Q, ω the scattering function , or dynamical structure factor, which is defined as:

( )

( 34 )

( )

( 35 )

r
r r
1 +∞ +∞ r
i (Q ⋅r −ωt ) r
(
)
S coh Q, ω =
G
r
,
t
e
dr dt
2πh ∫−∞ ∫− ∞

( )

r
r r
r
r
1 +∞ +∞
S inc Q, ω =
G S (r , t )e i (Q⋅r −ωt )dr dt
∫
∫
−
∞
−
∞
2πh

r
S coh Q, ω , corresponds to the double Fourier Transform (in time and space) of the pair correlation
r
r
function G (r ,t ) . Similarly, S inc Q, ω is the double Fourier Transform of the self-correlation function
r
G S (r , t ) . Therefore the scattering functions are also probabilities (the same as the pair/self-correlation

( )

functions) but expressed in the reciprocal space:
r
r
2 FT
Real space G (r , t ) ←
→ S (Q, ω ) Reciprocal space

2.3.1 Incoherent scattering, quasielastic neutron scattering
In our quasielastic neutron scattering experiments, using wet clays as samples, the measured intensity is dominated by the incoherent scattering of H atoms (see Table 2.4, cross sections). When the
incident neutron beam hits the sample, the incoherent scattering has many contributions. The elastic
scattering (zero energy transfer), represents the amount of “immobile” material (not diffusing) in the

sample (Si, Al, H (“fixed”), etc.); the quasielastic scattering (QENS) describes the diffusion of H atoms and the inelastic scattering at higher energy transfers has both contributions, mobile and immobile
H.
There are three types of atomic motions: translation, rotation and vibration (order of decreasing time
scale). Due to the different time scales of these movements one can assume that they are uncoupled
(Bée, 1988) .The scattering function can then be approximated by the convolution of individual functions:

( )

( )

( )

( )

r
r
r
r
trans
rot
vib
S inc Q, ω = S inc
Q, ω ⊗ S inc
Q, ω ⊗ S inc
Q, ω .

( 36 )

Diffusion motions are described by a translational and a rotational part. For QENS studies the vibrational part can be described by the Debye-Waller factor ( e
intensity due to thermal vibrations.

( ) (

( )

− u2 Q2 / 3

( ))

). It accounts for the change in the

r
r
r
trans
rot
S inc ,QENS Q, ω = S inc
Q, ω ⊗ S inc
Q, ω ⋅ e − u

2

Q2 / 3

.

( 37 )

There are various models for the translation and rotational diffusion, which are summarized in section 2.3.3.
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A typical energy spectrum can be seen in Figure 2.10, where a dirac delta function (elastic scattering) and two Lorentzians (QENS) appear, all convoluted with the gaussian shaped energy resolution of
the instrument.

Figure 2.10: Neutron intensity vs. energy exchanged. The diffusive motion contributes to the quasielastic
scattering represented here by two Lorentzians. The “immobile” crystal is represented by a δ function.
These curves, after being convoluted with the resolution function, result in a Gaussian and two Voigt functions (Schreier, 1992). The energy gain by the neutrons is on the left hand side of this graph and the energy loss on the right hand side.

2.3.2 Neutron instrumentation
Neutron production arises from experimental nuclear reactors, or accelerator-based neutron sources.
These sources are combined with a complex system of guides and instruments, designed to fully exploit the power of these expensive facilities. In Europe the two main sources are, at the Institute LaueLangevin (ILL) in Grenoble (France) with a high-flux reactor, and at the Rutherford Laboratory near
Oxford (UK) the ISIS spallation source. There are other sources such as the new reactor FRM-II in
Garching (Germany) and the quasicontinuous spallation source SINQ in Villigen (Switzerland). Neutron techniques involve basically two types of instruments; the elastic scattering spectrometers, used to
investigate the structure of the materials, and the inelastic scattering instruments, utilized to obtain information about atomic and molecular motions. A variety of instruments exist optimized for different
experimental requirements, including more and more complex devices for creating different sample
environments. Quasielastic neutron scattering can be measured at different types of instruments such
as time of flight (t-o-f) and backscattering (BS) spectrometers, which we used both for our experiments. These instruments differ significantly in energy resolution, i.e. observation time of the motions.
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2.3.2.1 Instrument resolution:
The information about the atomic motion in the system will be obtained only if its time/spatial scale
matches with the covered time/spatial scale of the instrument in a specific setup. Much slower motions
will be hidden within the resolution function and much faster will appear as a flat background. The
measured scattering function is proportional to a modelled scattering function convoluted with the instrument resolution. The relationship between the instrument resolution ( ∆ (hω ) ) and the time of ob-

servation ( ∆t obs ) is expressed as follows (Lechner and Longeville, 2006):
∆ (hω )∆t obs ≅ h .

( 38 )

In order to extract all relevant motional components, it is necessary to perform several experiments
at different experimental setups (different (Q, ω ) space, i.e different (r , t ) space). In this study three
different experimental setups were used for QENS experiments (see Table 2.5).
Table 2.5: Experimental setups used in our experimental work. The measurements at FOCUS (SINQ)
correspond to the wavelengths λ=3.65 and 5.75 Å, and for the experiments performed at TOFTOF (FRM
II) we used λ=10 Å.

λ(Å)

∆ (hω ) (µeV)

∆t obs (ps)

Q(Å-1)

3.65

250

0.36-2.65

5.75

45

≈3
≈ 15

10

13

≈ 50

0.22-1.12

0.26-1.65

2.3.2.2 Time of flight instruments, (FOCUS at SINQ and TOFTOF at FRM II)
The time of flight instruments that we used have a direct geometry. That means that there is one incident incoming wavelength ( λi , monochromatic beam), and after scattering on the sample, neutrons
with different wavelengths (broad range) are collected at the detectors. The energy of the scattered
neutrons is measured by the time of flight method. The incident neutron beam is chopped into short
pulses of monochromatic neutrons (see Figure 2.11). Neutrons collide and exchange energy and momentum with the sample; scattered neutrons are detected simultaneously at a wide range of scattering
angles 2θ . The signal collected at each detector is a dispersion of neutrons of different wavelengths.
Neutrons arrive at the detectors as a function of real time, thus neutrons which have gained energy in
their interaction with the sample arrive first at the detectors (shortest λ) and vice-versa. The intensity is
measured as a function of ( 2θ , t tof ), angle and time of flight (time required for the neutrons to fly the
known distance sample-detector), which is then converted, based on the scattering triangle
(see Figure 2.8), into the double differential cross section ( d 2σ / dΩdE f ), and then into the dynamical
structure factor S (Q, ω ) .
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Figure 2.11: Input and output signal as a function of time of a neutron beam passing through a chopper. The choppers are used to create pulses and regulate the time period where the different neutron energies are measured, i.e. to define the minimum and maximum energy of the scattered neutrons. There are
different types of chopper. Typically they rotate with a certain frequency, where neutrons in a certain
time window (energy) can go through.

The time of flight instruments used in our experiments monochromatize the incident wavelength in
two different forms:

FOCUS (Janssen et al., 1997): this instrument (see Figure 2.12) uses a monochromator crystal. The
desired wavelength is obtained from this monochromator crystal, according to Bragg law:
n ⋅ λ = 2d ⋅ sin θ ,

( 39 )

with n an integer, λ the incident wavelength, d the spacing between the planes in an atomic lattice
and θ the angle between the incident ray and the scattering planes.

TOF-TOF (Unruh et al., submitted): This spectrometer monochromatizes the incident beam by a
combination of several choppers in front of the sample instead of using a monochromator crystal. In
Figure 2.13 is represented schematically a multi-disk chopper time of flight. The energy selection is
based on the time of flight of the neutrons. The phases between the choppers are set according to the
speed of neutrons with the desired wavelength (or energy). Two choppers would be enough for that
purpose, however to fulfil different requirements, typically five to six choppers are used. The time of
flight of the neutrons collected at the detectors have been measured twice by such an instrument (that
is why it is called TOFTOF): first at the set of choppers, to get a monochromatic beam, and second,
from the sample to the detectors (as in the other time of flight instruments).
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Figure 2.12: FOCUS instrument located at SINQ (PSI, Villigen). This instrument is formed by the main
following parts: 1. Shutter, 2. Disk chopper, 3. Monochromator, 4. Fermi Chopper , 5. Sample, 6. Argon
chamber, 7. Detectors.

Figure 2.13: sketch of a multidisk chopper time-of-flight spectrometer. CH1 and CH2 are the two principal choppers, defining the monochromatic neutron pulse. S is the sample position and D the detectors.
L12, L2S and LSD are the distances between these elements, and λ0 and λ are the incident and scattered neutron wavelengths.

In Figure 2.14 a neutron flight-path diagram is illustrated. There the function of the choppers in cascade is explained in more detail. The horizontal axis represents the neutron time of flight, the vertical
axis represent the flight path between the different elements of the system.
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Figure 2.14: Neutron flight path diagram, which represents the filter effect of various disk choppers in
cascade. The vertical axis shows the flight-path between the choppers in series. CH1 defines the initial time
distribution of the neutron pulse, CHP is the pre-monochromator, CHR is used for pulse frequency reduction (avoid frame overlap at the detectors), and CH2 selects the monochromatic wavelength of the experiment. After (Lechner and Longeville, 2006).

2.3.2.3 Backscattering instruments (IN16 at ILL)
This type of instruments use single crystals as monochromators and analyzers which have Bragg angles close to π / 2 (Frick and Gonzalez, 2001, Frick et al., 1997).
The term backscattering implies that the incident and Bragg reflected beams are practically antiparallel, that is that the derivative of the Bragg law makes δλ minimum for θ = π / 2 , which helps to reduce the energy resolution of the instrument:

δλ δd
=
+ cot gθ ⋅ δθ ,
d
λ

( 40 )

Therefore backscattering instruments offer a very good energy resolution due to their combination of
monochromator and analyzer crystals, being nearly perpendicular to the neutron beam.
The key element of this instrument is a monochromator (in backscattering geometry) moved by a
Doppler driver perpendicular to the neutron beam. Because the monocromator is moving, the relative
velocity of the neutron beam with respect to the monochromator changes. Therefore the wavelength of
the reflected neutron beam changes as a function of time, which corresponds to the velocity of the
Doppler driver (driver at different positions), such as λ 0 − δλ < λi < λ 0 + δλ . The neutrons scattered
from the sample travel to the analyzers, where one wavelength is selected and returned to be collected
by the detectors. The incident wavelength varies periodically as a function of time, however the final
wavelength is fixed ( λ f ). Therefore a defined energy transfer is measured at every time channel. The
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maximal energy transfer is limited to the energy difference between the incident neutrons having

λi = λ0 ± δλ and the scattered neutrons having λ f .
We carried out our experiments for the study of the freezing behavior of water in compacted clays at
the high energy resolution backscattering spectrometer IN16 (ILL, Grenoble, see Figure 2.15). IN16
has a Bragg angle fixed at 90º. At a maximum Doppler speed v D = ±2.5m / s the energy window
results δE 0 = ±14 µeV using a Si monochromator with (1 1 1) reflection ( λ0 = 6.27 Å), and the energy resolution is about 1 µeV.

Figure 2.15: Different components of IN16 Backscattering spectrometer (ILL, Grenoble). Source
(www.ill.fr).

IN16 has another mode of operation called fix-window-scan with the Doppler drive at rest. In this
type of measurement the intensity at zero energy transfer is measured (elastic scattering), because the
incident and the final wavelengths are equal. The scattering function as a function of Q is then:
r
S Q, ω = 0 = C ⋅ e [− u Q ] ,

(

)

2

2

( 41 )

with C a normalization factor, and the exponential is the Debye-Waller factor. The elastic intensity is
usually collected as a function of temperature. The Debye-Waller factor increases slowly by decreasing the temperature. Additionally, changes in a type of motion may occur (i.e. water molecules freeze
due to decreasing temperature, such that diffusion is suddenly slowed down. In case of water freezing,
the measured elastic neutron intensity increases nearly as a step function. At the same time, the quasielastic signal (diffusion in liquid water) decreases until at sufficiently small temperatures, the
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quasielastic line falls entirely into the energy resolution window. Below these temperatures the increase in the elastic signal is only due to the Debye-Waller factor. Above, there is a small additional
influence due to the quasielastic scattering.
These experiments are typically used to explore the temperature range at which the motion of interest occurs. Therefore, it is an ideal instrument to study liquid phase transitions.

2.3.3 Self diffusivities
The especially large incoherent scattering cross section of hydrogen makes the incoherent scattering
in our particular systems (wet clays) to be the dominant. As a result QENS is a powerful technique to
study the water dynamics in bulk or in restricted geometries such as nanoporous materials.
Fick’s second law describes the motion in the continuous diffusion limit and can be also expressed
r
in terms of the previously introduced probability given by the self correlation function G S (r , t ) (Bée,
1988):
r
∂G S (r , t )
r
= D∇ 2 G S (r , t ) ,
∂t

( 42 )

r
with D the diffusion coefficient and a suitable solution for G S (r , t ) and having the form (see

Figure 2.16):
r
G S (r , t ) =

r
1
−r
(3 / 2 ) e
(4πDt )

2

/ 4 Dt

.

( 43 )

The spectral profiles can then be calculated by a spatial and time fourier transform of equation (43)
and the incoherent scattering function results for isotropic movement:

( )

Γt (Q )
,
π ω + Γt2 (Q )

r
1
S inc Q, ω =

2

( 44 )

with Γt (Q ) is the hwhm of the Lorentzian, having a form:
Γt (Q ) = h ⋅ D ⋅ Q 2 .

( 45 )

This model scattering function is a good approximation, at low momentum transfer (large diffusion
distances). At large momentum transfer (short diffusion distance), Fick’s law is not longer applicable
because the diffusion process at atomistic scales becomes important. There are several analytical expressions were developed that account for this type of motion. Some of them are treated in the following section (Jobic, 2000)

- 41 -

Theory: Neutron Scattering

Figure 2.16: On the left had side is a representation of immobile atoms, whose probability to find them
at a certain position is constant as a function of time. This probability corresponds to a delta function in
the reciprocal space ( S (Q, ω ) ). In reality the equilibrium position of the atoms can be described in such
form. On the right hand side the solution of the diffusion equation G S (r , t ) is shown for two different distances (r1 , r2 ) . The corresponding Lorentzians in the reciprocal space S inc (Q, ω ) are plotted with the
same colors. The information about diffusivity is obtained from the full width at half maximum as a function of Q2 (black curve).

The spectral profiles can then be calculated by a spatial and time fourier transform of equation (43)
and the incoherent scattering function results for isotropic movement:

( )

Γt (Q )
,
π ω + Γt2 (Q )

r
1
S inc Q, ω =

2

( 46 )

with Γt (Q ) is the hwhm of the Lorentzian, having a form:
Γt (Q ) = h ⋅ D ⋅ Q 2 .

( 47 )

This model scattering function is a good approximation, at low momentum transfer (large diffusion
distances). At large momentum transfer (short diffusion distance), Fick’s law is not longer applicable
because the diffusion process at atomistic scales becomes important. There are several analytical expressions were developed that account for this type of motion. Some of them are treated in the following section (Jobic, 2000).
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2.3.3.1 Jump diffusion models
For short distances the diffusion behavior deviates from Fick’s law. For this type of motion jump
diffusion models were developed (Hall and Ross, 1981, Singwi and Sjölander, 1960), which assume
that a water molecule oscillates with a certain mean square amplitude

u2

around an equilibrium

position and for an average time ( τ t ), before it jumps a distance l to another equilibrium position,
where l 2 >> u 2 .
For this type of diffusion, the scattering function is a single Lorentzian (Bée, 1988, Jobic, 2000). The
following models differ in the jump length distribution, consequently, also in the broadening Γt (Q ) of
the Lorentzian curve (Jobic and Theodorou, 2007).
1. Hall and Ross model (HR) (Hall and Ross, 1981): the jump length distance has a Gaussian distribution given by:

ρ (r ) =

2r 2

r03 (2π )

1/ 2

 r2
−
2 r02

e 






,

( 48 )

with r0 and r the initial and final position of the water molecule. The broadening of the half-width
at half-maximum (hwhm) is then calculated as:
Γt (Q ) =

h

τt

[1 − exp(−Q 2 Dτ t )] ,

( 49 )

with the mean square of the jump length in the form: l 2 = ∫ r 2 ρ (r )dr = 3r02 ; and the diffusion
∞

0

value D = l 2 / 6τ t ; with τ t the residence time of a molecule at a quasi equilibrium position, before it
rapidly jumps to the next quasi equilibrium position.
2. Singwi and Sjölander model (SS) (Singwi and Sjolander, 1960): this model is based on an exponential distribution of jump lengths:


r 

r − 
ρ (r ) = 2 e  r0  ,
r0

( 50 )

which leads to a broadening defined by:
Γt (Q ) =

h ⋅ D ⋅ Q2
,
1 + D ⋅ Q 2τ t

and the mean square jump length l 2 = 6r02 .
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3. Chudley and Elliot model (CE) (Chudley and Elliott, 1961): here the jump distance l is constant and the broadening of the Lorentzian takes the form:
Γt (Q ) =

h  sin (Q ⋅ l ) 
1 −
 ,
τ 
Q ⋅ l 

( 52 )

Expanding the sinus function up to the third order, one obtains equation (45).
4. Jobic model (Jobic, 2000): the distance between two sides is defined by l 0 . The parameter r0
accounts for the delocalization of the molecule on its site. This model can be used, if the jump
length is small compared to the amplitude of the delocalized vibration. It assumes a jump length
distribution:


−

r

ρ (r ) =
e
1/ 2
l 0 r0 (2π )

( r − l 0 )2 
2 r02




,
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 ,



( 54 )

resulting in a broadening such as:
h  sin (Q ⋅ l 0 )  −
Γt (Q ) = 1 −
e
τ 
Q ⋅ l0

 Q 2 r02 

2 

The mean jump length is then given by l 2 = l 02 + 3r02 .
All models lead to Fick’s law at low Q. Therefore they share the same broadening behavior
( ∝ DQ 2 ) and yield similar D values at low Q.

2.3.4 Rotational motion
For rotational motions the incoherent scattering function can be written as a sum of an elastic and
quasielastic component (equation (53)).
The model we used for our experiments was based on Sears expansion (Sears, 1966), which assumes
an isotropic rotation of the hydrogens on a spherical surface. In our case, it means that the water molecules rotate around their center of symmetry.
This model is expressed as:

S rot (Q, ω ) = j 02 (Qa ) ⋅ δ ( E ) +

1

π

∞

⋅ ∑ (2n + 1) j n2 (Qa )
n =1

 h
n(n + 1) ⋅ 
 6 ⋅τ r






 h
E 2 +  n(n + 1) ⋅ 
 6 ⋅τ r



 



2

,

( 55 )

The term δ(E) is the Dirac delta function, j n are the spherical Bessel functions, a = 0.98Å is the OH distance of the water molecule and τ r is the rotational relaxation time. In our measurement, Q was
limited to a maximum of 2.65 Å-1, therefore the terms for n > 3 in equation (53) could be neglected.
There are other models used to describe rotational diffusion of water in confinement (Bée, 1988,
Volino and Dianoux, 1980), but for our particular case, these models did not improve the quality of the
fits.
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2.4 Water diffusion in clays: A literature review
2.4.1 Factors affecting water diffusion
The water diffusivity in clays is affected by the geometrical microstructure of the pore network, that
is, porosity, tortuosity, constrictivity and by the interaction between water and clay. Several authors
have already reported how the properties of water in clays differ from those of bulk water. In classical
studies it has been shown that the adsorptive forces of the minerals increase the viscosity (Low, 1976),
and decrease the density of the water (Oster and Low, 1964). At the water-clay interface the acidity of
water can be quite different from that of bulk water: the degree of dissociation of absorbed water is
about two orders of magnitude larger than in bulk water (Sposito, 1984). Several studies (Bridgeman
and Skipper, 1997, Sposito and Prost, 1982) confirmed that the range of influence of the clay surfaces
extends to about the first two water layers. In studies of the dynamics of water by means of quasielastic neutron scattering (Cebula et al., 1981, Malikova et al., 2006, Skipper et al., 2006), NMR (Fripiat,
1971, Nakashima, 2001), and molecular modeling (Malikova et al., 2004, Marry et al., 2002), a reduction of the mobility of water molecules at the clay-water interface was observed.
The geometrical arrangement of the clay particles and thus the organization of the water molecules
within the clay are directly related to the degree of compaction (Djeran-Maigre et al., 1998). Scanning
electron microscopy (SEM) revealed that uniaxial compaction caused a preferential orientation of the
clay layers in the direction perpendicular to the compaction press. This tendency increased with the
dry bulk density (Sato and Suzuki, 2003). The porosity and the pore sizes are reduced with increasing
compaction (Vasseur et al., 1995) and the water is differently distributed. For instance in Na- and Camontmorillonite at dry densities larger than 1.9 g/cm3, most of the water (>95%) is located in the interlayers (Pusch, 2001).
The degree of compaction, and the ionic strength of the water used to hydrate the clay affect the
swelling pressure (Madsen, 1998, Stewart et al., 2003, Studds et al., 1998). The swelling pressure of
bentonite increases as the compaction increases. For bulk dry densities below 1.1-1.4 g/cm3 the swelling pressure is higher for low ionic strength solutions, with Na-bentonite having a higher swelling
pressure than Ca-bentonite. For higher dry bulk densities than 1.1-1.4 g/cm3 the swelling pressure is
independent from the ionic strength of the solution (Bourg et al., 2006, Marry and Turq, 2003).
The cations balancing charged clays, mainly because of their differences in charge and size, can directly affect the clay swelling behavior. Studies have shown an increase in basal spacing with the hydration energy of the saturating cation (Berend et al., 1995, Cases et al., 1997). Due to this difference
in the interlayer spacing, water is differently distributed in the pore spaces, and therefore influenced by
different water-clay interactions, which directly affect the diffusion properties (Gast, 1962, Oster and
Low, 1963). Also, bivalent counterions between the hydrophilic silica surfaces may generate an
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attractive force capable of maintaining larger stacks of silicate layers together (Marra, 1986). As a
consequence the average number of layers per stack for Ca-montmorillonite is ~ 10-15, whereas in
Na-montmorillonite it is only ~ 3-5 (Pusch, 2001).
The hydrophobic or hydrophilic character of the clay surfaces plays a definitive role in the diffusion
properties. Hydrophobic pores were found by molecular dynamic studies to accelerate the water
diffusion process especially at low temperatures (Hartnig et al., 1998) because at high temperatures
the thermal agitation energy is more relevant than the interactions between water and clay surfaces.
Various studies have shown how water confined in hydrophobic and hydrophilic media behaves significantly different at temperatures above (Skipper et al., 2006) and below 273 K (Chu et al., 2007).
Pyrophyllite and kaolinite have a more hydrophobic character (Bridgeman et al., 1996, Bridgeman
and Skipper, 1997, Churakov, 2006) in contrast to montmorillonite or illite. In these clays, the water
dipole is oriented parallel to the hydrophobic surfaces with one hydrogen directed towards the surface.
Therefore the number of H-bonds per water molecule is reduced (Bridgeman and Skipper, 1997). Calculations on kaolinite showed that the two sides interact very differently with water (Tunega et al.,
2002a, Tunega et al., 2002b). The tetrahedral side is hydrophobic, whereas the octahedral side is hydrophilic.
In charged clays we expect that the compensating cations and the clay surfaces influence the activation energy as compared with bulk water. Ions can be divided in two groups: kosmotropes (order makers: Mg2+, Ca2+, Li+, Na+, H+) and chaotropes (disorder-makers: K+, Rb+, Cs+, or also anions such as
Br-, I-) (Hribar et al., 2002). The members of the first group exhibit stronger interactions with water
molecules than water with itself, which results in an increase of the water Ea for water diffusion in
bulk solutions (Hribar et al., 2002). Studies on ions showed that the tendency of kosmotropes to order the water molecules around themselves produces a slow down of the water diffusion (Leung and
Safford, 1970), and an increase of the viscosity (Mateo et al., 1977) and density (Stumm and Morgan,
1996).
The following section presents an overview about diffusion of water in compacted clays studied at
two different spatial/time scales; at the macroscopic level, by tracer through-diffusion and at the microscopic scale, by neutron scattering techniques.

2.4.2 Macroscopic diffusion
The hydraulic conductivity in clays (~10-12 m/s) (Madsen, 1998) ensures that diffusion is the mechanism governing the molecular transport. Macroscopic diffusion of water tracers (HTO and HDO) has
been extensively studied at different compaction degrees in bentonite and montmorillonite clays
(Kozaki et al., 1999, Nakazawa et al., 1999, Suzuki et al., 2004). Little is known, however, on diffusion through kaolinite (Phillips and Brown, 1968), and even less about diffusion through illite (Ellis et
al., 1970). For instance, we are not aware of any study of the temperature dependence of diffusion
through illite or kaolinite.
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The degree of compaction (dry bulk density) affects directly the diffusive properties of water in
clays. Its increase leads to a reduction in the macroscopic effective diffusion coefficients (GarciaGutierrez et al., 2004, Kozaki et al., 2005). Moreover compaction leads to an anisotropy of the diffusion coefficients (Suzuki et al., 2004). Suzuki et al. (2004) studied HDO through-diffusion in compacted sodium bentonite (0.9 or 1.35 g/cm3). The diffusion showed larger values of De in the perpendicular than in the parallel direction of compaction. Similar conclusions were obtained for the apparent
diffusivity of calcium and sodium ions in non-saturated Na/Ca-montmorillonite with a diffusivity
twice as high perpendicular as compared to parallel to the direction of compaction (Bourg, 2004).
Diffusion is also affected by the particle size of the clay under study. Kozaki et al. (1999) performed
diffusion experiments with HTO, Cl- and Cs+ tracers in Na-montmorillonite (purified Kunipia-F. bentonite) at room temperature in samples pressed from powders with grain sizes between 75 to 150 µm
or below 45 µm. Montmorillonite was compacted uniaxially to 1 and 1.8 g/cm3. Diffusivities were
about 50 % higher for samples with the smaller grain sizes in case of HTO and Cl- tracers; however
Cs+ diffusivity had smaller values in this case.
The cation saturation of a clay can directly affect the diffusion properties. For montmorillonite, the
Ca form has a larger d-spacing (Wu et al., 1997). Choi and Oscarson (1996) studied the porosity of
Na and Ca-bentonite at a bulk dry density of 1.1 g/cm3 by mercury intrusion. Before being measured
the clays were saturated with water and dried slowly in chambers of progressively lower relative humidity. Ca-bentonite showed the largest pores of about 1 µm, whereas Na-bentonite presented pores of
about 50 nm. The volume of pores larger than 3.6 nm in equivalent diameter was approximately 50 %
higher in the Ca- than in the Na- form. That resulted in a 30% larger diffusion coefficients of the Cathan of the Na- pellets.
The geometrical factors, which account for the pore-network effect on the diffusion, have also been
investigated. In MX-80 bentonite compacted at different degrees the values obtained for the tortuosity
factor range from τ2=2.1 (from equation 5) at a bulk dry density of ρd=0.4 g/cm3 to τ2=29.3 at ρd=1.8
g/cm3 (Molera and Eriksen, 2002) in diffusion experiments parallel to the compaction press. Suzuki et
al. (2004) found for bentonite (Kunipia-F.; Na-montmorillonite content >98 wt.%) different values for
m and β (from Archie’s law, equation 14) when the diffusion was parallel ( m // = 2.1 ± 0.2 ,

β // = 0.29 ± 0.03 ) or perpendicular ( m ⊥ = 4.3 ± 0.3 , β ⊥ = 0.47 ± 0.07 ) to the direction of compaction.
HTO diffusion studies (Sachs et al., 2006) in compacted kaolinite KGa-1 from Georgia (low-defect
kaolinite) at two different bulk densities (ρb=1.56 and 1.67 g/cm3) and at 25°C, showed effective diffusion coefficients of De = (1.8 ± 0.18) ⋅ 10 −10 and De = (1.57 ± 0.16) ⋅ 10 −10 m2/s respectively at a pH=5.
These values increased by 30% for the lower dry density and by 20% for the higher dry density when
the pH changed to 7. This was interpreted as resulting from structural changes following changes in

the protonation state of the functional groups.
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Investigating the temperature dependence of diffusion coefficients – in terms of activation energies –
is thought to give additional information on the microscopic processes that affect diffusion. In contrast
to the macroscopic diffusion coefficients the activation energy for diffusion is probably less influenced
by the geometry factor, and more by the microscopic interactions. The effect of the degree of compaction and the saturating cation (for swelling clays) on the activation energy remains still unclear (Oster
and Low, 1963). The following results found in the literature were measured at a temperature range of
5-50ºC and presented Arrhenius behavior. Kozaki et al. (1998) found increasing activation energies
for Na+ tracer diffusion with increasing bulk dry density. Both, Na- and Ca-montmorillonite, showed
this effect (Kozaki et al., 2005), with activation energies of 14.1±1.2 and 17.4±1.6 kJ/mol,
respectively, at a degree of compaction of 1 g/cm3 and 24.7±1.5 and 24.4±3.1 kJ/mol, respectively, at
1.8 g/cm3. For HTO diffusion in Na-montmorillonite at different degrees of compaction between 1.0
and 2.0 g/cm3, however, approximately constant values of about 18±2 kJ/mol (Nakazawa et al., 1999,
Suzuki et al., 2004) were found, which are not significantly different from that of bulk water selfdiffusion (16kJ/mol (Low, 1962) to 18kJ/mol (Wang, 1951)).

2.4.3 Microscopic diffusion (QENS)
Quasielastic neutron scattering studies on clays date back to the beginning of the 1980s. Neutron
scattering is sensitive to the study of dynamics of water (no ion species), relying on the large
incoherent cross-section of the hydrogen atom. Neutron scattering probes the structure of a liquid on a
time scale between 10-13 to 10-10 s.
Generally, smectites (swelling clays like montmorillonite, saturated with mono- or bivalent cations)
are among the most studied clays in terms of water structure and dynamics. Their particular layer configuration may provide a model system for water dynamics in two-dimensional confinement (Skipper
et al., 2006, Swenson et al., 2000). However these clays were often measured as pastes and not in a
compacted state. In these cases, the motion of water in the interlayer and also on the external layer, or
even within the free pore water, contributes to the diffusion parameters.
The dynamic data extracted by the quasielastic neutron scattering technique are strongly dependent
on the model used for the analysis (translation and rotational motions). Translational motions have
been analysed by two (Mamontov, 2004) or three dimensional models (Cebula et al., 1981, Malikova
et al., 2006, Tuck et al., 1984), and rotational motions have been studied by isotropic (Sears, 1966) or
uniaxial models (Dianoux et al., 1975). Some authors obtained satisfactory results using a 3D jump
diffusion model (Hall and Ross, 1981, Singwi and Sjölander, 1960) for the study of montmorillonite
(Anderson et al., 1999, Cebula et al., 1981). They claimed that no anisotropy was found in the water
dynamics parallel or perpendicular to the interlayer direction. The motion studied was restricted to a
certain time/length scale which did not exceed the interlayer spatial restrictions; this is the so-called
local motion. As previously mentioned, other authors claimed that they could observe a 2D
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translational dynamics (including a uniaxial rotation) to describe the diffusion processes of water in
vermiculite (Swenson et al., 2000).
In smectites the most appropriate model to study the translational diffusion of water, seems to be
that of isotropically averaged two dimensional translational diffusion (Mamontov, 2004). The signal
from isotropically averaged 2D diffusion differs from the isotropic diffusion slightly in the quasielastic
broadening. The 2D model has a characteristic logarithmic singularity at zero energy transfer, whose
observation is, however, limited by the energy resolution of the instrument.
The

water

mobility

depends

strongly

on

the

degree

of

hydration

of

the

system

(Anderson et al., 1999, Chang et al., 1997). In smectites, water mobility is reduced with decreasing
hydration, as it was shown experimentally and by molecular modelling by Malikova et al. (2006),
while the residence time, jump length and rotational relaxation times of the water molecules increase
(Anderson et al., 1999). This can be explained by the increased fraction of interlayer or external layer
water, as compared to free pore water, al low hydration.
In summary, three dimensional diffusion coefficients obtained by neutron scattering at room temperature for montmorillonite saturated with monovalent counterions, were in the range of
D = (0.5 − 4) ⋅10−10 m2/s for mono-hydrated systems (relative humidity about 40%), and residence

τ t = 43 ps. For bi-hydrated systems (80% relative humidity), values of about D ≈ 10 ⋅10 −10 m2/s and
τ t = 33 ps (Cebula et al., 1981, Malikova et al., 2006) were obtained. On the other hand, bi-hydrated
Ca-montmorillonite showed results slightly higher than the Na form of about D ≈ (12 − 13.6) ⋅ 10 −10
m2/s and τ t = 10 − 15 ps (Anderson et al., 1999, Tuck et al., 1984). This small difference in the water
dynamics between mono- and bivalent smectites is interpreted by some authors as being due mostly to
the only weakly bound water. The rigidly bound water may appear to be immobile for the neutron
scattering techniques (Sposito and Prost, 1982). Applying a two dimensional translational and uniaxial
rotation model to Na-vermeculite data, Swenson et al., (2000) obtained values for the bi-hydrated
samples of D = 8.8 ⋅10 −10 m2/s and τ t = 2.3 ps. For comparison, the diffusion coefficient of bulk water
measured QENS at room temperature is D = (2.3 − 2.4) ⋅ 10 −9 m2/s (Bordallo et al., 2006, Tuck et al.,
1984). Studies about the effect of temperature on the dynamics of water in clays at a microscopic
scale are very limited (Malikova et al., 2004, Tuck et al., 1984). The available results for the activation energies, which presented Arrhenius behavior, showed values close to or lower than that of bulk
water (~ 18kJ/mol) (Wang, 1951). Malikova et al. (2004) found by molecular modelling studies values of 12 to 15 kJ/mol for the mono-hydrated Na- and Cs-montmorillonite and 14 to 19 kJ/mol for the
Na-bihydrated at a temperature range of 0-150ºC. Tuck et al., (1984) obtained for bi-hydrated Camontmorillonite a value of 11 kJ/mol at a temperature range of 27-95ºC. No information about the activation energy for diffusion was found for illite or uncharged clays.
A large number of techniques have been employed to elucidate the structural properties of supercooled water in confinement, among them X-ray and neutron diffraction (Bellissent-Funel et al., 1993,
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Yamaguchi et al., 2006) and NMR (Hwang et al., 2007, Mallamace et al., 2006) and different neutron
scattering techniques (Benham et al., 1989, Venturini et al., 2001). However the microscopic mechanism of diffusion at temperatures below 0ºC and the freezing/melting behavior of water molecules
near hydrophilic and hydrophobic surfaces are still poorly understood.
Moreover the origin of hysteresis between freezing and melting of water in a confining medium is
controversial. Some studies (Morishige and Kawano, 1999) relate the hysteresis effect to the pore size;
in smaller pores hysteresis is negligible whereas in large pores it may have a noteworthy effect.
The dynamics of water in clays at temperature below 0ºC has been studied by neutron spin echo
(NSE) techniques (Mezei, 1980) on a bi-layer Na-vermeculite (Bergman and Swenson, 2000, Swenson
et al., 2001). Svensson et al. (2001) investigated the dynamics of water at a temperature range of -19
to 50ºC. The temperature dependence of the NSE average relaxation time could not be described by an
Arrhenius behavior. The so-called strong liquids are those which follow an Arrhenius diffusion behavior. They used instead the Vogel–Fulcher–Tamman law (appropriated for the so-called fragile liquids)
(Price et al., 1999). The values obtained for the glass transition temperature (temperature at which water turns into an amorphous solid) varies between Tg≈124-136 K. Moreover, they suggested fragilestrong transition at a singular temperature of Ts=228 K. The Ts is therefore the temperature at which
the water changes its dependence with temperature from the Vogel–Fulcher–Tamman to the Arrhenius
law in the supercooled region (Chen et al., 2006).
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Appendix 1
The diffusion values presented in the Table 2.6 are calculated based on the values found in literature
for 22Na and 85Sr tracers (Glaus et al., 2007). The effective diffusion coefficient ratio for the filters in
contact

with

montmorillonite

for

the

two

tracers

22

Na

and

85

Sr was

found

to

be

mont
( Demont
, used / De , fresh ) ⋅ 100 ≈ 50 − 60% , therefore we assume for HTO in contact with montmorillonite a

ratio of ≈ 55 % which, with the effective diffusion value of the De, fresh ( HTO ) = 2.3 ⋅ 10 −10 m 2 /s [M.A.
Glaus, personal comunication] yields an effective diffusion coefficient of HTO in a filter in contact
with montmorillonite of 1.3 ⋅ 10 −10 m 2 /s at room temperature.
For kaolinite only the ratio for 85Sr of about 73% was found in the literature (Glaus et al., 2007).
.
−10
Assuming the same relationship for HTO we calculated a value of Dekao
m2/s at
,used ( HTO ) = 1.7 ⋅ 10

room temperature.
In case of illite, no measurements could be found. Because illite is less strongly swelling than
montmorillonite it was assumed that the diffusion coefficient of a used illite filter would not be lower
than that for montmorillonite. We estimated the effective diffusion coefficients for illite filters as the
arithmetic mean of the value for a fresh and the filter having been in contact with montmorillonite.
The effective diffusion coefficients of the filters for the other temperatures presented in the Table below were calculated according to the Arrhenius Law and assuming a bulk water activation energy of
18 kJ/mol
Table 2.6: Effective diffusion coefficients of filters for HTO. With Df,fresh indicating a non-used filter and
Df,mont and Df,kao denoted a use filter in contact with montmorillonite and kaolinite clays respectively. The
different temperature values were obtained from the Arrhenius law assuming an energy activation of
18kJ/mol (Wang, 1951). The errors are estimated not to be larger than 10%.

T(ºC)

Df,fresh (m2/s)

Df,mont (m2/s)

Df,kao(m2/s)

0

1.2·10-10

6.7·10-11

8.8·10-11

10

1.6·10-10

8.9·10-11

1.2·10-10

20

2.0·10-10

1.2·10-10

1.5·10-10

25

2.3·10-10

1.3·10-10

1.7·10-10

30

2.6·10-10

1.5·10-10

1.9·10-10

40

3.3·10-10

1.8·10-10

2.4·10-10

50

4.0·10-10

2.3·10-10

3.0·10-10

60

5.0·10-10

2.8·10-10

3.7·10-10
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The activation energy is denoted by Ea and in diffusive motions it is reflected in the temperature dependence of the diffusion coefficients. Only those molecules with an energy equal to, or greater than
the activation energy are capable to move. The activation energy of free water diffusion is about 16
kJ/mol (Low, 1962) to 18 kJ/mol (Wang, 1951) and is sometimes interpreted as the energy required to
break the hydrogen bonds of a water molecule in order to move to another position (Teixeira et al.,
1990). For diffusion, an Arrhenius type equation is in general used,
De = A ⋅ e − E

a

/ RT

,

( 56 )

which can be written as:
ln De = ln A −

Ea
,
R ⋅T

( 57 )

and where A is the so-called pre-exponential factor, R=8.314 J/(K·mol) is the molar gas constant and
Ea (kJ/mol) is the activation energy.
The Stokes-Einstein relation links the diffusion coefficient D of a solute in a liquid with the viscosity
η of the solution (resistance to flow) as:

D=

k BT
,
6π ⋅ η (T ) ⋅ r

( 58 )

where kB is Boltzmann’s constant (1.381·10-23 J/K) and r is the radius of the solute. The equation
shows that water with a high viscosity has a lower diffusion coefficient than water with a low viscosity
and vice-versa.
The temperature dependence of the viscosity is generally expressed as,

η = Aη ⋅ e ( E

a ,η

/ RT )

,

( 59 )

with Eaη the activation energy for viscous flow. When inserting equation (57) into equation (56), we
see that the latter depends in a different way on temperature than equation (54), namely according to,

D ∝T ⋅e

− ( E a ,η / RT )

,

( 60 )

but the differences are relatively small for temperatures between about 0 and 100ºC.
The Stokes-Einstein relation is formally analogous to the Eyring equation (Glasstone et al., 1941).
The Eyring equation is a statistical mechanical equation, which gives the specific reaction rate for a
chemical reaction in terms of the heat of activation, the entropy of activation, the temperature and
various constants:
D=

l 2 k B ⋅ T ( ∆S
⋅e
h

±

/ R)
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⋅ e −( ∆H

±

/ RT )

,

( 61 )

Appendix
or analogously:
ln D = ln

l 2 k B ⋅ T ∆S ± ∆H ±
+
−
,
h
R
R ⋅T

( 62 )

where l is the mean distance between two successive equilibrium positions of a diffusing molecule
in the direction of diffusion, h is Planck’s constant (6.626·10-34 J·s), ∆S ± (J/mol·K) is the entropy of
activation, and ∆H ± (J/mol) is the enthalpy of activation.
The comparison between equation (55) and (60) makes it possible to relate the Ea for diffusion to the
entropy of activation showing that Ea and ∆H ± or ln A and ∆S ± are about analogous quantities. The

∆S ± represents the order or disorder of the activated complex as compared with the ground state. Fast
reactions occur for low values of ∆S ± (or ln A) and large values of ∆H ± (or Ea) and vice-versa for
slow reactions. We like to stress the point that all three equations for the temperature dependence of a
diffusion equation, the Stokes-Einstein, the Eyring, and the Arrhenius equation, are approximate only
in their nature. Whereas the first two are based on model considerations, the last is mostly empirical.
Thus, a fundamental interpretation of the activation energies is not possible at present.
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Abstract
The effect of temperature and ionic strength on the diffusion of HTO perpendicular to the direction
of compaction through five highly compacted clay minerals (ρb=1.90±0.05g/cm3), namely montmorillonite (in the Na and Ca form), illite (Na and Ca form), and kaolinite, was studied. The diffusion experiments were carried out at temperatures between 0 and 60ºC and at ionic strengths of 0.01M NaCl
and 1M NaCl for the Na form clays and kaolinite, and of 0.005M CaCl2 and 0.5M CaCl2 for the Ca
form. The ionic strength had an insignificant influence on the values of the effective diffusion coefficient (variation by less than 10%) of the clays under study at this degree of compaction. The effective
diffusion coefficients followed the order Na-montmorillonite < Ca-montmorillonite < Ca-illite < Naillite ≤ kaolinite, but the differences between the last two clays are considered to be insignificant. We
think that the differences between Na- and Ca-montmorillonite originate from the larger particles and
thus the lower tortuosity of the latter, whereas the differences between Na- and Ca-illite are related to
the different salvation of Na and Ca ions. The activation energies were calculated from the Arrhenius
law, which describes the systems very accurately. Swelling clays (Na- and Ca-montmorillonite) had
slightly larger activation energy values (~20 kJ/mol) as compared to bulk water (~17 kJ/mol), Ca-illite
a similar (~16 kJ/mol), and Na-illite (~13 kJ/mol) and kaolinite (~14.4 kJ/mol) lower values than that
of bulk water. The low activation energies of the last two clays may be related to weaker H-bonds between water and the clay surfaces as compared to those in bulk water, and to a lowering of the water
viscosity.

Keywords: Self-diffusion, HTO, compacted clays, diffusion coefficients, activation energy, ionic strength, Arrhenius law.
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3.1 Introduction
Compacted clays and shales are extremely impermeable and thus effective barriers to fluid flow in
near-surface groundwater environments, including contaminated waters, and in deep sedimentary basins that host hydrocarbons. Owing to their impermeability and their sorption properties, compacted
clays have been proposed as the host rocks for deep underground repositories of radioactive waste, and
the swelling clays, in particular, are the favoured artificial sealing material for such excavations. The
clay mineral-water systems have to be well characterized to understand the migration of radionuclides,
which in these highly compacted and sorbing materials occurs predominantly by diffusion through
water. Water dynamics in clays is dominated by the physico-chemical interaction between water
molecules and clay particles, and by the geometrical arrangement of the clay particles.
The effective diffusion coefficient in a porous material can be defined as (van Brakel and Heertjes,
1974):
De =

ε ⋅δ
1 δ
⋅ Dw ;
=
,
2
τ
G τ2

(1)

with De (m2/s) the effective diffusion coefficient in the material defined per total cross section,

ε [-] the porosity, δ [-] the constrictivity, τ [-] the tortuosity, and Dw the bulk water diffusion coefficient
(m2/s). The diffusion of water in clays is influenced by the electrostatic interactions between the water
and the charges of surfaces and cations. Hence, 1/G may be not just a purely geometrical factor, but
should account – through δ or an additional factor (Bourg et al., 2006) – also for those interactions.
Note that here we consider diffusion at a length scale of centimeters, that is, at a scale much larger
than the pore size.
Theoretical and experimental studies concerning the properties of water in clays confirm that there is
a reduction in the mobility of water molecules when in contact with clay surfaces, due to a larger density (Schmidt et al., 2005) and a larger viscosity (Low, 1976) than in bulk water. The geometrical arrangement of the clay particles and thus the organization of the water molecules within the clay are
directly related to the degree of compaction (Djeran-Maigre et al., 1998). The porosity and the pore
sizes are reduced with increasing compaction (Vasseur et al., 1995) and the water is differently distributed. For instance in Na- and Ca-montmorillonite at dry densities larger than 1.9 g/cm3, most of the
water (>95%) is located in the lattice interlayers (Pusch, 2001). As a consequence the effective diffusion coefficients decrease with increasing degree of compaction (increasing dry bulk density) (GarciaGutierrez et al., 2004). The cation saturation of a clay, mainly because of the differences in charge and
size of the cations, can directly affect its swelling behavior (McBride, 1994, Ohtaki and Radnai, 1993)
and therefore probably also its diffusion properties. For montmorillonite, the Ca form has a larger dspacing (Wu et al., 1997) as well as a higher aggregate porosity and larger pore sizes than the Na form
and thus higher diffusion coefficients (Choi and Oscarson, 1996) for the same degree of compaction.
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Investigating the temperature dependence of diffusion coefficients – in terms of activation energies –
is thought to give additional information on the microscopic processes that affect diffusion.
Kozaki et al. (1998) found increasing activation energies for Na+ tracer diffusion with increasing bulk
dry density. Both Na- and Ca-montmorillonite show this effect (Kozaki et al., 2005), with activation
energies of 14.1±1.2 and 17.4±1.6 kJ/mol, respectively, at a degree of compaction of 1g/cm3 and
24.7±1.5 and 24.4±3.1 kJ/mol, respectively, at 1.8 g/cm3. For HTO diffusion in Na-montmorillonite at
different compaction degrees between 1.0 and 2.0 g/cm3, however, approximately constant values of
about 18±2 kJ/mol (Nakazawa et al., 1999, Suzuki et al., 2004) were found, which are not
significantly different from that of bulk water self-diffusion (16 kJ/mol (Low, 1962) to 18 kJ/mol
(Wang, 1951)). In aqueous solutions the water diffusivity, activation energy for diffusion, viscosity
and density behave rather differently depending on the ion in solution. Hydrated ions are divided in
two groups named kosmotropes (order-makers) and chaotropes (disorder-makers) (Hribar et al., 2002).
Na+ and Ca2+ belong to the kosmotrope group. These types of ions have high charge densities and hydration energies so they cause strong electrostatic ordering of nearby waters. They break hydrogen
bonds and exhibit stronger interactions with water molecules than water with itself, such that the Ea for
water diffusion is increased (Dill et al., 2005). In clays, the character of the cations and their effects on
water diffusion is not clear yet (Gast, 1962, Oster and Low 1963). In this study we used Na and Ca
cations, which are both considered as kosmotropes (with Ca having a stronger kosmotrope character
than Na), to saturate the swelling montmorillonite and non-swelling illite. The activation energy determined for the different clays may then possibly be interpreted in terms of the slightly different
properties of the cations.
There is a large amount of literature that focuses on specific swelling clays like bentonite or montmorillonite. Little is known, however, about diffusion through kaolinite (Phillips and Brown, 1968),
and even less about diffusion through illite (Ellis et al., 1970). For instance, we are not aware of any
study of the temperature dependence of diffusion through illite or kaolinite. These clays have structures clearly different from montmorillonite. Only a few studies exist that compare water diffusion
through different clays (swelling and non swelling) at the same degree of compaction or at the same
porosities. Such a comparison may be helpful when trying to interpret the relationship between clay
structure and diffusion properties. There is also a lack of information about diffusion in compacted
clays at different ionic strengths. In the case of bulk water, the self diffusion coefficient decreases
when the concentration of NaCl increases, but increases with increasing KI concentration (Wang,
1954). In the case of clays, the ionic strength of the pore water can additionally have an effect on the
microstructural organization of the solid particles (Wang and Siu, 2006). Thus, water transport in clays
could also depend on the type of electrolyte and the ionic strengths of the solutions.
In this paper we investigate the dynamics of water in terms of the macroscopic diffusion coefficients
in five pure natural clays in a compacted state (bulk dry density ρb=1.90±0.05 g/cm3). The homogeneity of their mineralogical composition should simplify the study and the interpretation of the dynamics
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of water within the clay-rock systems. The five clays under study have different physical structures
and chemical compositions, which are properties that directly affect water transport. Moreover, the
high degree of compaction influences the arrangement of the solid particles and thus also the diffusion
properties of the clay samples.
We applied a one-dimensional through-diffusion method, using both transient and steady state data.
The values for the effective diffusion coefficients were obtained by taking into account the effect of
the filter plates at the clay interfaces. It has been shown that this is important (Melkior et al., 2005,
Sato, 2002) and that one should even distinguish between unused filters and those having been in contact with compacted clays (Glaus et al., 2007). The diffusion coefficients were evaluated at different
salt concentrations of the reservoir solutions, in order to test the effect of the ionic strength, and at different temperatures (0-60°C) to be able to calculate the activation energy of the diffusion process in
each clay according to the Arrhenius equation. Thus this study presents a comparison of water dynamics in compacted clays with systematic chemical and structural differences.

3.2 Activation energy
The temperature dependence of rates of activated processes like chemical reactions can generally be
described by the empirical Arrhenius equation. For diffusion, the following equation is in general
used:

De = A ⋅ e − E a / RT ,

(2)

where De is the effective diffusion coefficient (m2/s), A is the so-called pre-exponential factor,
R=8.314 J/(K·mol) is the molar gas constant and Ea (kJ/mol) is the activation energy. The activation
energy represents the minimum amount of energy that is required to activate atoms or molecules to a
condition in which they can undergo chemical transformations or physical transport. If the activation
energy is smaller than, equal to, or slightly larger than the available thermal energy kBT, with kB
Boltzmann's constant, the probability of overcoming the energy barrier is sufficiently high to allow the
activated process to occur. In contrast to the macroscopic diffusion coefficients the activation energy
for microscopic diffusion is probably less influenced by the geometry factor, and more by the microscopic interactions. For diffusion of water Ea is sometimes interpreted as the energy required to break
the hydrogen bonds of a water molecule in order to move to another position (Teixeira et al., 1990).
According to the Stokes-Einstein relation the diffusion coefficient of a solute in a liquid is related to
the viscosity of the solution (resistance to flow):
D=

k BT
6π ⋅ η ⋅ r

;

η (T ) =

k BT
,
6πDr

(3)

where D is the diffusion coefficient, η is the viscosity of the medium and r is the radius of the solute. Therefore, water with a high viscosity has a lower diffusion coefficient than water with a low viscosity.
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Temperature also changes viscosity. When expressing this change with an Arrhenius equation,

η = A⋅e

( E a ,η / RT )

,

(4)

we have:

D ∝T ⋅e

− ( E a ,η / RT )

,

(5)

with Eaη the activation energy for viscous flow. Hence we see that formally equation (3) depends in
a different way on temperature than equation (2). The differences are, however, relatively small. Thus,
it seems plausible that fluids that have a comparably high viscosity (at low temperature) and thus a
high activation energy for viscous flow would at the same time have comparably high activation energy for diffusion.

3.3 Materials
Clays are layer silicate minerals 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 and form larger units called stacks. Several clay stacks combine to produce
particles and aggregates.

Figure 3.1: Schematic representation of the structures of the clays used, as well as a zoom of the clay
surface. The small horizontal lines denote the negative charges present in the clay systems. The cations
located in cavities of the TOT layers and non- or only partially hydrated are denoted as inner-sphere
complexes, those that are hydrated such that there is one or more water molecules between the surface
and the ion, are termed outer-sphere complexes.

The clay mineral group is defined by the type of combination of sheets to layers, and the type of interlayers that hold the layers together. Montmorillonite and illite are formed by TOT layers (Figure
3.1). In these two groups of clays isomorphic substitutions (i.e. replacement of ions in the crystals
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without change of the structure) result in a net negative charge, which is balanced through the electrostatic adsorption of cations in the interlayer space and cations on or near the external surfaces. The
cations are denoted as inner-sphere or outer sphere complexes, depending on the specific spatial
arrangement (Sposito, 1989). Kaolinite is formed by TO layers (Figure 3.1) and the isomorphic substitution is rather small. Depending on their structure and the degree of compaction, clays can be hydrated by a variable amount of water molecules in the interlayer space and on external surfaces.
We will differentiate between three modes of clay hydration, which may take place simultaneously
with increasing water activity (Figure 3.2):
1. Interlayer hydration: water is located – at the considered high degree of compaction – very close
to the internal surfaces of the primary clay particles of smectites. The structure of water depends on
the type and hydration of the interlayer cations, and on its interaction with the clay surfaces.
2. External layer hydration: water is located on the external surfaces of the primary clay particles.
This water can form hydration complexes around the cations and it can be directly bound to the clay
surface, like the interlayer water.
3. Free pore water: capillary condensation of water in pores of various sizes within the clay. The water motion is not or only weakly restricted by the clay particles.

Figure 3.2: Schematic view of the different types of water found in a swelling (montmorillonite) and
non-swelling clays (illite, kaolinite). After Nagra, (2001).

The clays studied were montmorillonite from Milos (Decher, 1997), illite du Puy (Gabis, 1958), both
conditioned to the homoionic Na and Ca form, as well as kaolinite from Georgia [KGa-2 (van Olphen
and Fripiat, 1979)]. The conditioning was performed by shaking the montmorillonite and illite clay
powders for three hours in a 1M solution of NaCl and, in case of the Ca form, for three hours in a 1M
CaCl2 solution. After sedimentation the supernatant was decanted and the procedure was repeated another two times. Afterwards, the clay was placed in dialysis bags and washed with Milli-Q water until
the solution was free of Cl- according to the AgNO3 test (Slowinski et al., 2004). Finally the Na or Ca
conditioned clay was freeze dried (Mellor, 1978). Cylindrical pellets of 2.55±0.01 cm in diameter,
1.00±0.05 cm thickness, and a bulk dry density of 1.90±0.05 g/cm3 were prepared from the freeze
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dried powder. This degree of compaction was selected to reduce the pore sizes and increase the relative water-clay interface.
The transport and diffusion properties of a clay pellet depend strongly on its structure, that is, on the
arrangement of the clay particles and the water phase. In order to obtain a good picture about the specific distribution of the water in the different clay samples, we determined various properties of the
clay powder and the pellets and list them in this section.
Table 3.1 shows the results of the analyses of the clay powders. The chemical composition of the
clays was measured by Inductively Coupled Plasma Atomic Emission Spectroscopy (ICP-AES) analysis after fuming with LiBO2 and dissolving the melt with HNO3. From the chemical composition the
approximate structural formulae of the clays were obtained (Table 3.1). Particle sizes, obtained by
SEM and dynamic light scattering experiments (zeta-sizer 5000, Malvern Instruments, Malvern, UK),
cation exchange capacities, external surface areas (N2 BET) and total surface areas (EGME method)
are also reported in Table 3.1. The data given in Table 3.2 refer to the analyses of the clays in the
compacted pellet state (ρb=1.9g/cm3).
Table 3.1: Clay characterization in a powder state.
Na-montmorillonite: [(Si 3.93 Al 0.07) O10 (OH) 2] (Al 1.41 Fe 0.09 Mg 0.344)(Ca 0.022 Na 0.325 K 0.044)
Part.size(µm)

CEC(meq/100g)

BET(m2/g)

EGME(m2/g)

0.5

991

28.4

705

Ca-montmorillonite: [(Si 3.83 Al 0.17) O10 (OH) 2] (Al 1.33 Fe 0.09 Mg 0.34)(Ca 0.22 Na 0.025 K 0.044)
Part.size(µm)

CEC(meq/100g)

BET(m2/g)

EGME(m2/g)

1.1

992

38.3

707

Na-illite: [(Si 3.48 Al 0.52) O10 (OH) 2] (Al 1.18 Fe 0.36 Mg 0.39)(Ca 0.054 Na 0.11 K 0.69)
Part.size(µm)

CEC(meq/100g)

BET(m2/g)

EGME(m2/g)

0.32

26.63

112.0

111.5

Ca-illite : [(Si 3.46 Al 0.54) O10 (OH)2] (Al 1.17 Fe 0.36 Mg 0.39)(Ca 0.1 Na 0.024 K 0.7)
Part.size(µm)

CEC(meq/100g)

BET(m2/g)

EGME(m2/g)

0.34

26.63

117.7

116.4

Kaolinite: [(Si 4) O10 (OH)4] (Al 1.96 Fe 0.039 Mg 0.001)
Part.size(µm)

CEC(meq/100g)

BET(m2/g)

EGME(m2/g)

1.3

3.33

45.8

-

1

: Bart Baeyens personal communication
: (CEC (Na-montmorillonite Milos) ≈ CEC (Ca-montmorillonite Milos)).
3
: Van Olphen and Fripiat, (1979)
2

The number of layers that form a stack, as well as the percentage of edges of the total surface of the
clays, are reported as found in the literature, whereas the other data of Table 3.2 were obtained in this
study. The molecular spacing was measured by XRD in a water-saturated and a dry state (110º C, 24
h).
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The porosity, ε [-], was calculated from the solid density ρs (g/cm3), obtained by pycnometer
measurements, and the dry bulk density ρb (g/cm3) estimated from the mass of dry solid and
the total volume of the sample:

ε = 1−

ρb
.
ρs

(6)

The water content is expressed in a gravimetric form as obtained from the amount of water added.
Finally the last column shows the average number of water layers between two clay surfaces, which
was calculated as follows:

layerswater [−] =

2⋅w
,
S EGME ⋅ ρ w ⋅ φw

(7)

with w (gwater/gsolid) the gravimetric water content, S EGME (m2/g) the total surface area, ρ w (g/m3) the
water density assumed to be 1 g/cm3, and φw = 0.3 nm the diameter of a water molecule. For kaolinite
(clay without interlayer space) we did not measure the EGME surface because it was found to be similar to the BET surface (Chorover et al., 1999). This calculation (equation (7)) makes no assumption
regarding particle size, shape or orientation but assumes that the water films are equally spread over
all surfaces. Consequently these values must be considered as the average number of water layers between two clay layers.
Table 3.2: Clay characterization in a compacted pellet state.

Clays

N°particles/

Na-mont.

stack

~ 3-5

~ 10-15
~ 20-30

2

Ca-illite

~ 20-30

2

Kaolinite

~ 603

Na-illite

d-spacing (Å)

edges (%)

1
1

Ca-mont.

Ratio

~ 2-3

4

~ 2-3

4

Water content

Water

ρb (g/cm3)

Porosity ε

14.66/12.31

2.9±0.1

32±0.01

0.165±0.005

~2

(wet/dry)

(g/g)

layers

15.82/14.32

2.8±0.1

30±0.01

0.155±0.005

~2

~ 15-22

3

9.92/9.88

2.7±0.1

28±0.01

0.145±0.005

~9

~ 15-22

3

10.11/10.17

2.8±0.1

30±0.01

0.155±0.005

~9

7.16/7.16

2.6±0.1

26±0.01

0.135±0.005

~ 20

~ 12-545

1

: Pusch, (2001)
: Poinssot et al., (1999)
3
: Hassan et al., (2006)
4
: Christidis, (1995)
5
: Cases et al., (1986)
2

3.4 Method
The clay powder was compacted within the diffusion-cell and confined between two filter plates.
The cell was connected on each side to a reservoir, and the solution was circulated driven by a peristaltic pump. Both compartments were filled with solutions of high or low ionic strengths (1M or
0.01M NaCl and 0.5M or 0.005M CaCl2). One reservoir had a volume of 2000 cm3, whereas the other
had a volume of 30 cm3. As a first step the samples were completely saturated during 4-5 weeks with
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the salt solutions of a given ionic strength. The saturation of the samples was checked by weighing.
Subsequently, the 2000 cm3 bottle was spiked with tritiated water (HTO) having a concentration of
(1.870±0.028) ·10-7 mol/m3, which essentially remained constant during the experiment.
The concentration gradient between the two reservoirs led to transport of the tracer from the labelled
to the non-labeled reservoir. After certain time intervals (2-3 days) the solution in the small reservoir
was replaced to maintain the tracer concentration essentially at zero.
By monitoring the amount of tracer transported from the spiked to the non-spiked container, it is
possible to follow the transient and the steady phase of the diffusion of the tracer. The experiments at
different temperatures were carried out using the continuous method (Van Loon et al., 2005). Starting
from an initial temperature of 0°C, the temperature was increased in steps of 10°C, once a steady flux
was achieved, up to a maximum temperature of 60°C. As a check, out-diffusion experiments were performed at the final temperature. They were accomplished by regularly (every 2-3 days) exchanging the
solutions in both reservoirs with non-spiked solutions until activity was no longer found in the two
reservoirs.
The activity A∆t (Bq) of tritium in a sample obtained during a time interval ∆t (s) was calculated as:

A ∆t =

N ∆t
,
60 ⋅ f

(8)

where N ∆t are the measured counts per minute and f is the counting efficiency in counts per minute
per mol. The experimental average flux, j exp (Bq/m2s), over the time interval ∆t was then calculated
as (Van Loon et al., 2003):

j exp =

A ∆t
,
S ⋅ ∆t

(9)

where S (m2) is the sample cross-sectional area for diffusion. The flux curves vs. time typically observed for this type of experiment is represented in Figure 3.3. Two regions can be differentiated, a
transient part (from which the clay porosity εclay was calculated) and the steady-state part (from which
a value for the HTO effective diffusion coefficient De,clay was obtained).
Molecular diffusion was assumed to be the prominent transport mechanism for the migration of
HTO in our experiments. We verified this by doing the following calculation. According to Darcy’s
law, the distance, xadvec [m], that an advective front would travel within the time t in the experiment is:

xadvec =

vD

ε

⋅ t = −Kh ⋅

∆h t
⋅ .
∆x ε

( 10 )

Here vD [m/s] is the Darcy velocity. In our experimental system, the pressure difference ∆h across
the sample was always smaller than about 5 to 10 cm.
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j0 ∝ De

Transient part

Steady-state part

Time

Figure 3.3: Flux vs. time curve for tracer through-diffusion with constant boundary conditions, i.e. constant concentration at the high concentration boundary and zero concentration at the low concentration
boundary.

For this pressure difference and a hydraulic conductivity Kh which varies depending on the type of
clay and the degree of compaction between 10-14 to 10-12 m/s (Bucher and Spiegel, 1984, Pusch, 2001),
a porosity ε of 0.3, a sample thickness ∆x of 1 cm, and an experimental time t of 30 d, the penetration
distance travelled by the advective front would be only about 0.5 to 100 µm. Clearly, such a small effect can be neglected compared to transport by diffusion.
For our particular case with HTO as a tracer, radioactive decay during the diffusion process can also
be neglected (τ1/2(HTO)=12.35±0.01 years and the duration of the experiment was about 30 days).
The clay sample is considered to be homogeneous regarding transport properties. A slight anisotropy
of transport properties may result from the preparation of the samples, which were placed with the preferred orientation of their particles perpendicular to the direction of diffusion.

3.5 Modelling
The system to be solved is described by three transport domains in series, consisting of a filter
(0, x1), the clay plug (x1, x2) and a second filter (x2, L), (see Figure 3.4). Solving the equations for the
three-region system requires the values of the effective diffusion coefficients of the filters be known.
As shown by Glaus et al. (2007), the filter properties change from a fresh (unused) to a used state and
also depend on the type of clay with which the filter was in contact. Strongly swelling clays such as
montmorillonite distort the filters, which may lead to an increase in the diffusive resistance. Even for a
non-swelling clay such as kaolinite, a slight reduction in the value for the effective diffusion coefficient from a fresh to a used state has been observed. This was interpreted as the result of a partial
clogging of the filter micropores by clay particles.
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Figure 3.4: A 2-dimensional sketch of the used filter-clay-filter system.

The filter diffusion coefficients for used filters for HTO presented in Table 3.3 for montmorillonite
and kaolinite were calculated based on the ratios between used and fresh filters reported for 22Na and
85

Sr tracers (Glaus et al., 2007). For illite, no measurements were available. Because illite is non-

swelling, similar to kaolinite, it seems reasonable to assume the same ratio of reduction as for kaolinite. In fact we used a slightly larger value of 0.78 that is the average of a zero reduction and the reduction obtained for the swelling montmorillonite.
Table 3.3: Filter effective diffusion coefficients for HTO in a fresh Df,fresh and used state for montmorillonite Df,mont and kaolinite Df,kao. The different temperature values were obtained by Arrhenius law assuming an activation energy of 18 kJ/mol (Wang, 1951). The estimated error of the values presented here is
about 10%.

T(ºC)

Df,fresh (m2/s)

Df,mont (m2/s)

Df,kao(m2/s)

0

1.2·10-10

6.7·10-11

8.8·10-11

10

1.6·10-10

8.9·10-11

1.2·10-10

20

2.0·10-10

1.2·10-10

1.5·10-10

25

2.3·10-10

1.3·10-10

1.7·10-10

30

2.6·10-10

1.5·10-10

1.9·10-10

40

3.3·10-10

1.8·10-10

2.4·10-10

50

4.0·10-10

2.3·10-10

3.0·10-10

60

5.0·10-10

2.8·10-10

3.7·10-10
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The effective diffusion coefficients of the filters for the other temperatures presented in Table 3.3
were calculated according to the Arrhenius law and using the activation energy of bulk water (18
kJ/mol (Wang, 1951)). Figure 3.5 illustrates the effect of the filters on the steady-state concentration
distribution across the filters and different types of clay. The solid grey line represents the case neglecting the filter resistance. For montmorillonite, the filter effect is not very significant (for our experimental setup of a 1 cm sample thickness) because the effective diffusion coefficients for this clay
are one order of magnitude smaller than those of the filter. For kaolinite and illite the effect is important, as can be seen in Figure 3.5, because they have diffusion coefficients of the same order of magnitude as the filters.
-7

2.0x10

3

C [ mol / m ]

Ideal filter case
Na-montmorillonite
Na-illite
Kaolinite

Filter

Filter

-7

1.0x10

Clay

0.0
0.0

-3

7.0x10

-2

1.4x10

length [m]

Figure 3.5: Effect of the filters at the boundary conditions. HTO concentration vs. system length for the
clays as indicated in the figure’s legend and in the case where no filter effect is accounted for.

Diffusion can be described by Fick’s second law in one spatial dimension:

∂C De ∂ 2C
=
.
∂t
α ∂x 2

( 11 )

Here, C (Bq/m3) is the tracer concentration in the mobile phase, De (m2/s) is the effective diffusion
coefficient, x (m) is the spatial coordinate, t (s) is the time and α (-) is the rock capacity factor defined
as:

α = ε + ρb ⋅ K d ,

( 12 )

with ρ b (kg/m3) the dry bulk density, K d (m3/kg) the sorption distribution coefficient and ε (-) the
diffusion accessible porosity. For non-sorbing tracers like HTO, K d = 0 and α = ε . Equation (11) applies for the clay sample as well as the two filter regions.
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A suitable initial condition to solve equation (11) is:
C ( x, t ≤ 0 ) = 0;

for all x ∈ [0, L] ,

with L (m) the total system thickness. The boundary conditions are as follows:
1. C (x = 0, t > 0 ) = C 0
2. C ( x = L, t > 0 ) ≈ 0
The continuity conditions at the interfaces filter/clay are:

C ( x1− , t ) = C ( x1+ , t ) 
 for all t > 0
C ( x 2 − , t ) = C (x 2 + , t )
j ( x1− , t ) = j (x1+ , t ) 

j ( x 2 − , t ) = j ( x 2 + , t )

x1− , 2 − = x1, 2 − δ 
 δ > 0 and δ → 0
x1+ , 2 + = x1, 2 + δ 

for all t > 0

meaning that the concentration C and the flux j are continuous across the filter-clay interfaces.
The system of equations was solved using COMSOL Multiphysics V3.2b (www.comsol.com). The
effective diffusion coefficient De,clay was varied until the calculated flux according to Fick’s first law,

jmodel = − De ,clay

∂C
∂x

,

( 13 )

x= L

matched the experimental flux, j exp , that is, the flux calculated by through-diffusion experiments.
The clay porosity εclay was estimated from the transient phase of the experiment and then compared
with those obtained from the density measurements. The fitting was done “by eye”, that is, by a visual
estimation of the goodness of the fit along with a careful scrutiny of its underlying parameter values.
Errors of the effective diffusion coefficients, De, were calculated based on first-order error propagation taking into account the following sources: The error of the steady state flux jexp , calculated from
the uncertainties of the quantities in equation (9), the error of the thickness of the clay sample
( ∆xs = 0.001 mm), the error of the filter diffusion coefficient Df, and the error of the concentration
measurements, ∆C0 = 2.8 ⋅ 10−9 mol/m3. In case of the porosity ε, the uncertainties considered were
the same as those for De plus that of the breaktrough time tbt (s), which is the zero crossing of the regression line from the cumulative activity of the low concentration reservoir vs. time, ∆tbt = 0.2 days.

3.6 Results and discussion
3.6.1 Particle densities and porosities
The Figure 3.6 shows the flux curve vs. time for some of the studied clays at 0ºC. The clay porosities εclay calculated from the diffusion experiments were similar as those from pycnometry (see Table
3.2), but with a relatively high uncertainty (see Table 3.4 to Table 3.8). We consider the porosities
obtained by pycnometry as more reliable. They vary slightly (see Table 3.2) for the different clays,
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even though bulk dry densities were about ρb ~ 1.90 g/cm3 in all cases. This is mainly because of the
different solid densities, with higher values for the montmorillonite (ρs=2.9 g/cm3). Accordingly, the
porosity ε of the kaolinite sample is lowest with 0.26, and the porosities of illite and montmorillonite
are between 0.28 and 0.32.

Ca-montmorillonite theor.
Ca-montmorillonite exp.
Ca-illite theor.
Ca-illite exp.
Kaolinite theor.
Kaolinite exp.

-15

-16

9.0x10
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Flux [mol/m s]

1.2x10

-16

6.0x10

-16

3.0x10

0.0
0.0

2.0x10

6

6

4.0x10

6

6.0x10

Time [ s ]

Figure 3.6: Measured (symbols) and modeled (lines) fluxes vs. time for Ca-montmorillonite, Ca-illite
(both at 0.005M CaCl2 and T=0°C) and Kaolinite (at 0.01M NaCl and T=0°C).

3.6.2 Effective diffusion coefficients at 20ºC
The the effective diffusion coefficients measured for the various clay types under study increase in
the following order: Na-montmorillonite < Ca-montmorillonite < Ca-illite ≤ Na-illite ≤ kaolinite.
When eliminating the slight differences in porosities and comparing the pore diffusion coefficients,

Dp =

De

ε

,

( 14 )

the same sequence is obtained as for De, with slightly larger, but still not significant differences between Na-illite and kaolinite. These two clays exhibited similar diffusion behavior at this degree of
compaction (see Figure 3.7), kaolinite shows the largest De and Dp because it has the largest content of
free pore water and because of the absence or rather small number of cations. Ca-illite had diffusion
values between these two clays (Na-illite and kaolinite) and the two montmorillonite, but being much
closer to the first group of clays. In the swelling clays, Na and Ca-montmorillonite, the diffusion coefficients are reduced one order of magnitude as compared with the non-swelling. The fine net of interlayer pores present in these clays leads to a large tortousity and thus a low diffusion coefficient. In addition, the short distances to the charged surfaces and the cations strongly affect the water mobility.
In Na- and Ca-illite and kaolinite the water moves along external surfaces and in free pore water, and

- 75 -

Macroscopic Water Diffusion in Compacted Clays by Tracer Experiments
therefore the geometry of the diffusion path is not as tortuous as when interlayers are involved. Furthermore the number of cations is much smaller, which makes diffusion more similar to that in bulk
water.
In the following paragraphs, we will discuss the results for each clay type, with spetial emphasis on
the effects of the cation form.
The results obtained for the clays at the two different salt concentrations are presented in Table 3.4
to Table 3.8. For all the clays the effective diffusion coefficients at different ionic strengths did not
differ significantly (the differences are within the estimated error bars). Classical models of diffusion
in compacted clays are based on the double-layer theory (van Olphen, 1966) used to describe water
and cations between two particle surfaces. According to this theory the ionic strength should have an
effect on the effective diffusion coefficient. However, in clays compacted to more than 1.5 g/cm3 with
a narrow pore size distribution the double-layer theory is no longer valid as stated by Bourg et al.,
(2003) and Pusch et al., (1990) and confirmed by our measurements.
The differences between Na- and Ca-montmorillonites are significant (see Table 3.4 and 3.5). The
effective diffusion coefficients differ by about 60% (lower for the Na than for the Ca form).
Table 3.4: Na-montmorillonite, effective diffusion coefficients (m2/s) at different temperatures and ionic
strengh, porosity and activation energy values (kJ/mol).

Na-montmorillonite

1M NaCl

0.01M NaCl

T (°C)

De (m²/s)

De (m²/s)

0

(6.89±0.70)·10-12

(7.60±0.73)·10

10

(9.80±0.90)·10-12

(1.04±0.10)·10-11

20

(1.35±0.12)·10-11

(1.50±0.15)·10-11

30

(1.79±0.18)·10-11

(2.00±0.22)·10-11

40

(2.41±0.25)·10-11

(2.60±0.26)·10-11

50

(3.00±0.31)·10-11

(3.25±0.33)·10-11

60

(3.62±0.35)·10-11

(3.93±0.40)·10-11

70

(4.58±0.46)·10-11

(4.90±0.49)·10-11

n° repetitions

2

2

ε

0.30±0.12

0.32±0.13

Ea (kJ/mol)

20.91±0.24

20.78±0.24

- 76 -

-12

Macroscopic Water Diffusion in Compacted Clays by Tracer Experiments
Table 3.5: Ca-montmorillonite, effective diffusion coefficients (m2/s) at different temperatures and ionic
strengh, porosity and activation energy values (kJ/mol).

Ca-montmorillonite
T (°C)

0.5M CaCl2

0.005M CaCl2

De (m²/s)

De (m²/s)

0

(1.71±0.17)·10

-11

(1.93±0.20)·10-11

10

(2.48±0.25)·10-11

(2.74±0.28)·10-11

20

(3.45±0.36)·10-11

(3.74±0.38)·10-11

40

(5.60±0.51)·10-11

(6.24±0.61)·10-11

60

(8.50±0.83)·10-11

(8.83±0.89)·10-11

n° repetitions

2

2

ε

0.27±0.11

0.27±0.07

Ea (kJ/mol)

20.01±0.30

19.30±0.32

In our particular samples, Na and Ca-montmorillonite pellets are hydrated on average with two layers of water (see Table 3.2), which corresponds to the value given in the literature at this particular
degree of compaction and for this d-spacing (Kozaki et al., 1998). For similar samples and at similar
densities, the amount of water in the interlayer is estimated to be > 95% of the total water content
(Fernandez Garcia, 2003, Pusch, 2001). Thus, the external layer hydration or free pore water will be of
minor importance for the montmorillonite samples. The water is mainly distributed in the interlayers
and arranged in a partly ordered structure around the interlayer cations, which form inner-sphere and
outer-sphere complexes. The cations themselves play a dominant role in the interaction with water and
also in the clay particle arrangement. The interlayer spacing depends on the type of cation (14.66 Å for
Na- and 15.82 Å for Ca-montmorillonite for the two-layer hydrate). Ca is a bivalent cation and has a
higher hydration energy (-1660kJ/mol) than the monovalent Na cation (-440kJ/mol) and is also more
electronegative, therefore the water molecules are more strongly bound to Ca than to Na. Moreover,
the self diffusion coefficient of Ca in bulk water ( D0 = 0.792 ⋅ 10 −9 m2/s) is almost half of the value of
Na ( D0 = 1.334 ⋅ 10 −9 m2/s) (Flury and Gimmi, 2002). On the basis of these data the water should be
more restricted in motion in the Ca than in the Na-montmorillonite. However, Na is a monovalent
cation, therefore the number of Na ions in the interlayers will be twice the number of Ca. Also, bivalent counterions between the hydrophilic silica surfaces may generate an attractive force capable of
maintaining larger stacks of silicate layers together (Marra, 1986). As a consequence the average
number of layers per stack for Ca-montmorillonite is ~ 10-15, whereas in Na-montmorillonite it is
only ~ 3-5 (Pusch, 2001). The large number of layers per stack for Ca-montmorillonite and the fact
that the particle size is two times larger than that of the Na-form (see Table 3.1), leads to a less tortuous path as compared to Na-montmorillonite. This is also confirmed by earlier studies with Hg intrusion porosimetry (Choi and Oscarson, 1996) with Ca-montmorillonite showing a greater proportion of
- 77 -

Macroscopic Water Diffusion in Compacted Clays by Tracer Experiments
relatively large pores than the Na-montmorillonite. We attribute the larger value for the effective
diffusion coefficient found in Ca-montmorillonite compared to Na-montmorillonite mainly to geometrical effects, which dominate over the cation-water interactions. The most comparable results found in
literature are for Na-bentonite (Kunipia-F.) at a similar compaction of 1.8 g/cm3, and particle sizes <
45µm (Kozaki et al., 1999). At 25°C, they found De = 8.2 ⋅ 10 −11 m2/s for diffusion of HTO when the
clay was in contact with distilled water solutions. This value is higher than the value we found at
20°C, De = (1.5 ± 0.15) ⋅ 10 −11 m2/s, or 30°C, De = (2.00 ± 0.22) ⋅ 10 −11 m2/s for HTO at the lowest
ionic strength (0.01M NaCl). There are several differences between the samples used by Kozaki et al.
(1999) and those of our experiments, which could explain this difference in results. Kozaki et al.
(1999) used the Na-bentonite (Kunipia-F.) with 95% wt montmorillonite, whereas we used pure Namontmorillonite from Milos. Because of the lower degree of compaction (1.8 g/cm3), their samples
also had a larger porosity of 0.357 compared to ours with a value of 0.32.
For illite, we calculated (see Table 3.2) an average of eight to nine water layers between the clay surfaces. Since only two water layers are strongly affected by the surfaces (Sposito and Prost, 1982) it is
clear that for illite at this degree of compaction (or porosity) the effective diffusion coefficients obtained are less influenced by the water located near the clay surfaces and more by the so-called free
pore water, as compared to montmorillonite. In the case of illite the difference in the data for the effective diffusion coefficient between the two different cation forms (Na and Ca) is relatively significant,
with ca. 25% larger values for the Na-illite than for the Ca-illite. As previously discussed, the differences in hydration of Na and Ca cations could lead to a smaller value for the diffusion coefficient for
the Ca-clay.
Table 3.6: Na-illite, effective diffusion coefficients (m2/s) at different temperatures and ionic strength,
porosity and activation energy values (kJ/mol).

Na-illite

1M NaCl

T (°C)

De (m²/s)

0.01M NaCl

De (m²/s)

0

(8.88±1.21)·10

-11

(8.61±1.12)·10-11

10

(1.14±0.15)·10-10

(1.08±0.14)·10-10

20

(1.35±0.18)·10-10

(1.37±0.18)·10-10

40

(1.90±0.26)·10-10

(1.87±0.23)·10-10

60

(2.45±0.30)·10-10

(2.44±0.31)·10-10

n° repetitions

2

2

ε

0.30±0.13

0.28±0.12

Ea (kJ/mol)

12.61±0.24

13.05±0.24
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Table 3.7: Ca-illite, effective diffusion coefficients (m2/s) at different temperatures and ionic strengh, porosity and activation energy values (kJ/mol).

Ca-illite

0.5M CaCl2

0.005M CaCl2

T (°C)

De (m²/s)

De (m²/s)

0

(5.40±0.56)·10-11

(5.75±0.53)·10-11

10

(7.46±0.85)·10-11

(7.55±0.73)·10-11

20

(9.19±0.80)·10-11

(9.41±0.09)·10-11

40

(1.45±0.16)·10-10

(1.42±0.10)·10-10

60

(2.00±0.19)·10-10

(2.10±0.22)·10-10

n° repetitions

2

2

ε

0.26±0.11

0.27±0.11

Ea (kJ/mol)

16.42±0.20

16.08±0.20

In contrast to montmorillonite, the sizes and arrangement of illite particles are mostly dominated by
the interaction with the K ions. Thus, the influence of the Na or Ca counterion on the geometry of the
water path is expected to be irrelevant. Illite tends to build stacks formed by 20-30 layers (Poinssot et

al., 1999) in both the Na and Ca forms. Our measurements also confirmed that the influence of the Na
or Ca form on the particle sizes is small (Na-illite, 0.32 µm and Ca-illite 0.34µm). Hence, we think
that the differences in the effective diffusion coefficients for these two types of illite are mainly due to
the hydration differences of the Na and Ca cations. We are not aware of similar experiments performed with illite, so we cannot compare our results with those of other studies.
The water in kaolinite (we calculated films of 20 layers, on average, between the clay surfaces) will
be mainly free pore water. Only a small proportion (about 1-2 layers (Bridgeman and Skipper, 1997))
on each surface, or about 20-25% of the pore water in the kaolinite sample will be affected by a surface, and will partly interact directly with the clay in the siloxane cavities, or form inner and outer
sphere complexes with the cations that compensate the small permanent charge. The samples studied
were pre-saturated during approximately four weeks with four different solutions: water, 0.01NaCl,
1M NaCl and 1M NaClO4. The differences between the diffusion coefficients measured in the four
different solutions are considered to be insignificant, even though here is a tendency towards higher
diffusion rates at high concentrations. After observing no significant effect of the ionic strength for the
other clays, which potentially interact much more with water because of much larger accessible solid
surfaces (see Table 3.1, EGME and BET values), there is no reason to believe that in kaolinite at this
density the effect should be more pronounced. The slight tendency observed could have two reasons.
First, during the saturation process (4-5 weeks) with 1M NaCl or 1M NaClO4, the previously inhomogeneously saturated kaolinite KGa-2 was probably transformed to its homoionic Na form. This
conditioning could change the diffusion properties of the Na-kaolinite compared to the kaolinite as
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received, even though the CEC is only 3.3meq/g. Second, as found elsewhere (Wang and Siu, 2006,
Yong, 2003), a higher salt concentration appears to produce more face-to-face flocculation of the kaolinite particles, resulting in the formation of packets or aggregates. This effect typically occurs in clays
deposited under marine conditions. In our case, kaolinite was first pressed into the pellet form, and
then brought into contact with the different salt solutions. A slight reorganization of the particles could
have happened leading to a larger diffusion coefficients at high ionic strength.
The effective diffusion coefficient for water in kaolinite KGa-1 from Georgia (low-defect kaolinite)
found in the literature at a ρb=1.67 g/cm3, 25°C and in contact with pure water, is

De = (1.57 ± 0.16) ⋅ 10 −10 m2/s (Sachs et al., 2006). For our samples of KGa-2 from Georgia (highdefect kaolinite), we obtained a value at 20°C of De = (1.33 ± 0.15) ⋅ 10 −10 m2/s, in the experiment
made with water solutions. The two results are in agreement, and the slightly lower value from our
experiment can be explained by the higher degree of compaction and the use of not exactly the same
type of kaolinite.
Table 3.8: Kaolinite, effective diffusion coefficients (m2/s) at different temperatures and ionic strengh,
porosity and activation energy values (kJ/mol).
Kaolinite

1M NaClO4

1M NaCl

0.01M NaCl

water

T (°C)

De (m²/s)

De (m²/s)

De (m²/s)

De (m²/s)

0

(1.00±0.12)·10-10

(1.13±0.14)·10-10

(8.00±0.89)·10-11

(8.48±0.98)·10-11

(1.48±0.19)·10-10

(1.05±0.12)·10-10

(1.10±0.13)·10-10

10
20

(1.60±0.19)·10-10

(1.85±0.23)·10-10

(1.34±0.15)·10-10

(1.33±0.15)·10-10

40

(2.32±0.26)·10-10

(2.45±0.27)·10-10

(1.95±0.21)·10-10

(2.00±0.22)·10-10

60

(3.32±0.37)·10-10

(3.23±0.35)·10-10

(2.74±0.29)·10-10

(2.75±0.31)·10-10

n° repetitions

1

2

2

2

ε

0.28±0.12

0.30±0.13

0.28±0.16

0.27±0.12

Ea (kJ/mol)

14.71±0.32

12.90±0.90

15.36±0.46

14.78±0.32

3.6.3 Temperature dependency
The activation energy found in our experiments (Table 3.4 to Table 3.8) vary between 13 and 20
kJ/mol, which is not very different (less than 25%) compared to the value of bulk water of about 17±1
kJ/mol (Low, 1962, Wang, 1951). Considering the large differences in the structure between the different clays, we conclude that the activation energy is not a very sensitive parameter for the clays under study. Nevertheless, the differences seem to be related to specific properties of the clays. The activation energies obtained for Na- and Ca-montmorillonite were similar, ~20kJ/mol, and slightly higher
than the one obtained for bulk liquid water in the same temperature range. Similar results (18±2
kJ/mol) are found in the literature for Na-montmorillonite from Kunipia-F. at the same degree of
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compaction (Nakazawa et al., 1999, Suzuki et al., 2004). Our montmorillonite (Na and Ca) samples
contained on average two layers of water in the interlayer space, and this interlayer water makes up
nearly 100% of the total water content. The water in the interlayer space must be considered as partly
bound and ordered around the Na or Ca interlayer cations (Ichikawa et al., 1999, Kawamura and
Ichikawa, 2001), which are both order-making. Based on the aqueous solution studies of order-maker
cations such as Na and Ca and as a first step of the data interpretation, it would be expected that such
interlayer water has a larger viscosity than bulk water (Low, 1976), as well as a higher density, as
shown by computer simulations (Skipper et al., 1991). Accordingly more energy would be required
for the water molecules to break bonds to adjacent water molecules, ions or clay sites and to displace
other water molecules or ions in moving from one equilibrium position to the next (Suzuki et al.,
2004), as reflected in a higher activation energy. Such an explanation seems plausible in our case, but
other reasons cannot be excluded. Especially for this type of clay with a strong swelling behavior, a
variation in temperature could affect the geometry and arrangement of the clay particles and thus its
tortuosity and constrictivity, such that the geometrical factor from equation (1) would become temperature dependent. Ignoring this dependence would result erroneously in an increased (or decreased)
activation energy.
The activation energies for the illites are lower than those for the montmorillonites, but the
difference between the Na and the Ca form is larger (Na-illite ~13 kJ/mol, Ca-illite ~16 kJ/mol). For
these materials, we did not find any published Ea values for comparison. Ca-illite has a comparable
value to that of bulk water, whereas the value of Na-illite is lower. These two clays have a similar
average number of water layers between the surfaces (~ 9). When comparing this number with the
value of about 2 on each side (Sposito and Prost, 1982) that are influenced by the surfaces, we see that
the illite surfaces affect only about half of the pore water, for both the Ca and the Na form. The
difference between the Na and the Ca forms of the illite confirms what was mentioned in the previous
section, namely that in this type of clay the differences in the De are mainly caused by interactions with
the cations, and not by the differences in the geometry factor. The larger value of Ea for the Ca form
would be consistent with the fact that Ca has a stronger kosmotropic character than Na. However, it is
not clear why the Ea of Na illite is lower than that of bulk water. Ca tends to form more outer-sphere
complexes (Skipper et al., 2006), where water is less influenced by the clay surfaces. In contrast,
monovalent cations like Na tend to form more inner-sphere complexes (Chavez-Paez et al., 2001,
Skipper et al., 2006), and have a lower number of coordinated water molecules (6 for Na, and 6 to 10
for Ca) (Güven and Pollastro, 1992)). The modification of the surfaces by Na may then lead to a
decreased activation energy as compared to Ca illite. As the main intermolecular interactions are due
to hydrogen bonding, it may be concluded that the energy required to activate these bonds is lower for
the Na-illite surfaces than for the Ca-illite.
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Figure 3.7: Arrhenius plot: Temperature dependence of the effective diffusion coefficients for different
clay minerals at 1M NaCl and 0.5M CaCl2 ionic strength concentrations.

Kaolinite has an Ea value of about 14 to 15 kJ/mol, which is also lower than that of bulk water.
Similarly to the Na-illite, the kaolinite surfaces may disturb the water structure and probably produce,
at low temperatures, a decrease in the water viscosity with a subsequent reduction in the Ea as
compared to bulk water. However, the kaolinite samples contain mainly bulk water (average number
of water molecules between surfaces of 20), so one would not expect a dominating effect by the
surfaces. A similar fact was already observed by Jonas et al. (1982) and Fripiat et al. (1984) with
NMR measurements. They investigated the water dynamics in kaolinite suspensions, KGa-1, close to
its surface at different pressures. The activation of water for rotational movements that they found was
extremely reduced compared to that of bulk water. From these data it could be concluded that the
kaolinite surfaces effectively change the well developed hydrogen bond network of the water in the
vicinity of the surfaces, especially at low temperatures. Moreover, kaolinite is considered to have a
hydrophobic (tetrahedra) and hydrophylic (octahedra) side (Tunega et al., 2002). Hydrophobic pores
were found by molecular dynamic studies to accelerate water diffusion, especially at low temperatures
(Hartnig et al., 1998). At high temperatures the thermal agitation energy outweights the interactions
between water and clay surfaces. This would result in a decrease of the activation energy as well.
Typically, the temperature dependence of the diffusion coefficients is indicated by the value of the
activation energy Ea. In order to facilitate the discussion of the temperature dependence, we plotted in
Figure 3.8 and Figure 3.9 normalized effective diffusion coefficients for all materials and for bulk
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water. The normalized values were obtained by dividing the De values at various temperatures by the
value obtained at the highest common temperature, which is, in our case 60º C. In this way, one
eliminates the influence of the macroscopic geometry parameters like porosity and tortuosity
(provided they indeed remained constant for all temperatures). Using the value at the highest common
temperature for the normalization is based on the idea that the higher the temperature (and thus the
higher the thermal energy of the water molecules), the smaller are the effects imposed on diffusion by
the physical and chemical interactions with the clay surfaces and cations. For lower temperatures the
effects of these interactions will become more important.
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Figure 3.8: Normalized effective diffusion coefficients for the Na-montmorillonite, Na-illite and kaolinite
at 1M NaCl, and Ca-montmorillonite and Ca-illite at 0.5M CaCl2. The diffusion coefficients were normalized to De measured at 60°C.

As shown in Figure 3.8 and Figure 3.9, the normalized values of the montmorillonites fall below
those of bulk water with decreasing temperatures, indicating that there the interactions of the water
with the interlayer surfaces additionally impede diffusion. In contrast, the normalized Na-illite and
kaolinite values remain above those of bulk water for lower temperatures, meaning that the diffusion is
accelerated by the interactions with the cations and the external surfaces of these clays as compared to
bulk water. The Ca-illite values remain very close to the normalized water values, which shows that
for the external surfaces of illite the type of cation (Na or Ca) clearly affects the interaction with the
water molecules. In summary, swelling clays like montmorillonite interact strongly with the pore
water and reduce its diffusive mobility at low temperatures compared to bulk water, whereas nonswelling clays either have no effect (Ca-illite) or even increase (Na-illite, kaolinite) the diffusive
mobility of the pore water.
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Figure 3.9: Normalized effective diffusion coefficients for the Na-montmorillonite, Na-illite and kaolinite
at 0.01M NaCl, and Ca-montmorillonite and Ca-illite at 0.005M CaCl2. The diffusion coefficients were
normalized to De measured at 60°C.

A comparison with other methods like quasielastic neutron scattering (QENS), where the local
mobility of water in clays can be studied, may shed more light on these issues.

3.7 Conclusions
The clays studied have systematic structural differences which affect the water diffusion. It was
found that at the experimental degree of compaction used (ρb=1.90±0.05g/cm3) there were no significant differences in the effective diffusion coefficients between the two or four different ionic strengths
studied.
The lowest effective diffusion coefficients (those found for Na and Ca-montmorillonite) correspond
to the highest activation energies and possibly to the highest water viscosities and densities. The effective diffusion coefficient of Ca-montmorillonite was 60% higher than that of the Na-endmember. We
interpret this difference to arise mainly from geometrical factors, that is, different sizes and arrangements of the particles, Ca-montmorillonite having more layers per stack and larger particles. The latter
causes larger pores, and hence a less tortuous path than for Na-montmorillonite. No difference was
found in the Ea between these two montmorillonite forms, confirming the idea that the difference in
diffusion coefficients is more due to geometrical effects than pure chemical ones. In illite the effect of
cations on the effective diffusion coefficients is opposite to that found in montmorillonite, but the difference is relatively small. It could be caused by the stronger hydration energy of Ca as compared with
Na and its stronger order-making character, because the geometrical arrangement of the particles for
these two clays is very similar. This fact is also visible in the activation energy results, with Ea being
higher for Ca-illite than for Na-illite. This is ascribed to the fewer or weaker H bonds between the
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water molecules and the clay surfaces as compared to the Ca form. The De values of kaolinite are
slightly larger than those for Na and Ca-illite. Kaolinite activation energies are lower than those of
bulk water. This could be interpreted caused by a lower viscosity (at low temperatures) of water in
kaolinite compared to bulk water, owing to the disturbance of the structure of water by the clay surfaces. The interpretation of the activation energies of water diffusion in clay is rather difficult. The
activation energy of self-diffusion of bulk water is obtained in a homogeneous and non-confined fluid.
In our systems we obtain the activation energy of water diffusion in a heterogeneous, confined system.
Our systems are very complex and many different forces are involved in the diffusion of water, such
as Van der Waals, H-bonds and coulombic forces. Although the deeper meaning of the activation
energy in our systems remains unclear it seems that our observations for the different clays can be
linked to their specific structural properties.
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Abstract
The water self diffusion in four different, highly compacted clays (montmorillonite in Na and Ca
form, illite in Na and Ca form, kaolinite and pyrophyllite (ρb=1.85±0.05g/cm3)) was studied at a microscopic level by quasielastic neutron scattering (QENS). Water diffusivity in bulk water was also
measured as a reference and found to be in agreement with values reported in the literature. The experiments were performed at two time of flight (t-o-f) spectrometers and at three different incident
wavelengths (FOCUS at SINQ, PSI, 3.65 Å and 5.75Å, and TOFTOF at FRM II, 10 Å), in order to
better distinguish the translational from the rotational diffusion component. The temperature range
analyzed was between 27ºC and 95ºC and the clay samples were measured at different water contents
(fully and half water saturated). The three wavelengths used in this study led to very similar parameters for the diffusion. Two different jump diffusion models were used to describe the translational motion: the Singwi-Sjölander (exponential jump length distribution) and the Hall-Ross (Gaussian jump
length distribution). Both models describe the data equally well and give the following order of increasing diffusion coefficients: Na-montmorillonite ≤ Ca-montmorillonite < Ca-illite < Na-illite < kaolinite ≤ pyrophyllite, but the differences between the last two clays and the two forms of montmorillonite are considered to be insignificant. The time between jumps, τ t , are ordered like Camontmorillonite ≥ Na-montmorillonite > Ca-illite > Na-illite ≥ kaolinite > pyrophyllite. Diffusion of
water in both montmorillonites was almost identical, however Ca-illite showed stronger diffusion reduction compared to the Na-endmember. Uncharged clays had slightly higher diffusion coefficients
than that of bulk water due to their hydrophobic surfaces (Bridgeman and Skipper, 1997, Brovchenko
et al., 2003, Hartnig et al., 1998). The charged clays at reduced water saturation (Na- and Camontmorillonite and Na- and Ca-illite) showed a reduction in the self diffusion coefficients and an
increase in the time between jumps as compared to the full saturation, whereas the uncharged clay
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kaolinite exhibited no change in the dynamics of water between the two hydration states. The rotational correlation times of water were affected by the charged clay surfaces, especially for the case of
Na- and Ca-montmorillonite; the uncharged clays presented a water-like behavior. The activation energies were calculated from the Arrhenius law, which describes adequately the systems in the studied
temperature range. Na- and Ca-montmorillonite (~ 12 kJ/mol), Na-illite (~ 13 kJ/mol), kaolinite (~ 14
kJ/mol), pyrophyllite (~15 kJ/mol) and Ca-illite (~16 kJ/mol), had lower activation energy values as
compared to bulk water (~16.5 kJ/mol in this study). The low activation energies are probably related
a reduced number and the strength of the H-bonds between water molecules, water and the clay surfaces or ions as compared to those in bulk water. For Na- and Ca-montmorillonite, however, the obtained activation energies could be affected by the choice of the diffusion model.
Keywords. Water, Self-diffusion, QENS, compacted clays, diffusion coefficients, activation energy.

4.1 Introduction
The molecular properties of water in confined systems have been a topic of interest during the last
few decades. The behavior of this common and fascinating liquid upon confinement has been extensively studied in different environments such as biological cells, at the surface of proteins and membranes, and in clays. Argillaceous rocks and compacted clays are being considered worldwide as barriers for the deep geological disposal of radioactive waste. The study of the dynamics of water confined
in clay minerals is important for the understanding of transport mechanisms through clays, and thus of
the fate of the radioactive contaminants.
The motion of water in the small pores or cavities is partly spatially restricted. Furthermore it is influenced by considerable interactions between the water and the clay surfaces as well as the ions close
to the surfaces. This was concluded from molecular modelling (Marry and Turq, 2003, Park and Sposito, 2000b) and various experimental studies on a broad range of time scales such as neutron scattering (from few picoseconds (Chakrabarty et al., 2006), to few nanoseconds (Swenson et al., 2001)),
and nuclear magnetic resonance studies (Porion et al., 2007) (few microseconds).
Clay minerals are aluminium phyllosilicates with a layered structure. This structure is composed of
tetrahedral (T: silicon tetrahedra) and octahedral (O: aluminium octahedra) sheets. Two or three such
sheets form a TO or TOT layer. Several sequences of these layers are combined and form larger units
called stacks, which again can cluster into particles or aggregates. Substitution of one cation for another without change of the structure (isomorphic substitution), either in the tetrahedral or octahedral
layer, can result in a net negative charge. These charges are compensated by interlayer cations and
cations on or near the external surfaces.
In this article we investigate the microscopic dynamic properties of water, focusing on the translational diffusion, and their temperature dependence for four different compacted clays, two of them
charged (montmorillonite and illite, both in a Na and Ca form) and two uncharged (kaolinite and pyrophyllite). These clays exhibit systematic structure differences. In the case of montmorillonite (TOT
- 91 -

Microscopic Diffusion of Water in Compacted Clays Analyzed by QENS
structure), water is located in between particles and in the interlayer space. In illite (TOT structure),
however, water is located only in between particles, because the interlayer surfaces are tightly linked
by potassium cations. Pyrophyllite (TOT structure) and kaolinite (TO structure) have no interlayers
because their primary sheets are not (pyrophyllite) or only very weakly (kaolinite) charged (see Figure
4.1). While properties of water at a mineral-water interface have been studied extensively, no or only
few comparisons of the properties of water near surfaces of uncharged and charged clays saturated
with different cations exist.

Figure 4.1: 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
cation exchange capacity value of 3.3 meq/100 g (van Olphen and Fripiat, 1979).

The clays under studies were compacted to a high dry density of ρb=1.85±0.05g/cm3 to reduce the
pore sizes and to increase the relative water-clay interface. The compaction not only reduces the pore
size (Vasseur et al., 1995), but also affects directly the particle arrangement, which tends to be more
perpendicular to the direction of compaction (Djeran-Maigre et al., 1998). In Na- and Camontmorillonite at dry densities ≥ 1.9g/cm3 (as in our case) most of the water is located in the narrow
interlayer space (≥ 95%). Several studies have shown that an increasing degree of compaction leads to
a reduction in the macroscopic effective diffusion coefficient of water in clays (Garcia-Gutierrez et al.,
2004), (Kozaki et al., 2005). The microscopic studies of water dynamics in clays found in the literature are usually performed with clay pastes. Little is known so far on the influence of the degree of
compaction on the microscopic water diffusion. Generally smectites (swelling clays like montmorillonite) are among the most studied clays in terms of water structure and dynamics due to their particular
layer configuration, which provides a model system for water dynamics in two-dimensional confinement (Malikova et al., 2004, Skipper et al., 2006). The swelling of this type of clays is partly due to
- 92 -

Microscopic Diffusion of Water in Compacted Clays Analyzed by QENS
the hydration of the cations adsorbed on the clay surfaces. These cations play an important role in the
motion of water because of their different hydration properties (Ohtaki and Radnai, 1993) and their
different location in the clay structure (van Olphen, 1966). Na counterions tend to form inner-sphere
complexes (see Figure 4.2) in montmorillonite interlayers on the tetrahedral charge sites and outerspheres on the octahedral sites (Chavez-Paez et al., 2001b, Park and Sposito, 2000a), whereas bivalent
cations like Ca (see Figure 4.2) have higher hydration energies than monovalent ions and tend to form
outer-sphere complexes (Brindley and Brown, 1980, Chavez-Paez et al., 2001a).

Figure 4.2: Zoom of the clay surface. The cations located in cavities of TOT layers and partially or non
hydrated are denoted as inner-sphere complexes, those that are hydrated such that there is one or more
water molecules between the surface and the ion, are termed as outer-sphere complexes.

In neutron scattering studies at room temperature Malikova et al. (2006) found a value of
D= (5 − 10) ⋅ 10 -10 m2/s for the water self diffusion coefficient in a two-layer hydrated sample of Namontmorillonite. Slightly larger values of D between 11.3 and 12.4 ⋅ 10 -10 m2/s were found for Camontmorillonite at the same hydration (two layer) (Tuck et al., 1984). However there is a lack of information about microscopic water dynamics in non-swelling clays such as illite, kaolinite or pyrophyllite. Pyrophyllite and kaolinite have a more hydrophobic character (Bridgeman et al., 1996,
Bridgeman and Skipper, 1997, Churakov, 2006) in contrast to montmorillonite or illite. In these clays,
the water dipole is oriented parallel to the hydrophobic surfaces with one hydrogen directed towards
the surface. Therefore the number of H-bonds per water molecule is reduced (Bridgeman and Skipper,
1997). Kaolinite is formed by TO sequences, composed of SiO4 tetrahedra rings and an octahedral side
saturated by OH groups. Calculations showed that the two sides interact very differently with water
(Tunega et al., 2002a, Tunega et al., 2002b). The tetrahedral side is hydrophobic, whereas the octahedral side is hydrophilic. Molecular dynamics simulations (Warne et al., 2000) of the water motion in
kaolinite (average of the T and O side) at room temperature showed diffusion coefficients at the kaolinite interface of D = 9.6 ⋅ 10 -11 m2/s. No literature was found about water diffusion in pyrophyllite,
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but hydrophobic surfaces are found to increase water diffusion coefficients as compared to that of bulk
water (Bridgeman and Skipper, 1997, Brovchenko et al., 2003, Hartnig et al., 1998).
The water mobility depends strongly on the degree of hydration of the system (Chang et al., 1997,
Swenson et al., 2000). In smectites, water mobility is reduced with decreasing hydration as it was
shown experimentally and by molecular modelling by Malikova et al. (2006), while the residence
time, jump length and rotational relaxation times of the water molecules increase (Anderson et al.,
1999). This can be explained by the increased fraction of interlayer or external layer water, as compared to free pore water, at low hydration. Because we compacted our clays to high bulk densities (~
1.9 g/cm3), the water contents were relatively low in all cases. For montmorillonite, illite and kaolinite
samples the hydration was further reduced to test whether the water mobility indeed can be related to
the fraction of the different water types.
For all clays, translational diffusion of water was studied at the temperature range between 27ºC and
95ºC to obtain the activation energy of the water motion. In diffusive motions of liquids it can be defined as the energy needed for a molecule to push back other molecules to form a hole and in breaking
bonds with surrounding molecules so that it can move into the hole thus formed (Low, 1976), and it
manifests in the temperature dependence of the diffusion coefficients. The activation energy for bulk
water diffusion is about 16 kJ/mol (Low, 1962) to 18 kJ/mol (Wang, 1951).
Diffusion coefficients and viscosity of so called “strong liquids” follow the empirical Arrhenius
equation:

D = A ⋅ e − 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.
In charged clays we expect that the compensating cations and the clay surfaces influence the activation energy as compared with bulk water. Ions can be divided in two groups: kosmotropes (order makers: Mg2+, Ca2+, Li+, Na+, H+) and chaotropes (disorder-makers: K+, Rb+, Cs+, Br-, I-) (Hribar et al.,
2002). The members of the first group exhibit stronger interactions with water molecules than water
with itself, which results in an increase of the water Ea in bulk solutions (Hribar et al., 2002). Studies
on ions showed that the tendency of kosmotropes to order the water molecules around themselves
produces a slow down of the diffusion (Leung and Safford, 1970), and an increase of the viscosity
(Mateo et al., 1977) and density (Stumm and Morgan, 1996). Our samples are saturated with Na and
Ca, both classified as order-makers but with Ca having a stronger kosmotrope character. This study
shows how these two cations change the activation energy in swelling (montmorillonite) and nonswelling (illite) clays. Existing studies (Malikova et al., 2004, Tuck et al., 1984) about the effect of
temperature on the dynamics of water in clays, show activation energies close to or lower than that of
bulk water (~ 18 kJ/mol). Malikova et al. (2004) found by molecular modelling studies values of 12 to
15 kJ/mol for the monohydrated Na- and Cs-, and 14 to 19 kJ/mol for the bi-hydrated
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Na-montmorillonite. No information was found about illite or uncharged clays regarding the activation
energy.

4.2 Materials
The clays were montmorillonite from Milos (Decher), illite du Puy (Gabis, 1958), kaolinite from
Georgia [KGa-2 (Van Olphen and Fripiat, 1979)] and pyrophyllite from North Carolina (Ward Natural
Science 46E4630). For the neutron scattering measurements pellets (5x1.5x0.1 cm3) with a bulk dry
density of ρb=1.85±0.05 g/cm3 were pressed from the powder hydrated with the desired amount of water and encapsulated in a tight aluminium sample holder. Half-hydrated samples were obtained from
the fully hydrated ones by letting them dry at room temperature. They were encapsulated again and
measured only one or two days later to obtain hydration equilibrium. Once the samples were measured
in a fully or half hydrated state they were dehydrated at 110 ºC during 24 h and measured again in the
neutron spectrometer. Several techniques were used to characterize the clay powders and pellets in
order to obtain a good picture of the water distribution within the clays. The clays were measured by
ICP-AES (Inductively Coupled Plasma Atomic Emission Spectroscopy) (Boumans, 1987) in order to
obtain the chemical composition. As a result the structural formulae were calculated as presented in
Table 4.1.
Table 4.1: Clay formulae obtained by ICP-AES analysis.
Clays

Tetrahedra

Octahedra

Balance cations

Na-montmorillonite

[(Si 3.93 Al 0.07) O10 (OH) 2]

(Al 1.41 Fe 0.09 Mg 0.344)

(Ca 0.022 Na 0.325 K 0.044)

Ca-montmorillonite

[(Si 3.83 Al 0.17) O10 (OH) 2]

(Al 1.33 Fe 0.09 Mg 0.34)

(Ca 0.22 Na 0.025 K 0.044)

Na-illite

[(Si 3.48 Al 0.52) O10 (OH) 2]

(Al 1.18 Fe 0.36 Mg 0.39)

(Ca 0.054 Na 0.11 K 0.69)

Ca-illite

[(Si 3.46 Al 0.54) O10 (OH) 2]

(Al 1.17 Fe 0.36 Mg 0.39)

(Ca 0.1 Na 0.024 K 0.7)

Kaolinite

[(Si 2) O5 (OH)2]

(Al 1.96 Fe 0.039 Mg 0.001)

-

Pyrophyllite

[(Si4) O10 (OH)2]

(Al 2)

-

In Table 4.2 we report the particle sizes, obtained by SEM and dynamic light scattering measurements (zeta-sizer 5000 (Malvern Instruments, Malvern, UK)), external surface areas (BET (Clausen
and Fabricius, 2000)) and total surface areas (EGME (Carter et al., 1965)). The porosity, ε [-], was
calculated as follows:

ε = 1−

ρb
.
ρs

(2)

with ρ s (g/cm3) the clay solid density obtained by pycnometry, and ρ b (g/cm3) the dry bulk density
obtained from the mass of dry solid divided by the volume of the sample. In Table 4.3 different characteristics of the clay pellets are presented in the fully and a half hydrated state among them: the molecular spacing obtained by XRD, and the average number of water molecules per cation (for the
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charged clays) calculated from the cation exchange capacity (CEC) and the gravimetric water content
of the clays. For montmorillonite the CEC used was 99 meq/100g (B. Baeyens personal communication) and for illite, 26.6 meq/100g (Van Olphen and Fripiat, 1979).
Table 4.2: Clay characterization in a powder state.
Clays

Part.size(µm)

BET(m2/g)

EGME(m2/g)

Porosity (%)

Na-montm.

0.50

28.43

705

32

Ca-montm.

1.10

38.33

707

30

Na-illite

0.32

111.96

111.45

28

Ca-illite

0.34

117.74

116.43

30

Kaolinite

1.30

45.81

-

26

Pyrophyllite

1.30

6.93

-

30

The last column shows the average number of water layers between two clay surfaces, which was
calculated as follows:

layerswater [−] =

2⋅w
,
S EGME ⋅ ρ w ⋅ φw

(3)

with w (gwater/gsolid) the gravimetric water content, S EGME (m2/g) the total surface area, ρ w (g/m3) the
water density, and φw = 0.3 nm the diameter of a water molecule. For kaolinite and pyrophyllite (clays
without interlayer space) we did not measure the EGME surface because it can be considered as similar to the BET result (Chorover et al., 1999, Scheidegger et al., 1996). Thus, S BET represents also the
total surface area for these clays.
Table 4.3: Clay characterization as a compacted pellet, for fully (f.h), half hydrated (h.h) and quarter
hydrated (q.h) samples.
nº water mole-

d-spacing (Å)

Na-mont. f.h / h.h/ q.h

14.79/11.35/11.06

8-9/4-5/2-3

(0.16/0.080/0.040)±0.001

≈2/1/0.5

Ca-mont. 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

Pyrophyllite* h.h

9.2

-

(0.075)±0.001

≈60

cules/cation

Water(g/g)

Water

Clays

layers

*Pyrophyllite was only half saturated, a full saturation at this bulk density was not possible due to its strong hydrophobic
character.
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The previous calculation makes no assumption regarding particle size, shape and orientation, and
amount of external and internal water, thus these values are just averages of the number of water layers between two clay layers. For montmorillonite in the fully hydrated form we have an average of
about two layers of water between the surfaces, in the half hydrated about a single-layer and in a quarter hydrated half a water layer, according to equation (3). These numbers are also confirmed by dspacing values obtained from X-ray measurements (Kozaki et al., 1998). Similar samples at similar
densities have approximately 100% of the total water in the interlayers (Pusch, 2001). Therefore the
water in both montmorillonite can be considered as that of the interlayer water (see Figure 4.1).
The particle alignment of the compacted pellets was probed by X-ray texture goniometry (Singh,
2005) experiments. The pellets were found to be mainly randomly orientated.

4.3 Methods
Quasielastic neutron scattering (QENS) experiments were carried out at SINQ, Paul Scherrer Institut
in Villigen, Switzerland, on the hybrid time-of-flight spectrometer FOCUS (Janssen et al., 1997), and
at the FRM II in Garching, Germany, on the chopper time-of-flight instrument TOFTOF (Unruh et
al.(submitted)). Three incident wavelengths were used: setup I, λ=3.65Å (250 µeV resolution); setup
II, λ=5.75Å (45 µeV resolution), both at FOCUS; and setup III, λ=10Å (13 µeV resolution) at
TOFTOF. The three wavelengths were selected to better determine the parameters of the translational
and rotational motions. The wave-vector transfer ranges covered were 0.22 Å-1 < Q < 1.12 Å-1 (setup
III), 0.26 Å-1 < Q < 1.65 Å-1 (setup II) and 0.36 Å-1 < Q < 2.65 Å-1 (setup I). The sample was encapsulated in a watertight rectangular aluminum sample holder, placed at 45º slab angle (transmission) into
the beam. The measurements were performed at temperatures ranging from 27ºC to 95ºC. 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 account for the background.
QENS in clay-water systems is dominated by the incoherent cross section of the hydrogen. The hydrogen self dynamics is assumed to represent the dynamics of the water molecules in these systems.
The corrected data as a function of Q (momentum transfer) and hω (energy transfer) were fitted by
the following expression:

I(Q,ω) = { A(Q) ⋅ δ(E) + B(Q) ⋅ S(Q,ω)} ⊗ G(Q,ω) + C(Q) .

(4)

with A(Q) ⋅ δ(E) a contribution of the elastic scattering originating from the dry clay, S (Q, ω ) a
model quasielastic scattering function of water, B(Q) the intensity of the diffusing water, G (Q, ω ) the
Gaussian like spectrometer resolution function and C (Q ) a linear background. Using the approximation that the rotational and translational motions of the water are independent, the scattering function
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S (Q, ω ) can be written by the convolution of the rotational and translational components in the following manner:

S (Q, ω ) ≈ S inc (Q, ω ) = S trans (Q, ω ) ⊗ S rot (Q, ω ) .

(5)

This approximation has been found to be valid for bulk water in the low Q range (Chen et al., 1997),
which is the range used to obtain the translational diffusion coefficients. The water in clays can be
classified into three different types (interlayer, external layer and free pore water), which may (depending on the type of clay) all be present at the same time. Accordingly, the motion of the water
molecules observed by QENS must be regarded as an average of the different water types, weighted
by their corresponding fractions. We assumed that, at the given time resolutions, the translational diffusion can be described by a three dimensional, random, and spatially isotropic motion. In this model
the incoherent scattering law can be described by a Lorentzian function (Bée, 1988):
Γt (Q )
,
π ω + Γt2 (Q )
1

S trans (Q, ω ) =

2

(6)

where Γt (Q ) is the half width at half maximum (hwhm) of the Lorentzian curve and depends on the
parameters of the diffusive motion. Alternatively, a scattering law for two-dimensional, or restricted
three dimensional diffusion with an approximately random orientation may be appropriate for clays
containing an interlayer space like montmorillonite; this subject will be discussed later in this paper.
At low momentum transfers, Γt (Q ) can be approximated by the continuous diffusion model (Fick’s
law), where Γt (Q ) = h ⋅ D ⋅ Q 2 , h = 0.658 meV·ps is the reduced Planck constant, and D the diffusion

coefficient. At large momentum transfer Fick’s law is not longer applicable because the diffusion
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 portion of its time ( τ t ) at a
quasi-equilibrium position, before it rapidly jumps to the next quasi equilibrium position (Hall and
Ross, 1981). The data, Γt (Q ) , shown here were fitted by the Singwi-Sjölander (Singwi and Sjölander,
1960) and the Hall-Ross (Hall and Ross, 1981) model. Both models have been successfully used to
describe water dynamics in clay minerals (Anderson et al., 1999, Swenson et al., 2002). 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:

Γt (Q) =

h ⋅ DSS ⋅ Q 2
.
1 + DSS Q 2τ t .SS

(7)

The Hall-Ross model assumes a Gaussian distribution of jump lengths, which results in:
Γt (Q ) =

h

τ t . HR

[1 − exp(−Q 2 DHRτ t . HR )] .
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These two models and Fick’s law are plotted for the same D and τ t values in Figure 4.3. At low Q
they follow Fick’s law, at high Q they have an asymptotic behavior of h / τ t . It can be seen that Γt (Q )
corresponding to the Hall-Ross model approaches more rapidly its asymptotic behavior. The mean
jump length for the two models is defined by:

l = 6 ⋅ D ⋅τ ,

(9)

Figure 4.3: Translational broadening curves due to diffusion ( Γt (meV)) vs. Q2 (Å-2) for the two jump
diffusion models: Singwi-Sjölander and Hall-Ross and the continuous diffusion (Fick’s law) curves.

The rotation of the water molecules is assumed to be continuous and isotropic and can be expressed
by the well known Sears expansion (Sears, 1966):

S rot (Q, ω ) = j 02 (Qa ) ⋅ δ ( E ) +

1

π

3

⋅ ∑ (2n + 1) j n2 (Qa)
n =1

 h
n(n + 1) ⋅ 
 6 ⋅τ r






 h
E 2 +  n(n + 1) ⋅ 
 6 ⋅τ r



 



2

,

( 10 )

The term δ(E) is the Dirac delta function, jn are the spherical Bessel functions, a = 0.98Å is the O-H
distance of the water molecule and τ r is the rotational relaxation time. In our measurement Q was
limited to a maximum of 2.65 Å-1, therefore the terms for n > 3 in equation (10) could be neglected.
Equations (4-10) were fitted to the measured S (Q, ω ) to obtain the translational diffusion coefficients, residence times and rotational relaxation times for water at different temperatures and different
hydration states of the samples.
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Absorption and multiple scattering corrections were not performed. The absorption depends on the
energy of the scattered neutrons and so on the energy transfer, therefore it is nearly constant in the
analyzed energy range. At low Q, the reduction factor to subtract the background due to absorption
can be truly neglected and at high Q the quasielastic spectrum of water is broad enough to be easily
separated from the elastic peak of the dry clay. The general decrease of intensity with increasing Q is
accounted for by an adjustment of the factor B(Q) in equation (4).
Parameters obtained from data without multiple scattering correction depend on the incident neutron
wavelength (Mezei and Russina, 1999). Applying significantly different initial wavelengths, we
obtained similar diffusion parameters and therefore we can say that the effect of multiple scattering is
smaller than the difference between these values.
The assumption of a translational diffusion described by a locally three dimensional, random, and
spatially isotropic motion is realistic for clays such as illite (Na and Ca), kaolinite and pyrophyllite
with a large number of water layers in their structure (see Table 4.3). However for Na- and Camontmorillonite it might be not entirely correct. The montmorillonite clay with two water layers has
almost all the water molecules in the interlayer space which can be considered as a two-dimensional
confinement. Thus the spectra of montmorillonite samples were analyzed additionally with a 2D dynamical model for randomly oriented particles (Bée, 1988, Mamontov, 2004), which is discussed in
section 4.4.4.

4.4 Results and discussion
The quality of the fits is shown in Figure 4.4 for kaolinite at the three different experimental setups.

Figure 4.4: Typical fits of the QENS spectra. Intensity vs. energy exchange for kaolinite at Q ~ 1 Å-1 and
T=27ºC.
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The translational diffusion coefficients and jump diffusion residence times calculated for the three
wavelengths are in good agreement for all clays at all the different hydrations and temperatures. An
example of Γt (Q ) for all setups (i.e. different λ) is shown in Figure 4.5 for fully hydrated Na-illite
and half hydrated Ca-illite. At low values of Q the quasielastic scattering is mainly produced by translational displacement motions, the rotational contribution is almost negligible. However at high Q values, both rotation and translation contribute significantly to the quasielastic scattering.
The diffusion coefficients (determined from low Q values) are always 10 to 20% larger for the
Singwi-Sjölander than for the Hall-Ross model.
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Figure 4.5: The translational diffusion broadening Γt (meV) vs. Q2 (Å-2) for the three different setups
(λ=3.65, 5.75 and 10 Å) for fully hydrated (f.h) Na-illite and half-hydrated (h.h) Ca-illite.
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Figure 4.6: Fully-saturated clays and water (this study) fitted by the two models, Singwi-Sjölander and
Hall-Ross, at T=27ºC for λ=5.75 Å.
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The opposite behavior was found for the time between jumps τ t (determined from high Q values),
namely 10 to 20% larger values for the Hall-Ross than for the Singwi-Sjölander model for all the data
analyzed. Based on the obtained data, there is no criterion to determine which of the models characterizes better the data (see the quality of the fits in Figure 4.6). At high Q the influence of the rotational
motion is stronger, thus the obtained τ t is generally considered to be less reliable than the D values.

4.4.1 Translational diffusion parameters for fully hydrated samples at 300 K
Bulk water was measured as a reference at the FOCUS spectrometer at 5.75 Å. The data obtained
(Table 4.4) are in good agreement with other neutron scattering data (Bordallo et al., 2006, Tuck et al.,
1984) as well as other experiments (Pruppacher, 1972).
Table 4.4: Bulk water values for the diffusion coefficient D (m2/s), residence time

τ t (ps) and mean jump

length l (Å) calculated from the two models (SS: Singwi-Sjölander and HR: Hall-Ross).
λ=5.75Å
2

τt.SS(ps)

lSS (Å)

DHR(m2/s)*109

τt.HR(ps)

lHR (Å)

2.37±0.08

1.00 ±0.06

1.19±0.06

2.30±0.10

1.57 ±0.12

1.47±0.08

3.73±0.20

0.71±0.06

1.26±0.09

3.58±0.12

1.13±0.37

1.56±0.28

70

5.85±0.26

0.52±0.08

1.35±0.13

5.60±0.12

0.82±0.22

1.66±0.24

95

8.40±0.40

0.42±0.11

1.45±0.23

8.00±0.16

0.64±0.08

1.75±0.13

T(ºC)

DSS(m /s)*10

27
45

9

Table 4.5 to 4.9 present the results for various clays obtained for the different wavelengths (setups)
using the two different jump diffusion models. In summary the diffusion values obtained for the
charged clays were strongly reduced, whereas those for the uncharged kaolinite were identical or
slightly higher compared to bulk water.
The diffusion values at 300K (as generally all temperatures) and the mean jump length values followed the increasing order Na-montmorillonite ≈ Ca-montmorillonite < Ca-illite < Na-illite < kaolinite. The residence time followed exactly the same opposite order. Within the context of the jump diffusion model, the slower diffusion as compared to the bulk water is thus mainly caused by a longer residence time, which is only partly compensated by the larger jump length. The type of cation has only a
slight effect on the water motion in montmorillonite whereas in illite it affects strongly the diffusion
parameters.
The two interlayer cations, Na and Ca, behave very differently when hydrated (Ohtaki and Radnai,
1993). Ca has a much higher hydration energy (-1660kJ/mol) than Na (-440kJ/mol) and is also more
electronegative, therefore the water molecules are much more strongly bound to Ca than to Na. The
self diffusion coefficient of water at room temperature for a 4M concentration of NaCl is
(1.85 ± 0.1) ⋅ 10 −9 m 2 /s (Wang, 1954) whereas for a 2M CaCl2 solution, the diffusion is 25-30% lower
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(1.40 ± 0.05) ⋅ 10 −9 m 2 /s (Hewish et al., 1983). Based on these observations the water movement should
be slower in the Ca- than in the Na-form of illite and montmorillonite. This could be observed in the
case of illite (see Table 4.7 and Table 4.8) where the diffusion coefficients were about 30%, larger for
the Na form than for the Ca form. We are not aware of similar results in the literature on illite clay.
Table 4.5: Fully-hydrated Na-montmorillonite (two-layers) values for the diffusion coefficient D (m2/s),
residence time

τ t (ps) and mean jump length l (Å) calculated from the two models (SS: Singwi-Sjölander

and HR: Hall-Ross). The results for λ=5.75 Å are shaded for clarity. The values above 45ºC are not fully
reliable (see section 4.4.4).
T(ºC)

λ (Å)

DSS(m2/s)*109

τt.SS(ps)

lSS (Å)

DHR(m2/s)*109

τt.HR(ps)

lHR (Å)

27

10

1.06±0.05

10.35±1.00

2.56±0.18

0.97±0.04

15.29±0.70

2.98±0.13

45

10

1.33±0.07

8.76±0.93

2.64±0.21

1.22±0.04

12.88±0.60

3.07±0.12

95

10

(2.50±0.20)

(4.1±0.61)

(2.48±0.28)

(2.32±0.10)

(6.14±0.34)

(2.92±0.14)

27

5.75

1.20±0.12

10.44±1.12

2.74±0.28

0.99±0.06

13.38±0.62

2.82±0.15

35

5.75

1.30±0.11

9.09±0.27

2.66±0.15

1.08±0.06

11.74±0.64

2.76±0.15

45

5.75

1.48±0.11

8.50±0.24

2.75±0.14

1.21±0.12

10.86±0.60

2.81±0.21

60

5.75

(1.86±0.12)

(6.22±0.21)

(2.63±0.13)

(1.55±0.06)

(8.07±0.81)

(2.74±0.19)

70

5.75

(2.22±0.08)

(5.76±0.22)

(2.77±0.10)

(1.81±0.10)

(7.35±0.43)

(2.82±0.16)

95

5.75

(2.77 ±0.20)

(4.26±0.60)

(2.66±0.28)

(2.30±0.11)

(5.50±0.25)

(2.75±0.13)

27

3.65

1.43±0.12

11.67±1.60

3.16±0.35

0.98±0.15

13.24±1.32

2.79±0.35

Table 4.6: Fully-hydrated Ca-montmorillonite (two-layers) values for the diffusion coefficient D (m2/s),
residence time

τ t (ps) and mean jump length l (Å) calculated by the two models (SS: Singwi-Sjölander

and HR: Hall-Ross). The results for λ=5.75 Å are shaded for clarity. The values above 45ºC are not fully
reliable (see section 4.4.4).
T(ºC)

λ (Å)

DSS(m2/s)*109

τt.SS(ps)

lSS (Å)

DHR(m2/s)*109

τt.HR(ps)

lHR (Å)

27

10

1.03±0.06

11.35±0.61

2.65±0.15

0.95±0.06

16.67±0.78

3.08±0.17

45

10

1.34±0.07

9.10±0.75

2.70±0.18

1.24±0.06

13.55±1.00

3.17±0.19

95

10

(2.63±0.10)

(4.38±0.60)

(2.63±0.23)

(2.45±0.08)

(6.57±0.28)

(3.10±0.12)

27

5.75

1.20±0.08

11.01±0.92

2.81±0.21

0.97 ±0.06

14.00±0.24

2.85±0.11

35

5.75

1.33±0.12

10.02±0.70

2.83±0.23

1.10±0.12

12.67±1.00

2.89±0.27

45

5.75

1.53±0.11

8.84±0.62

2.85±0.20

1.24±0.08

11.23±0.24

2.89±0.12

60

5.75

(1.90±0.14)

(6.84±0.62)

(2.79±0.23)

(1.56±0.08)

(8.74±0.60)

(2.86±0.17)

70

5.75

(2.09±0.10)

(5.78±0.40)

(2.69±0.16)

(1.73±0.10)

(7.44±0.23)

(2.78±0.12)

95

5.75

(2.82±0.08)

(3.99±0.21)

(2.60±0.11)

(2.34±0.12)

(5.18±0.22)

(2.70±0.13)

27

3.65

1.31±0.13

12.29±1.33

3.10±0.32

0.90±0.15

13.97±1.21

2.74±0.35

In both montmorillonites, however, the results for the diffusion coefficients, residence times and the
jump lengths are very similar. This might be due to the narrow pores, which hinder the full hydration
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of the cations, or because the water is also influenced directly by the surfaces. Previous studies
(Bridgeman and Skipper, 1997, Sposito and Prost, 1982) confirmed that the range of influence of the
clay surfaces extends to about the first two water layers. Hence all the water in the interlayer in our
montmorillonite samples was strongly affected by the surfaces and cations. Thus, the diffusion coefficients are approximately half of the ones in bulk water, the residence time eight times larger and the
jump lengths (~ 2.7Å) about two times larger.
Table 4.7: Fully-hydrated Na-illite (nine-layers) values for the diffusion coefficient D (m2/s), residence
time

τ t (ps) and mean jump length l (Å) calculated by the two models (SS: Singwi-Sjölander and HR:

Hall-Ross). The results for λ=5.75 Å are shaded for clarity.

T(ºC)

λ (Å)

DSS(m2/s)*109

τt.SS(ps)

lSS (Å)

DHR(m2/s)*109

τt.HR(ps)

lHR (Å)

27

10

1.98±0.06

2.00±0.14

1.54±0.80

1.95±0.08

3.40±0.21

1.99±0.10

45

10

2.75±0.11

1.60±0.31

1.62±0.19

2.70±0.07

2.71±0.42

2.09±0.19

95

10

5.19±0.12

0.80±0.05

1.57±0.70

5.34±0.11

1.33±0.10

2.06±0.10

27

5.75

2.22±0.12

1.96±0.20

1.61±0.13

2.07±0.08

2.93±0.20

1.91±0.10

35

5.75

2.42±0.08

1.54±0.10

1.49±0.07

2.27±0.10

2.35±0.16

1.79±0.10

45

5.75

3.10±0.10

1.30±0.08

1.55±0.07

2.86±0.09

1.95±0.15

1.83±0.10

60

5.75

3.60±0.12

1.14±0.08

1.57±0.08

3.36±0.08

1.71±0.12

1.86±0.09

70

5.75

4.21±0.18

0.97±0.06

1.56±0.08

3.92±0.16

1.46±0.08

1.85±0.09

95

5.75

5.56±0.25

0.75±0.06

1.58±0.10

5.17±0.22

1.13±0.09

1.87±0.11

27

3.65

2.25±0.21

1.99±0.30

1.64±0.20

1.86±0.15

2.59±0.33

1.70±0.18

Table 4.8: Fully-hydrated Ca-illite (nine-layers) values for the diffusion coefficient D (m2/s), residence
time

τ t (ps) and mean jump length l (Å) calculated by the two models (SS: Singwi-Sjölander and HR:

Hall-Ross). The results for λ=5.75 Å are shaded for clarity.
T(ºC)

λ (Å)

DSS(m2/s)*109

τt.SS(ps)

lSS (Å)

DHR(m2/s)*109

τt.HR(ps)

lHR (Å)

27

10

1.57±0.10

4.95±0.23

2.15±0.12

1.48±0.06

7.67±0.36

2.61±0.11

45

10

2.30±0.12

3.39±0.15

2.16±0.10

2.20±0.10

5.38±0.24

2.66±0.12

95

10

4.82±0.25

1.52±0.11

2.10±0.13

4.70±0.19

2.47±0.10

2.64±0.11

27

5.75

1.60±0.08

4.49±0.30

2.08±0.12

1.41±0.08

6.21±0.34

2.29±0.13

35

5.75

1.90±0.11

3.42±0.30

1.97±0.11

1.70±0.08

4.79±0.38

2.21±0.14

45

5.75

2.40±0.12

2.74±0.22

1.99±0.13

2.12±0.11

3.83±0.22

2.21±0.12

60

5.75

2.91±0.16

2.41±0.24

2.05±0.16

2.56±0.12

3.33±0.23

2.26±0.13

70

5.75

3.33±0.16

1.78±0.14

1.88±0.12

3.00±0.12

2.53±0.22

2.13±0.14

95

5.75

4.95±0.18

1.36±0.08

2.00±0.09

4.62±0.13

1.92±0.08

2.30±0.08

27

3.65

1.84±0.15

4.64±0.32

2.26±0.17

1.40±0.09

5.59±0.30

2.17±0.13

Our data of the bi-hydrated Na- and Ca-montmorillonite at room temperature were confirmed by
other

QENS

measurements

found

in
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(Malikova et al., 2006, Tuck et al., 1984). These clays seem not to show differences in the diffusion
parameters when are equally hydrated in a pellet form or as powders.
For kaolinite (uncharged clay) the diffusion coefficients (Table 4.9) are similar and even slightly
higher than those measured for bulk water. An increase of the diffusion of water on hydrophobic surfaces was already observed in molecular modeling studies (Bridgeman and Skipper, 1997, Brovchenko
et al., 2003, Hartnig et al., 1998). Here the increased diffusion coefficient seems to be the result of
twice as large jump length and residence time as compared with bulk water. A larger jump length may
well be connected to the hydrophylic character of the kaolinite O surfaces (see Figure 4.1).
Table 4.9: Fully-hydrated kaolinite (twenty-layers) values for the diffusion coefficient D (m2/s), residence time

τ t (ps) and mean jump length l (Å) calculated by the two models (SS: Singwi-Sjölander and

HR: Hall-Ross). The results for λ=5.75 Å are shaded for clarity.
T(ºC)

λ (Å)

DSS(m2/s)*109

τt.SS(ps)

lSS (Å)

DHR(m2/s)*109

τt.HR(ps)

lHR (Å)

27

10

2.64±0.12

2.56±0.14

2.01±0.10

2.53±0.12

3.80±0.16

2.40±0.11

45

10

3.86±0.27

1.71±0.11

1.99±0.13

3.71±0.23

2.77±0.23

2.48±0.18

95

10

7.35±0.54

0.55±0.03

1.56±0.10

7.24±0.43

0.95±0.05

2.03±0.11

27

5.75

2.89±0.16

2.19±0.11

1.95±0.10

2.52±0.20

3.11±0.22

2.17±0.16

45

5.75

4.00±0.24

1.44±0.09

1.86±0.11

3.70±0.18

2.10 ±0.09

2.16±0.10

70

5.75

6.12±0.24

0.91±0.06

1.83±0.10

5.55±0.22

1.31±0.10

2.09±0.12

95

5.75

7.87±0.52

0.67±0.05

1.78±0.12

7.15±0.44

0.97±0.08

2.04±0.15

27

3.65

3.19±0.24

2.28±0.19

2.10±0.17

2.47±0.24

2.80±0.17

2.04±0.16

4.4.2 Translational diffusion parameters for half hydrated samples at 300K
The results for the partially hydrated samples are presented in Table 4.10. The dehydration produced
a significant effect in the diffusion parameters of the charged clays (lower diffusion coefficients), but
no variation in case of kaolinite.
Kaolinite at the reduced water content has still a large amount of free pore water (Table 4.3). This is
reflected in the diffusion parameters, which remained close to those of the fully hydrated state. The
strong hydrophobic behavior of pyrophyllite made it impossible to fully saturate it, and only a half
saturated sample could be tested. This sample had a slightly higher diffusion coefficient than that of
bulk water, which underlines its hydrophobic character. The two uncharged clays (kaolinite and pyrophyllite) have similar diffusion coefficients but different residence times and mean jump lengths. Both
are much larger for kaolinite than for pyrophyllite. This may (or may not) be linked to the different
structures (TO and TOT) of the two clays. The values of pyrophyllite are closer to those of bulk water
than those of kaolinite.
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Table 4.10: Values for the diffusion coefficient D (m2/s), residence time

τ t (ps) and mean jump length l

(Å) calculated by the two models (SS: Singwi-Sjölander and HR: Hall-Ross) for half-hydrated (h.h) Namontmorillonite (Na-m), Ca-montmorillonite (Ca-m), Na-illite (Na-i), Ca-illite (Ca-i), kaolinite (Kao) and
pyrophyllite (Pyro) measured at different λ, and for quarter-hydrated (q.h) Na-montmorillonite measured
at λ=10 Å at different temperatures. The results for λ=5.75 Å are shaded for clarity. The values above
45ºC for Na-montmorillonite are not fully reliable (see section 4.4.4).

Clay

Na-m
(h.h)

T
(ºC)

λ
(Å)

DSS(m2/s)*

τt.SS(ps)

lSS (Å)

0.52±.04

21.31±1.00

2.58±.16

109

DHR(m2/s)

τt.HR(ps)

lHR (Å)

0.48±.03

31.5±1.13

3.01±.15

*109

27

10

45

10

0.86±.07

14.69±1.00

2.75±.21

0.79±.05

21.33±1.00

3.18±.18

95

10

(1.81±.14)

(6.12±.60)

(2.38±.23)

(1.68±.10)

(9.05±.61)

(3.02±.19)

27

5.75

0.53±.14

18.44±2.84

2.42±.51

0.45±.04

24.36±1.66

2.56±.20

27

10

0.48±.04

19.21±1.13

2.35±.17

0.46±.03

29.50±.62

2.85±.12

27

10

0.44±.03

23.10±.83

2.47±.13

0.41±.03

34.57±.94

2.92±.15

27

5.75

0.49±.06

25.00±1.08

2.71±.23

0.41±.02

32.00±.36

2.81±.10

27

10

1.80±.09

4.32±.52

2.16±.18

1.70±.11

6.76±.76

2.62±.23

27

5.75

1.76±.16

4.72±.66

2.23±.26

1.55±.06

6.45±.24

2.45±.10

27

10

1.16±.07

7.73±.71

2.35±.17

1.09±.06

11.84±.50

2.85±.12

45

10

1.61±.12

4.29±.80

2.04±.27

1.56±.10

6.85±.41

2.53±.16

Na-m
(q.h)
Ca-m
(h.h)
Na-i
(h.h)

Ca-i
(h.h)

95

10

3.68±.19

2.00±.10

2.10±.11

3.51±.21

3.12±.11

2.56±.12

27

5.75

1.22±.06

7.61±.4

2.36±.12

1.04±.06

10.11±.64

2.51±.15

27

5.75

2.81±.19

2.92±.14

2.22±.13

2.50±.12

3.96±.12

2.44±.10

27

10

2.66±.13

1.75±.10

1.67±.10

2.60±.11

2.93±.11

2.14±.10

45

10

3.70±.22

1.03±.09

1.51±.11

3.64±.20

1.72±.14

1.94±.13

Kao
(h.h)

Pyro
(h.h)

95

10

7.70±.45

0.50±.08

1.52±.20

7.55±.33

0.85±.13

1.96±.20

27

5.75

2.75±.09

1.15±.09

1.38±.08

2.63±.09

1.82±.12

1.69±.08

45

5.75

3.90±.10

0.90±.06

1.45±.07

3.71±.12

1.41±.09

1.77±.09

70

5.75

5.64±.20

0.64±.07

1.47±.11

5.36±.23

1.00±.08

1.79±.11

95

5.75

8.06±1.0

0.49±.04

1.54±.16

7.65±.33

0.76±.05

1.87±.10

27

3.65

2.74±.18

1.34±.12

1.48±.12

2.40±.15

1.81±.12

1.61±.10

The two forms of montmorillonite showed also at the reduced water contents a similar behavior,
with the Ca form slightly more affected by dehydration than the Na form. In case of montmorillonite
the dehydration led to a reduction of the interlayer spacing, as reported in Table 4.3. Accordingly, water will be even more affected by the cations and water surfaces than for the fully hydrated samples. In
these clays the diffusion coefficients and residence times were reduced approximately 50% as compared with the fully hydrated samples. The mean jump length however did not change, which was also
observed in other studies with powder Ca-montmorillonite (Anderson et al., 1999) for similar
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hydration states. Malikova et al. (2006) found similar values for the diffusion coefficients of Namontmorillonite ( (1 − 3) ⋅ 10 −10 m 2 /s ) at the same hydration (one-layer). Na-montmorillonite was
measured at an even lower water content (denoted as a quarter water saturated). No remarkable differences were found as compared with the half hydrated sample. This means that the average water properties were about identical in the half and quarter saturated water sample, which is plausible in view of
the very low average number of water layers (one or half) in both cases. Similar effects, but not as
large as in montmorillonite, in diffusion coefficients and residence time were found for Na- and Caillite. The Ca form is more affected by dehydration than the Na form. Both illites have on average 4
water layers between the clay particles (see Table 4.3), that means that most of the water is influenced
by the clay surfaces and therefore the diffusion parameters of this clay became similar (Ca-illite ~ 15%
larger) or slightly larger (Na-illite ~ 40%) than those of fully hydrated Na- and Ca-montmorillonite.

4.4.3 Rotational diffusion
The rotational relaxation times of water τr were comparatively less affected by the clay surfaces and
cations than the other parameters. For water in uncharged clays they were very similar to the values of
bulk water found in the literature (Teixeira et al., 1985) even at reduced hydrations. The charged clays
however showed some differences. Fully hydrated Na- and Ca-montmorillonite have similar values for
the rotational relaxation time which are 40% higher than the value of bulk water. Na-illite had a similar value like bulk water, whereas Ca-illite a 20% larger value. In the half hydrated samples the water
molecules are stronger bound which results in longer rotational relaxation times. The half hydrated
montmorillonite clays (with similar results for the two cation saturations) had rotational relaxation
times 55% larger than that of bulk water. The values for half hydrated Na-illite and Ca-illite are 20%
and 40%, respectively, larger than in bulk water. That is consistent with the data found in literature for
one-water layer hydrated powder of Ca-montmorillonite (Anderson et al., 1999). Anderson et al.
(1999) found rotational relaxation times twice the value of bulk water. Note that the differences of the
rotational relaxation times follow the differences in translational motion: samples with lower diffusion
times had generally larger relaxation times.

4.4.4 The 2-dimensional dynamics
In montmorillonite clays with 1 to 2 water layers the water motion may be restricted perpendicular
to the layers and in the extreme case a 2D diffusion of water may result. We addressed this question
previously by performing measurements on a triple axis spectrometer (TASP at SINQ, PSI). However
we could not find any differences in the quasielastic spectra, where Q was once parallel or perpendicular to the clay layers (Juranyi et al., 2007). For the mentioned experiment sedimented clay films were
used, in which the clay sheets were well aligned due to the geometry of the clay particles. The measurements on time-of-flight spectrometers presented in this paper have been performed on pressed
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samples with a certain 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 Figure 4.7) we tried to fit the Na-montmorillonite data with a model
(Mamontov, 2004) that assumes a 3D rotational, and a 2D translational motion, with a Gaussian jump
length distribution and an isotropic particle arrangement. The quality of the fits obtained for montmorillonite is shown in Figure 4.7. The 2D and 3D models had similar quality being slightly better at
high Q than at low Q.
The 2D model used has a characteristic logarithmic singularity at zero energy transfer. To detect this
singularity the instrument resolution has to be significantly smaller than the width of the quasielastic
line (Lechner, 1995). Therefore the data obtained at TOFTOF (with the smallest energy resolution)
was used as a test. The 2D results obtained for Na-montmorillonite showed that at low temperatures
(27ºC to 45ºC) the diffusion parameters were similar to the ones obtained by the 3D model, however at
high temperatures (95ºC) the diffusion coefficients of the 2D model (D = 3.20·10-9 m2/s) were larger
than those based on the 3D model values. As a result we concluded that for the given instrument resolution the 2D movement cannot be resolved at the lower temperatures because the time of observation
is too short for the restrictions to become relevant. At 95ºC the line shape deviates already from a typical 3D motion, but at the same time the 2D movements are not fully resolved yet and the 2D values
are not reliable either. The same 2D model but assuming a preferential particle orientation did not improve the fits.
One can approximate the time scale t, needed for the “exploration” of the full interlayer with the following expression:

t≈

l2
,
2⋅D

( 11 )

with l ≈ 5Å the interlayer thickness (see Table 4.3) 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. TOFTOF has an
observation time in the order of 50 ps ( ∆E ≈ 10 µeV), whereas those for the focus measurements are
lower ( ∆E ≈ 45, 250 µeV). Comparing these times with the about 100 ps required for the “exploration” of the interlayer thickness proves that the restriction in the third dimension is only visible in the
TOFTOF spectra at the highest temperatures where the 2D model gives different results from the 3D.
Thus we can conclude that the 3D analysis of montmorillonite in the temperature range from 27ºC to
45ºC described correctly the local 3D behavior of the water motion, and can be directly compared with
those found for the other clays. For temperatures larger than 45ºC and especially for 95ºC, the results
of the 2D model may be more reliable than those of the 3D. The contribution of any rotational motion
could also deteriorate the fits. However, this contribution is higher at large Q values where the fits
were significantly better. Therefore the rotational component of the movement can not be responsible
for that.
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Figure 4.7: Na-montmorillonite at T=27ºC, λ=10 Å, at low Q=0.22 Å-1 and high Q=0.82 Å-1 fitted by a 3dimensional and a 2-dimensional model.

4.4.5 Temperature dependence
The activation energies of Na- and Ca-montmorillonite were calculated with the data resulting from
the 3D model. These data cannot be taken as fully reliable above 45ºC, however taking the points
within the reliable temperature range (27-45ºC), we obtained very similar activation energies as compared with the full range (error bars overlapped). Therefore these values (as representative for a local
diffusion) are use as comparison with the other clays.
The mean jump lengths obtained for the Singwi-Sjölander model (with Hall-Ross model following a
similar behavior) as a function of temperature are plotted in Figure 4.8. For all the clays they are about
constant for all the temperatures (as for bulk water).
Activation energies were calculated from the measurements performed by setup III (10 Å) and setup
II (5.75 Å) using Arrhenius equation (1). The results are presented in Table 4.11 and the diffusion coefficients for all different hydrations as a function of temperature are plotted in Figure 4.9. In our experiments bulk water had an Ea value of about 16.5 kJ/mol, which is in agreement with the values
found in the literature (Low, 1962, Wang, 1951). The Ea results for all the clays are between the 16
kJ/mol (bulk water) and 11-12 kJ/mol (Na- and Ca-montmorillonite). The differences are relatively
small (about 30%), despite the large differences of the structure and chemistry of the studied clays.

- 109 -

Microscopic Diffusion of Water in Compacted Clays Analyzed by QENS
Thus the activation energy is a less sensitive parameter to evaluate the differences of the diffusion in
the investigated clays. The activation energy values followed the increasing order Na-montmorillonite

≤ Ca-montmorillonite ≤ Na-illite < kaolinite < pyrophyllite < Ca-illite ≤ water. All clays presented
lower Ea values than that of bulk. Ca-illite is the clay with the closer Ea to that of bulk water.
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Figure 4.8: Mean jump lengths calculated from the Singwi-Sjölander model vs. temperature for the fully
hydrated clays and water (λ=5.75 Å). Values above 45ºC for Na- and Ca-montmorillonite are not fully
reliable (see section 4.4.4).

In water solutions it has been already observed that the presence of cations (such as Na and Ca) increase the water Ea (Hribar et al., 2002). Therefore one could interpret that, if cations may increase the
activation energy, there is a tendency caused by the confinement effect, and therefore close interaction
with the surfaces, 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 bounds between the water molecules and the
water molecules with the clay surfaces and cations, resulting in a lower Ea. This previous interpretation seems plausible in view of the Ea sequence of the studied clays. The clay most affected was
montmorillonite, which has largest geometrical restrictions due to the interlayer space, followed by
Na-illite (less restricted), the uncharged clays (even less restricted) and Ca-illite. In 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. Therefore, closer values to that of bulk water were obtained in this case.
Both montmorillonites have very similar Ea values. As it was reflected in the diffusion coefficients,
the reduced interlayer space seemed to dominate over the effect produced by the cations. Even though
cations, and especially those with a kosmotrope character like Na and Ca, produce in aqueous solution
an increase in the Ea (Hribar et al., 2002) as compared to bulk water, the effect caused by the surfaces
in close contact with the water molecules in montmorillonite seemed to distort the water H bonding,
and low the Ea. Indeed, the jump length is significantly higher than in bulk water, which would mean
weaker H-bonds.
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Table 4.11: Activation energies (kJ/mol) calculated for all fully hydrated clays at λ=5.75 Å, halfhydrated Na-montmorillonite and Ca-illite at λ=10 Å and pyrophyllite at λ=5.75 Å and λ=10 Å. The underlying diffusion coefficients were obtained from the Singwi-Sjölander (SS) and Hall-Ross (HR) models.

λ=10 Å

λ=5.75Å

Clays

EA(SS)(kJ/mol)

EA(HR)(kJ/mol)

EA(SS)(kJ/mol)

EA(HR)(kJ/mol)

Na-mont. (f.h)

11.70±1.7

11.89±1.8

11.56±1.7

11.80±1.8

Ca-mont.(f.h)

12.73±1.1

12.86±1.1

11.52±0.9

11.84±1.0

Na-illite (f.h)

12.88±0.10

12.86±0.11

12.48±0.25

12.78±0.34

Ca-illite (f.h)

15.00±0.20

15.04±0.11

14.82±0.27

15.46±0.33

Kaolinite (f.h)

13.71±0.15

13.98±0.33

14.13±0.42

14.13±0.52

Pyrophyllite (h.h)

14.33±0.11

15.00±0.22

14.38±0.31

14.28±0.37

Na-mont. (h.h)

16.40±0.17

16.52±0.22

-

-

Ca-illite (h.h)

15.70±0.23

15.80±0.27

-

-

Water

-

-

16.96±0.86

16.00±0.48

Illite showed a 10% larger Ea for the Ca form (~16 kJ/mol) than for the Na form (~13 kJ/mol). The
water on the external surfaces of illite is in contact with Na or Ca. In aqueous solutions viscosity and
density is higher for solutions with Ca than for those with Na (Mateo et al., 1977, Stumm and Morgan,
1996), in agreement with the stronger kosmotrope character of Ca as compared with Na. This behavior
is also reflected in the higher activation energy values of Ca-illite as compared to the Na form.
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Figure 4.9: Logarithm of the diffusion coefficients of water and all the clays at different water contents
vs. temperature (Hall-Ross model, λ=5.75 Å). (f.h) means fully hydrated, (h.h) half hydrated and (q.h)
quarter hydrated sample.

The Ea of kaolinite is approximately 15% lower than that of bulk water. Kaolinite has a more
hydrophylic and a more hydrophobic surface (Tunega et al., 2002b). Hydrophobic surfaces were found
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by molecular dynamic studies to accelerate the water diffusion process especially at low temperatures
(Hartnig et al., 1998) because at high temperatures the thermal agitation energy is more relevant than
the interactions between water and clay surfaces. That could result in a decrease of the activation
energy as compared with bulk water. Hydrophobic surfaces react hardly with water, therefore the
water is arranged in an expanded water network which causes also a density decrease (Yaminsky and
Vogler, 2001). Thus the water density in clays with hydrophobic behavior may be lower than that of
bulk water at low temperatures, resulting in a low Ea. Results on NMR (Fripiat et al., 1984, Jonas et
al., 1982) showed a reduction in the rotational activation energy of water in contact with kaolinite

surfaces. These authors attributed this to reduced or weaker H-bonds between the water and the clay.
Half hydrated pyrophyllite showed results similar to kaolinite but closer to bulk water. As a
difference from kaolinite, pyrophyllite has only T surfaces (see Figure 4.1) with hydrophobic character
(Bridgeman et al., 1996, Giese et al., 1991) which should result in a reduction of the Ea as compared
to bulk water. However , the number of water layers between surfaces is much larger for pyrophyllite
as compared to kaolinite, such that the measured diffusive behavior is more influenced by the free
pore water.

Figure 4.10: Arrhenius plot for the results calculated by Singwi-Sjölander model showing the linear
temperature dependence of the clay diffusion coefficients and water for λ=5.75 Å.

The activation energies for the half-saturated Na-montmorillonite and Ca-illite are higher than those
for the fully-saturated samples and very similar to the bulk water results. In these clays the water
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seemed to be more influenced by the cations (increase Ea) than by the clay surfaces (decrease Ea), such
that the proposed weakening of the H-bonds seem to became less relevant.

4.5 Summary and conclusions
Diffusion of water in highly compacted clays could be successfully analyzed by QENS.
The measurements performed at three different λ (setups) showed a good agreement, which increases confidence in the obtained parameters. The two models used to fit the translational diffusion
parameters (Singwi-Sjölander and Hall-Ross) yielded slightly different, but similarly accurate results.
The latter makes it impossible to decide which model is better suited. The errors given for the estimated parameters were obtained assuming that the applied model is valid. More reliable errors can be
estimated by the comparison of the parameters fitted by the two jump diffusion models used.
The differences in the clay structures were reflected in the diffusive properties of the water confined.
Charged clays presented lower diffusion coefficients D, larger residence times τt, mean jump lengths l
and rotational relaxation times τt than the uncharged clays. Within the charged clays the swelling
clays, Na- and Ca-montmorillonite were found to stronger reduce the water diffusion due to their
particular confining interlayer structure. The diffusive parameters for the montmorillonites studied
here in a compacted pellet form, are similar to the results found in the literature when the clays were
equally hydrated but powders (Malikova et al., 2006, Tuck et al., 1984). Both montmorillonites
showed similar diffusion results probably because at the particular compaction degree
(ρb=1.85±0.05g/cm3) the water motion is more dominated by the geometrical confinement than by the
difference in the saturating cation (Na or Ca). However when the cations are located on the external
surfaces, as in case of the two types of illite, the behavior of the water motion is differently affected
depending on the type of cation. Ca reduces the water mobility stronger than Na, as it occurs also in
aqueous solutions. Uncharged clays had a more water-like behavior or partly even larger diffusion
coefficients than water due to their hydrophobic character. Kaolinite showed larger values in τt and l
than water, which is attibuted to the contribution of its hydrophyllic side (octahedra). Charged clays at
reduced hydration showed a further reduction in the effective diffusion coefficients and an increase in

τt and τr. This shows a stronger interaction between the water with the clay surfaces and cations. The l
values increased slightly with dehydration in the two types of illite, however they remainded constant
for the two montmorillonites. Na-montmorillonite at even lower hydration (quarter hydrated) showed
no appreciable differences with respect to the half hydrated samples. The number of water layers for
the half hydrated clay is already so low that a further reduction of the water content did not affect the
diffusivity. Uncharged clays at a half water saturation showed no differences in the diffusion
parameters as compared with the fully hydrated samples, due to the still large amount of free pore
water present in these systems.
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Fully water saturated charged and uncharged clays, had lower than or closer (Ca-illite) Ea values to
that of bulk water. It could possibly be concluded that the interaction of water with the clay surfaces
may weaken and distort the H bonds of the water molecules and thus decrease the Ea. In Ca-illite this
effect might be compensated by the Ca cation, which has a strong kosmotrope character, and the water
is not as much affected by the surfaces as in montmorillonite. The disturbance of the H bonds due to
surface interactions was especially observed in the two montmorillonites (small interlayer confinement) with the lowest Ea values, which confirms 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 reflected in the activation energy values of montmorillonites, but in the illites,
being larger for the Ca form than for the Na form. This, maybe interpreted as a higher water density
and viscosity in the Ca- form clays as compared with the Na- form at low temperatures. Hydrophobic
surfaces such as those of kaolinite and pyrophyllite were also found to reduce the Ea. Our data were
obtained using a three dimensional model for a continuous and isotropic water diffusion. This model is
considered to be reliable at our resolutions for all the analyzed clays except possibly for the swelling
clays at high temperatures (45ºC to 95ºC). A 2D model seems to be better suited for the montmorillonites at higher temperatures for our setup III (λ=10 Å).
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Abstract
Diffusion of water and solutes through clays or claystones is important when assessing the barrier
function of engineered or geological seals in waste disposal. The shape and the connectivity of the
pore network, that is, the tortuosity of the diffusion path primarily affects the diffusive flux through a
porous medium. In case of charged clays, which have negative surface charges that are compensated
by cations adjacent to the surfaces, diffusion coefficients of water or solutes are further affected by
electrostatic interactions between the diffusant and the clay surfaces or cations. Transport parameters
such as diffusion coefficients always refer to a given elementary volume or scale. Whereas the tortuosity is a continuum parameter and becomes constant only for sample sizes much larger than the pore
scale, the electrostatic constraints operate equally at the pore scale. This offers the possibility to determine the different constraints by diffusion measurements at different spatial or time scales. We used
the QENS (quasi elastic neutron scattering) data of González Sánchez et al. (2007a) obtained for five
different, highly compacted clays (ρb=1.85±0.05g/cm3) to estimate the electrostatic constraint q.
QENS probes water diffusion at a time scale of a few (or few tens of) picoseconds, where the local
tortuosity is negligible. We then compared the QENS data with the macroscopic diffusion data for the
same clays reported in González Sánchez et al. (2007b), and could derive the macroscopic tortuosities
of the samples. The electrical constraint was found to decrease in the order kaolinite > Na-illite > Caillite > Ca-montmorillonite > Na-montmorillonite; the tortuosities increased according to Na-illite ≤
Ca-illite < kaolinite < Ca-montmorillonite < Na-montmorillonite. These findings compare well with
the structural and chemical differences of the five clays. Furthermore, we compared the activation energies Ea for diffusion obtained at the two measurement scales. Because Ea values are mostly influenced by the local, pore scale surroundings of the water, we expected the results to be similar at both
scales. This was in deed the case for the non-swelling clays kaolinite and illite, which had Ea values
lower than bulk water, but not for montmorillonite, which had values lower than in bulk water at the
microscopic, but larger at the macroscopic scale. The differences could originate from a possibly
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inappropriate model function used to evaluate the QENS data, but also from a truly decreasing tortuosity factor with increasing temperature. The good agreement between the different techniques to determine Ea for the non-swelling clays may in the future decrease drastically the time required to estimate
the temperature dependence of diffusion coefficients.
Keywords: Self-diffusion of water, HTO, QENS, compacted clays, diffusion coefficients, geometry factor, activation energy, electrostatic constraint.

5.1 Introduction
The behavior of water in restricted geometries has been a matter of attention of biologists and geologists in the last few decades. Especially many experimental and theoretical studies have been carried
out regarding the structure and dynamics of water in clays. Clays are layered aluminosilicates. Because of their well-suited physico-chemical and hydrological properties they are considered as potential host rocks or buffer material for engineered barriers for the disposal of radioactive waste. Water is
intercalated and confined between the clay layers. A good and deep understanding of the mechanism
governing the water mobility in clays at a microscopical scale is necessary in order to better understand the fate of pollutants when moving in water at a macroscopic scale.
A single clay layer is formed by tetrahedra of Si4+ oxides and octahedra of Al3+ or Mg2+ oxide sheets.
When one octahedral sheet is bound to one tetrahedral sheet one obtains a 1:1 clay structure, whereas
in a 2:1 clay an octahedral sheet is sandwiched between two tetrahedral sheets. Isomorphic substitutions in the tetrahedral and / or octahedral layers produce a deficit of charge which is balanced by positive counterions in the interlayer spaces and on or near the external surfaces. In the case of montmorillonite (2:1 clay structure), water is located in between particles and in the interlayer space, which gives
rise to the swelling character of this clay. Illite and kaolinite are non-swelling clays. In illite (a 2:1
clay), water is found only in between particles, because the interlayer surfaces are tightly linked by
potassium cations. The layers of kaolinite (a 1:1 clay) are uncharged. Consequently, no interlayer
space can be defined, and water is located only in between particles (see Figure 5.1).
A wide variety of experimental techniques were applied in the last years to determine diffusion coefficients of clays or clay rocks. Each of the experimental methods is characterised by a particular time
and space scale. On the smallest scale, microscopic quasi-elastic neutron scattering (QENS) can measure the momentum transfer and the energy exchange between the neutrons and the water molecules.
These processes take place over a few to a few hundred picoseconds and thus over a spatial scale of
some Å (Skipper et al., 2006). At a mesoscopic scale NMR techniques (Fripiat, 1971) allowed to obtain correlation times on the order of a few microseconds in pores as large as a few hundred Ångströms. On the other extreme, at a macroscopic scale, tracer through-diffusion experiments (Kozaki et
al., 1998) typically run for hours to days in clays of mm to cm thickness. Microscopic studies comparing results from QENS experiments and molecular modelling are found in the literature (Malikova et
al., 2006), or results from QENS and NMR measurements (Rollet et al., 2001). Marry et al. (2003)
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compare macroscopic data with molecular modelling results. However so far there is no study, according to our knowledge, which compares experimentally the two extreme scales such as microscopic
spectrometric measurements (QENS) and macroscopic tracer through-diffusion.

Figure 5.1 : Schematic representation of the structure of the clays studied. The negative symbols represent the
deficit of charged present in the corresponding clay layer (T or O).

González Sánchez et al. (2007b) investigated the macroscopic diffusion behavior of HTO in highly
compacted (ρb=1.85±0.05g/cm3) pellets of Na and Ca-montmorillonite, Na- and Ca-illite and kaolinite.
Diffusion coefficients at this scale are strongly affected by the geometry and size of the pore space.
They found that the diffusion of water in these clays was strongly influenced by the type of clay with
increasing effective diffusion coefficients in the order Na-montmorillonite < Ca-montmorillonite <
Ca-illite ≤ Na-illite ≤ kaolinite. For the same clays as well as for pyrophyllite, González Sánchez et al.
(2007a) determined diffusion coefficients at the microscopic scale by QENS. At this scale, the dynamics are influenced only by the local environment, that is, mostly by the clay surfaces and cations, but
not by the geometrical arrangement of the particles. Different techniques at different time scales lead
to different diffusivities (Karger and Caro, 1977, Paoli et al., 2002) because of the different lengths of
the diffusion paths. Our aim was to determine the factors that connect the diffusivity of water in clays
at these different scales. These factors are related to the geometrical pore network and the interactions
between the water molecules and the clay surfaces and cations. A directly linking between the diffusion measurements at the two spatial scales may be possible through the temperature dependence of
the diffusion coefficients, from which the activation energy of the diffusion of confined water can be
derived. The activation energy is denoted by Ea and in diffusive motions it is reflected in the temperature dependence of the diffusion coefficients.
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For diffusion, an Arrhenius type equation is in general used,
D = A ⋅ e−E

a

/ RT

,

(1)

where D is the diffusion coefficient, A is the so-called pre-exponential factor, and R=8.314 J/(K·mol)
is the molar gas constant. In contrast to the macroscopic diffusion coefficients the activation energy is
probably less influenced by the geometry factor, and more by the microscopic interactions, and thus
could be compared at the two different scales.

5.2 Diffusion coefficients in porous media
The pore diffusion coefficient Dp (m2/s) for tracers with no electrostatic interactions with the pore
surface can be defined as (van Brakel and Heertjes, 1974):
Dp =

De

ε

=

δ ⋅ Dw
,
τ2

(2)

with De (m2/s) the effective diffusion coefficient, ε [-] the porosity, τ 2 [-] the tortuosity factor, δ
the constrictivity factor, and Dw (m2/s) is the self-diffusion coefficient of bulk water. Because δ and τ 2
can generally no be determined independently, it makes sense to combine them to a pure geometrical
factor or tortuosity G as:

δ
1
=
,
2
τ
G

(3)

If water diffuses in narrow pores, and especially when the surfaces are charged and electrostatic interactions occur like in clays, the local motion of water is impeded as compared to bulk water, as has
been seen by Anderson et al., (1999). Accordingly, an additional parameter has to be added to the previous equation to account for the electrostatic interaction between the water and the clay sites (e.g.
Bourg et al. (2007)):
Dp =

q ⋅ Dw Dw
=
;
G
G′

(4)

where q [-] is the electrostatic constraint. Note that often the distinction between q and G is not
made properly, and a geometrical factor G’ is calculated as D w / D p for clays. Clearly G ′ = G / q in
general, and G’ and G are equal if q = 1.
At a local microscopic scale, that is, if water molecules move only over a distance of a few molecular diameters, the tortuosity is negligible (G ≈ 1) such that the microscopic diffusion coefficient obtained by QENS experiments is:
D p ,QENS = Dclay ,QENS = D w ⋅ q .

(5)

The parameters G or G’ must be considered as mostly empirical. There have been many attempts,
though, to relate it to the porosity (see, e.g., Flury and Gimmi, (2002)).
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A well known relation is Archie’s law, which can be written as:

De / D w = β ⋅ ε m ,

(6)

where β and m are constants that depend on the type of soil or rock. For sandstones with spherical
particle shape m was found to vary between 1.5 to 2.5 (Boving and Grathwohl, 2001),
however

for

compacted

clays

with

a

platelet

particle

shape

it

reaches

values

of

2.1 to 10 (Sen et al., 1981, Suzuki et al., 2004). It has been recognized that this law is an oversimplification, but it is still applicable as long as the pore fluid diffusion is low. The exponent m has been
shown to increase with increasing compaction (Sato et al., 1992), or to be larger for diffusion perpendicular to the direction of compaction (Suzuki et al., 2004) than parallel.
While the geometrical factors G or G’ and m have been extensively studied for swelling clays at different bulk dry densities, little is known about the electrostatic interaction due to the clay-water interface (q). For non-swelling clays like illite and kaolinite the lack of information is even larger. The parameter q, on the other hand, has been estimated from molecular modelling studies in recent years.
Bourg et al. (2006), based on a model for the pore geometry of clays (smectites), determine quantitatively the relative contributions of the pore-network geometry (tortuosity factor, G) and of the diffusive behavior of water molecules near montmorillonite basal surfaces (electrostatic constraint for the
water in the interlayer ≈ q). For clays with 0.2 < ρb < 1.5 g/cm3 (or higher), they obtained values of
G = 4.0±1.6 and q = 0.3±0.05.

5.3 Materials
The clays studied were montmorillonite from Milos (Decher, 1997), illite du Puy (Gabis, 1958), both
conditioned to the homoionic Na and Ca form, and kaolinite from Georgia [KGa-2 (Van Olphen and
Fripiat, 1979)]. The characteristics of these clays are reported in detail in our previous studies
(González Sánchez et al., 2007a, González Sánchez et al., 2007b). The clays were compacted from
fully hydrated powders into a pellet form to reach a bulk dry density of ρb=1.85±0.05 g/cm3. In the
macroscopic HTO through-diffusion experiments, the pellets had a cylindrical shape of 2.55±0.01 cm
in diameter, and 1.00±0.05 cm thickness. In microscopical QENS experiments rectangular pellets of
5x1.5x0.1 cm3 were used. Table 5.1 contains the most relevant data for the current study, that is, the
particle size, the porosity, the gravimetric water content w (gwater/gsolid) corresponding to the fully hydrated state, as well as the average number of water layers between two clay surfaces. The last column
gives the average number of water molecules per cation (for the charged clays).
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Table 5.1: Clay characterization of the compacted clay pellets.

Water content

Water

(g/g)

layers

32

0.165±0.005

≈2

8-9

1.10

30

0.155±0.005

≈2

16-18

Na-illite

0.32

28

0.145±0.005

≈9

30

Ca-illite

0.34

30

0.155±0.005

≈9

60

Kaolinite

1.30

26

0.135±0.005

≈20

-

Clays

Part.size(µm)

Porosity (%)

Na-mont.

0.50

Ca-mont.

nº water
molecules/cation

5.4 Methods
The macroscopic results were obtained from one-dimensional through-diffusion experiments, using
both transient and steady state data and HTO as tracer (González Sánchez et al., 2007b). The diffusion
coefficients were calculated subtracting the contribution of the used filter plates. They were evaluated
at different salt concentrations and at different temperatures (0-60°C). The latter was done in order to
calculate the activation energy of the diffusion process in each clay according to the Arrhenius
equation (1). The diffusion values used in this paper correspond to the salt concentrations of 0.01 M
NaCl for Na-montmorillonite and Na-illite and 0.005 M CaCl2 for Ca-montmorillonite and Ca-illite.
The values of kaolinite shown here were obtained with bulk water (Milli-Q). These data are compared
with the microscopic values of diffusion where the clays were saturated only with Milli-Q water. The
cationic contribution of solutions at low salt concentration on the macroscopic effective diffusion coefficients in clays like montmorillonite and illite was found to be negligible (González Sánchez et al.,
2007b). Both clays are charged and contain a large number of cations. For Na- and Camontmorillonite and taking into account their CEC of 990 meq/kg, the 0.01 M NaCl or the 0.005 M
CaCl2 solutions represented only an extra 1% of Na+ or Ca2+ cations in the clay. For both illites (CEC
266 meq/kg ) the solution adds about 3% to the total of the cations. This small contribution makes the
macroscopic and microscopic data comparable also for these clays.
The microscopic experiments were carried out at two different neutron scattering spectrometers,
FOCUS (SINQ, Paul Scherrer Institut) and TOF-TOF (FRM II, Garching), and at three different
wavelengths (3.65, 5.75 and 10 Å). All the wavelengths showed results in good agreement with each
other. The data presented here were obtained at FOCUS with λ=5.75 Å at a temperature range between
27-95°C, and analyzed for a three dimensional dynamic movement by two different jump diffusion
models (Singwi-Sjölander and Hall-Ross; Bée, (1988)). Here, the diffusion values were calculated as
the mean value of the results obtained with the two models, because they led to very similar results
and it was impossible to distinguish which of them describes the data more accurately.
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We linked the macro- and microscopic experiments through the equations (2) to (6). The ratio of the
diffusion coefficients for the clays measured by QENS and Dp gave us the values of G. We calculated
G’ (for comparison purposes) as the ratio between the diffusion values of bulk water Dclay,QENS (obtained by our own QENS study) Dw,QENS and the pore diffusion coefficients Dp obtained by macroscopic tracer diffusion. The electrostatic constraint q was obtained as the ratio between the diffusion
coefficients of bulk water and clay obtained both by QENS. For the calculation of m with Archie’s law
we assumed a value of β=1 and used the macroscopically measured De and the Dclay ,QENS as the relevant local water diffusion coefficient. The last assumption was made in order to obtain cementation
coefficients (m) for the geometric pore space, uninfluenced by the local electrostatic constrictivity, q.
The activation energies, which may allow a direct comparison of the two experimental scales, were
calculated from the temperature dependence of the diffusion coefficient values obtained here.

5.5 Results and discussion
The Table 5.2 to Table 5.6 contain the geometrical factors, that is the tortuosities G and G’ and the
cementation factor m, as well as the electrostatic constraint q. Activation energy values are reported in
Table 5.7. Note that for Na and Ca-montmorillonite we did not consider the data above 40ºC, because
these data are considered to be uncertain. The data were obtained from a three dimensional diffusion
model at the microscopic scale, which might be inappropriate at higher temperatures, where the water
molecules are more sensitive to the 2D confinement produced by the interlayer spaces (see discussion
by González Sánchez et al. (2007a)). However, the activation energy values obtained for the reliable
temperature range (27-45ºC) did not differ (the error bars overlapped) from the values when using the
full temperature range (27-95ºC).Therefore we will use these values of the two montmorillonites as
comparison as well.

5.5.1 The electrostatic constraint q and the G and G’ factors
The values of the electrostatic constraint q are generally expected to fall in between 0 and 1, with 1
meaning no electrostatic effect. Na-illite and kaolinite have values close to 1. The value for kaolinite is
even larger than 1, which can be attributed to its hydrophobic behavior (Tunega et al., 2002a) that
produces especially at low temperatures higher diffusion coefficients than those of bulk water
(Bridgeman and Skipper, 1997, Hartnig et al., 1998). The lowest values correspond to Na- and Camontmorillonite with q = 0.5. Both forms of this clay showed similar interaction with water, despite
the different hydration properties of Na and Ca cations (Ohtaki and Radnai, 1993). The interlayer
spaces were hydrated on average with only two water layers in both cases, which probably masked the
specific effects of the cations. However, a difference of the cation form was present when the cations
were only located on the external clay surfaces, as in case of Na- and Ca-illite. Ca-illite had a q value
of 0.6 intermediate between those of the montmorillonites and that of Na-illite. The electrostatic constraint was relatively constant with temperature.
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Table 5.2: Na-montmorillonite values of the electrostatic constraint q, geometrical factors G and G’ and
the cementation factor m (Archie’s law assuming β=1). The results above 40ºC are uncertain and therefore
given between parentheses.
Na-mont./ T(ºC)

q=Dclay,QENS/Dw,QENS

G =Dclay,QENS/Dp

G’=Dw,QENS/Dp

m

20

0.5

21.0

45.1

3.8

30

0.4

18.6

42.8

3.6

40

0.4

16.6

40.7

3.5

50

(0.4)

(15.0)

(38.8)

(3.4)

60

(0.4)

(13.0)

(37.2)

(3.3)

Table 5.3: Ca-montmorillonite values of the electrostatic constraint q, geometrical factors G and G’ and
the cementation factor m (Archie’s law assuming β=1). The results above 40ºC are uncertain and therefore
given between brackets.
Ca-mont./ T(ºC)

q=Dclay,QENS/Dw,QENS

G =Dclay,QENS/Dp

G’=Dw,QENS/Dp

m

20

0.5

8.0

17.1

2.7

30

0.4

7.2

16.6

2.6

40

0.4

6.6

16.1

2.6

50

(0.4)

(6.0)

(15.6)

(2.5)

60

(0.4)

(5.5)

(15.2)

(2.4)

The geometrical factor G reflects the tortuosity of the diffusion paths of the water, whereas G’ also
includes the differences in the electrostatic interactions at the clay-water interface. For q values in the
order of 1, the differences between G and G’ are small, whereas they are considerable for Na- and Camontmorillonite (difference of about 50%) and Ca-illite (35%). Thus we conclude that for the swelling
clays (Na- and Ca-montmorillonite) and Ca-illite, G’ values calculated as Dw/Dp lead to values that do
not only represent the geometrical constraints.
As it can be seen in Table 5.2 to 5.3 the G values of Na- and Ca-montmorillonite differed by about
60% whereas the q factors were identical. These results indicate that the differences found in the effective diffusion coefficients for these two clays were mostly based on the different diffusion paths, and
not on the direct interaction with the cation. Na-montmorillonite has a more tortuous path than the Ca
form, because of its smaller particle sizes (see Table 5.1), porosity and surface area, that originate
from the smaller number of layers per stack (about 3-5) as compared with Ca-montmorillonite (about
10-15, (Pusch, 2001)). For Na- and Ca-illite a difference in G is nearly inexistent. These two clays
have a very similar structure, because of their similarities in the particle size (see Table 5.1) and in
their way of producing stacks of 20-30 particles (Poinssot et al., 1999). In contrast, the q values clearly
differ, with values of 0.6 for Ca-illite and of 0.7 to 0.9 for Na-illite. These results show that the
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difference in macroscopic diffusion between these two clays is due to the different hydration of the Na
as compared with the Ca cation. Kaolinite has particle sizes larger than illite (see Table 5.1) and it also
forms larger stacks (60 layers (Hassan et al., 2006)). However these two clays showed similar values
of G. The differences could be related to a broader particle size distribution for kaolinite as compared
with illite clays.
Table 5.4: Na-illite values of the electrostatic constraint q, geometrical factors G and G’ and the cementation factor m (Archie’s law assuming β=1).
Na-illite/ T(ºC)

q=Dclay,QENS/Dw,QENS

G =Dclay,QENS/Dp

G’=Dw,QENS/Dp

m

20

0.9

4.0

4.3

2.1

30

0.9

4.0

4.5

2.1

40

0.8

3.9

4.7

2.1

50

0.8

3.9

4.9

2.1

60

0.7

3.8

5.1

2.1

Table 5.5: Ca-illite values of the electrostatic constraint q, geometrical factors G and G’ and the cementation factor m (Archie’s law assuming β=1).
Ca-illite/ T(ºC)

q=Dclay,QENS/Dw,QENS

G =Dclay,QENS/Dp

G’=Dw,QENS/Dp

m

20

0.6

4.3

6.5

2.2

30

0.6

4.2

6.6

2.2

40

0.6

4.2

6.7

2.2

50

0.6

4.1

6.7

2.2

60

0.6

4.1

6.8

2.2

Archie’s cementation factor m, calculated from G, was larger for the clays containing narrower pores
and larger amount of interlayer water. The largest values corresponded to the swelling clays Na- and
Ca-montmorillonite with 30% larger m for the Na than for the Ca form. The values for m and q calculated here for Na-montmorillonite, can be compared with the values for β and m obtained by Suzuki et
al. (2004) for samples of Kunipia-F. (Na-montmorillonite constant >98 wt.%) pressed at several porosities (0.5 to 0.7). Suzuki et al. (2004) obtained m and β for diffusion perpendicular to the direction
of compaction of m ⊥ = 4.3 ± 0.3 and β ⊥ = 0.47 ± 0.07 . These results arose from the fit of De of
deuterated water in the compacted samples normalized by the diffusivity of bulk water (2.2·10-9 m2/s).
Interestingly, the values of β (which formally can be analogous to q) are very similar to our q values
for montmorillonite, and also the parameter m is similar.
The other non-swelling clays (illite and kaolinite) showed very similar values of m despite their differences in the clay structure.
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Table 5.6: Kaolinite values of the electrostatic constraint q, geometrical factors τ and τ’ and the cementation factor m (Archie’s law assuming β=1).
Kaolinite/ T(ºC)

q=Dclay,QENS/Dw,QENS

G =Dclay,QENS/Dp

G’=Dw,QENS/Dp

m

20

1.2

4.7

4.0

2.1

30

1.1

4.6

4.1

2.1

40

1.1

4.6

4.2

2.1

50

1.1

4.5

4.3

2.1

60

1.0

4.5

4.4

2.1

5.5.2 The temperature dependence: activation energies
The resulting activation energies are presented in Table 5.7. An illustrative plot regarding the
difference between the Ea values at the two different scales is shown in Figure 5.2.

Table 5.7: Activation energy (kJ/mol) values for the studied systems at the two different experimental
sets: micro- and macroscopic experiments.

Clays

Ea,macro (kJ/mol)

Ea,micro (kJ/mol)

Na-montmorillonite

20.78±0.14

≠

11.85±1.5

Ca-montmorillonite

19.30±0.22

≠

11.70±1.2

Na-illite

13.05±0.24

≈

12.54±0.25

Ca-illite

16.08±0.20

≈

15.24±0.62

Kaolinite

14.78±0.32

≈

14.13±0.35

Water (QENS)

-

16.86±0.65

The two data sets, macro- and microscopic, have similar values for the non-swelling clays Na- and
Ca-illite and kaolinite. These three clays have activation energies lower than that of bulk water
(17±1kJ/mol) with Ca-illite presenting closer Ea as that of bulk water. The sequence that the activation
energy values followed for these three clays was the same at the two different time scales: Na-illite <
Kaolinite < Ca-illite. The differences between Na-illite and Ca-illite were interpreted in the previous
papers as an effect of the saturating cation because both clays have a similar structure (González
Sánchez et al., 2007a, González Sánchez et al., 2007b).
The surfaces of kaolinite with lower Ea than bulk water may disturb the water structure. The
hydrophobic character of the T layer surfaces (Tunega et al., 2002b) may accelerate the diffusion at
low temperatures (Hartnig et al., 1998). This results in a decrease of the activation energy.
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Figure 5.2: Comparison of the Ea values for the clays studied and water at the two different time scales.

The two types of montmorillonite had similar Ea at each scale, confirming that at the degree of
compaction studied the water is more influenced by the interlayer confinement than by the differences
in the hydration of the cations. However, the macroscopic Ea data were twice as large as the
microscopic results. This difference may originate possibly from the fact that González Sánchez et al.
(2007a) used a 3D model for the analysis of the neutron scattering spectra instead of a 2D model. Accordingly the estimated Ea may be somewhat too low. Further QENS measurements are required to
clarify these issues. On the other hand, it is possible that the macroscopic Ea are overestimated for
these clays because of a decrease of the geometry factor G with temperature. This temperature dependence could be related to a slight swelling at higher temperature, or to an increased mobility of
cations that act partly as barriers. At present, we cannot decide what is responsible for reported differences in Ea for these clays.

5.6 Conclusions
We compare the diffusive behavior of water in compacted clays (ρb=1.85±0.05g/cm3) as it was
measured with two different experimental setups.
The two data sets were obtained at different dynamical time scales by macroscopic through-diffusion
and microscopic time of flight (QENS). The comparison allows to separate the effects of the
macroscopic geometry of the samples on diffusion from these of the microscopic interactions between
clay surfaces and water.
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The electrostatic interaction between the water and the clay surfaces was quantified by q and found
to be stronger in case of swelling than non-swelling clays. The effect on q of the saturating cation was
observed to be strong for the two forms of illite but insignificant for montmorillonite. In montmorillonite the small extent of the interlayer space (less than about 2 water layers) dominates the dynamics of
water as compared with the effect of the interlayer cations. Na-illite and kaolinite were the clays which
showed the lowest interaction with water.
Accordingly, the factors geometrical tortuosity G and G’ (a factor accounting for all effects of the
porous medium on diffusion) were similar in case of Na-illite and kaolinite but differed largely for the
two types of montmorillonite and Ca-illite. Therefore one can conclude that for the last three clays G’
should not be considered as the geometrical factor or tortuosity. The correct tortuosity G can only be
determined when the factor q is known. The Archie’s cementation factor m was found to be larger for
the swelling than for the non-swelling clays because of their interlayer water and reduced pore sizes.
A direct comparison of the two data sets was possible by comparing the values of Ea in the case of
non-swelling clays: Na-, Ca-illite and kaolinite. The values at the two scales agreed well as it was expected. This fact is very useful, because it can avoid long term and tedious laboratory work, necessary
to obtain the temperature dependence of macroscopic effective diffusion coefficients. Neutron
techniques reduce the time of the data acquisition from several months to a few days in this case. For
Na- and Ca-montmorillonite the Ea values were not identical at the two scales. It could be that the microscopic value for Ea is affected by the possible wrong choice of the diffusion model (3D vs. 2D) for
the analysis. However, it is also possible that there exists a true scale effect of these clays, or that a
swelling with higher temperatures affected the Ea values at the macroscopic scale. Further investigations are required to shed more light on these issues.
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Abstract
The freezing behavior of fully hydrated and compacted charged and uncharged clays (montmorillonite in Na and Ca form, illite in Na and Ca form, kaolinite and pyrophyllite) was investigated with the
ILL backscattering spectrometer IN16. Charged clays with hydrophilic surfaces showed a gradual
freezing and melting in a temperature range well below the freezing point of bulk water, without a
hysteresis effect (except for Na-illite). Uncharged clays exhibited a more abrupt freezing and a strong
hysteresis in a similar temperature range as that of bulk water. The dynamics of supercooled water was
studied in charged clays by quasielastic neutron scattering (QENS). The experiments were performed
at two time of flight (t-o-f) spectrometers and at two different incident wavelengths (FOCUS at SINQ,
5.75 Å and TOFTOF at FRM II, 10 Å). The diffusive mobility of water was found to be highly reduced as compared with the values obtained above 273 K in previous experiments (González Sánchez
et al., 2007), and the residence times, τ t , increased significantly. The diffusion coefficients followed a
non-Arrhenius temperature dependence well described by a Volger-Fulcher-Tamman (VFT) type relation. The glass transition temperatures were similar for Na- and Ca-montmorillonite and Ca-illite with
Tg between 130 to 150 K, and higher for Na-illite (~ 180 K), which is in qualitative agreement with the
measured freezing curves. The temperature dependence of the diffusion coefficients could also be described with the fractional power law (FPL). All the charged clays had a similar Ts of ~ 210 to 220 K
(temperature at which the water undergoes the “strong-fragile” transition). The activation energy was
also calculated in the supercooled regime and found to follow the increasing order Na-montmorillonite
≤ Ca-montmorillonite < Ca-illite < Na-illite. Surprisingly the water in Ca-illite (non-swelling clay)
behaved very similarly as the water in Na- and Ca-montmorillonite (swelling clays) at the undercooled
temperatures, in contrast to the behaviour above 273 K.
Keywords: Self-diffusion, compacted clays, undercooled water, hysteresis, activation energy.
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6.1 Introduction
The freezing and melting behavior of water and the dynamics of supercooled water in nanometersized pores have been a matter of attention in the recent years (Christenson, 2001, Liu et al., 2006).
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 of 165 K
(Chen et al., 2006). 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 (Price et al., 1999):
D = D0 ⋅ e (− BT / (T −T )) ,
g

g

(1)

where T is the temperature, Tg is the glass transition temperature (temperature at which the water
turns into a amorphous solid) and B and D0 are fitting constants. Liquids which present an Arrhenius
behavior are termed ‘strong’, whereas liquids with a non-Arrhenius behavior are called ‘fragile’ (Chen
et al., 2006). According to another model the diffusion coefficients of bulk water at temperatures be-

low 273 K follows a fractional power law (FPL) behavior (Price et al., 1999):
D = D0 T 1 / 2

(

T
TS

)

γ

−1 ,

(2)

where γ is a fitting parameter and Ts is the low temperature limit where D extrapolates to zero. In
case of supercooled bulk water Ts has a value of about 228K (Price et al., 1999). It has been suggested
that at temperatures below Ts water follows again an Arrhenius behavior. The Ts is therefore the temperature at which the ‘fragile-strong’ transition occurs.
Clay minerals are porous 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 molecular motion and crystallization. Clay rocks or compacted clays are widely considered as isolating barriers for radioactive waste disposals. Radionuclides can dissolve in water and travel by diffusive motion through the clay; therefore it is essential to understand the water behavior in compacted
clay systems.
Clay minerals belong to the phyllosilicate group. They have a layered structure composed of planar
sheets of Si4+ tetrahedra (T) and Al3+ or Mg2+ octahedra (O). The clays studied here have a TOT structure (one octahedral sheet sandwiched between two tetrahedral sheets), except for kaolinite with a TO
structure (one octahedral sheet bonded to one tetrahedral sheet). The charge development on silicate
clays is 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. Four different clays were investigated
because of their different behavior in contact with water. In montmorillonite, a swelling clay, the water
is located in between particles and in the interlayer space. Illite is a non-swelling clay because the
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interlayer surfaces are tightly linked by potassium cations and so, water is located only in between particles. Pyrophyllite and kaolinite are uncharged clays and therefore have no interlayer space, so, the
water is located only in between the particles (see Figure 6.1).
A large number of techniques have been employed to elucidate the dynamical and structural properties of supercooled water in confinement, e.g. X-ray and neutron diffraction (Bellissent-Funel et al.,
1993, Yamaguchi et al., 2006), NMR (Hwang et al., 2007, Mallamace et al., 2006), 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 are still poorly understood.
The origin of hysteresis between freezing and melting of water in a confining medium, for instance,
is controversial. Some investigations (Morishige and Kawano, 1999) relate the hysteresis effect to the
pore sizes; in smaller pores hysteresis is negligible whereas in large pores it has a noteworthy effect.
Various studies showed that water confined in hydrophobic and hydrophilic media behaves significantly differently at temperatures above (Skipper et al., 2006) and below 273 K (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 273K with a Tg≈124-136 K for a two layer hydrated Na-vermeculite (swelling clay). Also, they suggested fragile-strong transition at a singular temperature of Ts=228 K.

Figure 6.1: Schematic representation of the structures of the clays used. The small horizontal lines denote the negative charges present in the clay systems.

The especially large incoherent scattering cross section of hydrogen as compared to other elements
makes quasielastic neutron scattering (QENS) a powerful technique to study the water dynamics in
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bulk or in restricted geometries such as nanoporous materials. Moreover, the combination of
experiments from time of flight (t-o-f) and backscattering instruments makes possible to study the dynamics in a wide range of timescales. Therefore we investigated the freezing/melting behavior of different fully water saturated charged clays (hydrophilic) and uncharged clays (partly hydrophobic) at
the backscattering spectrometer IN16. Quasielastic neutron experiments were performed for montmorillonite (Na and Ca) and illite (Na and Ca), where supercooled water occurred, in order to analyze
the diffusion of supercooled water. The diffusion data below 273K were also compared with values at
higher temperatures obtained in an earlier study (González Sánchez et al., 2007).

6.2 Materials and method
The clays employed for this study were selected based on their different behavior in contact with
water. They were, montmorillonite from Milos (Decher, 1997), illite du Puy (Gabis, 1958), both conditioned to the homoionic Na and Ca form, kaolinite from Georgia (KGa-2 (Van Olphen and Fripiat,
1979)) as well as pyrophyllite from North Carolina (Ward Natural Science 46E4630).
An extensive characterization (see Table 6.1 and 6.2) was performed by several experimental techniques in order to describe accurately the water-clay interaction (González Sánchez et al., 2007).
Compacted clays in a pellet form (5x1.5x0.1 cm3 for montmorillonite and illite, and 5x1.5x0.2 cm3 for
kaolinite and pyrophyllite), with a bulk dry density of ρb=1.85±0.05 g/cm3 were pressed from fully
hydrated powders. After the measurements, the samples were dried at 110 ºC during 24 hours in an
evacuated furnace, and measured again in the spectrometer in order to account for the background. No
quasielastic signal was observed for these dry clays, which shows that all diffusing water could be removed.
Table 6.1: Clay formulae obtained by ICP-AES analysis.

Clays

Tetrahedra

Octahedra

Balance cations

Na-mont.

[(Si 3.93 Al 0.07) O10 (OH) 2]

(Al 1.41 Fe 0.09 Mg 0.344)

(Ca 0.022 Na 0.325 K 0.044)

Ca-mont.

[(Si 3.83 Al 0.17) O10 (OH) 2]

(Al 1.33 Fe 0.09 Mg 0.34)

(Ca 0.22 Na 0.025 K 0.044)

Na-illite

[(Si 3.48 Al 0.52) O10 (OH) 2]

(Al 1.18 Fe 0.36 Mg 0.39)

(Ca 0.054 Na 0.11 K 0.69)

Ca-illite

[(Si 3.46 Al 0.54) O10 (OH) 2]

(Al 1.17 Fe 0.36 Mg 0.39)

(Ca 0.1 Na 0.024 K 0.7)

Kaolinite

[(Si 2) O5 (OH)2]

(Al 1.96 Fe 0.039 Mg 0.001)

-

Pyrophyllite

[(Si4) O10 (OH)2]

(Al 2)

-

So called fix-window scans were performed at the backscattering spectrometer IN16 (Grenoble,
ILL) (Frick and Gonzalez, 2001). In this mode the Doppler drive was stopped, and so the intensity of
the elastically scattered neutrons was measured as a function of temperature. Using the unpolished Si
(1 1 1) monochromator and analyzers (λ=6.27Å) the instrument resolution was slightly below 1 µeV.
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Table 6.2: Characterization of the hydrated pellets. Charged clays had the dimensions of 5x1.5x0.1 cm3
and uncharged clays 5x1.5x0.2 cm3.

Clays

Part.size(µm)

Porosity
(%)

Water content (g/g)

Water
layers

nº water
molecules/cation

Na-mont.

0.50

32

0.16±0.01

≈2

8-9

Ca-mont.

1.10

30

0.15±0.01

≈2

16-18

Na-illite

0.32

28

0.14±0.01

≈9

30

Ca-illite

0.34

30

0.15±0.01

≈9

60

Kaolinite

1.30

26

0.26±0.01

≈20

-

Pyrophyllite*

1.30

30

0.15±0.01

≈60

-

*Pyrophyllite was only half saturated; a full saturation was not possible due to its strong hydrophobic character.

The heating and cooling rate for uncharged clays was ~ 0.25 K/min, for water ~ 0.5 K/min, and for
charged clays the rates were ~ 0.25 K/min and 1K/min for cooling and heating, respectively. Based on
these experiments, several temperatures were selected to perform the quasielastic neutron scattering
measurements in charged clays. These experiments were carried out at the FRM II in Garching, Germany, on the chopper time-of-flight instrument TOFTOF (Unruh et al. (submitted)), and at the hybrid
time-of-flight spectrometer FOCUS (Janssen et al., 1997), at SINQ, Paul Scherrer Institut in Villigen,
Switzerland. At TOFTOF the incident wavelength (λi) was 10Å, the energy resolution (δE) 13 µeV
and the Q range between 0.22 Å-1 to 1.12 Å-1. At FOCUS, λi was 5.75Å, δE had a value of 45 µeV and
the Q range was between 0.26 Å-1 to 1.65 Å-1. The fully saturated samples were kept in a watertight
rectangular aluminum sample holder, placed at 45º 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. The obtained quasielastic spectrum was dominated by the incoherent dynamic structure factor of the hydrogens,

S inc (Q,ω ) , in the water. In the temperature range studied (below 273K) the rotational motion of the
water molecules can be treated as a flat background in the energy range of interest for the translational
diffusion. Therefore the translational motion of the supercooled water molecules could be described by
a single Lorentzian width a half with at half maximum Γt ( Q ) . Assuming a three dimensional, random, and spatially isotropic motion, the line width was fitted by the Singwi-Sjölander (Singwi and
Sjölander, 1960) and the Hall-Ross (Hall and Ross, 1981) model. The Singwi-Sjölander model assumes an exponential distribution of jump lengths and leads to:
Γt ( Q ) =

h ⋅ DSS ⋅ Q 2
,
1 + DSS Q 2τ t .SS
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whereas the Hall-Ross model is based on a Gaussian distribution of jump lengths, which results in:
Γt ( Q ) =

h

τ t .HR

[1 − exp(− Q

2

D HRτ t .HR )],

(4)

where h = 0.658 meV·ps is the reduced Planck constant, D the diffusion coefficient, and τ t is the
average residence time between two consecutive jumps.
The assumption of a translational diffusion described by a three dimensional, random, and spatially
isotropic motion is realistic for the illite clays (Na and Ca). However for Na- and Ca-montmorillonite
might be not entirely correct. 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, the investigations of González Sánchez et al. (2007) in the range between 300 to 368 K revealed
that at temperatures below 318K the 3D model could be used to describe the local motion of the interlayer water. At the low temperatures, the instrument resolution was insufficient to capture the 2D
characteristics of the motion.

6.3 Results and discussion
6.3.1 Fix-window scans
The elastic scattering intensities (which represent the amount of immobile or frozen water in the clay
systems) are shown in Figure 6.2 (uncharged clays) and Figure 6.3 (charged clays) as a function of
temperature. As the samples were cooled down the elastic intensities showed an abrupt (uncharged
clays) or gradual (charged clays) increase until the slope becomes relatively flat at about 260-265 K
(uncharged clays) or 180-190K (charged clays). This increase in the elastic intensities indicates a decrease in the quasielastic signal (liquid water) until at sufficiently low temperatures, the quasielastic
line falls entirely into the energy resolution window. Below this temperature the increase in the elastic
signal is only due to the Debye-Waller factor, which represents the attenuation of neutron scattering
produced by thermal motion.
After normalization the intensity difference between the wet and dry samples should be correlated to
the amount of liquid water in the samples. However, this difference was negative for higher temperatures (the intensity measured of the dry samples was higher than for the wet samples). QENS, in this
type of experiments, does not contribute to the collected intensity, but behaves as absorption which
attenuates the beam in case of the wet samples. This effect is especially significant for the specific
setup of the instrument, because the beam goes twice through the sample. Correction for this effect
would be imprecise, therefore was not carried out.
Bulk water showed hysteresis probably caused because of the kinetics while cooling or heating (0.5
K/min). The same effect was also observed in the uncharged clays (0.25 K/min cooling and heating)
where the confined water has a more bulk-like behavior. In case of charged clays, no hysteresis was
found except for Na-illite. Hysteresis of water in confined porous media is a controversial subject
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which has also been related to the pore size distribution (Morishige and Kawano, 1999), connectivity
of the pores (Mu et al., 1996), and the kinetics of freezing and melting (temperature rate) (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 has always
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.
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Figure 6.2: The elastic intensity for uncharged clays and water measured as a function of temperature
and summed up for all Q values.
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Figure 6.3: The elastic intensity for the charged clays measured as a function of temperature and
summed up for all Q values. For the montmorillonite only the cooling branch is shown, because they did
not exhibit any hysteresis.

- 138 -

Freezing Behavior and Dynamics of Supercooled Water in Compacted Clays
However, when surfaces (hydrophilic or hydrophobic) and cations interact with the fluid a purely
geometrical description cannot be valid; otherwise Na- and Ca-illite, which have a similar pore geometry, would

behave similarly. Liquids in clays can be supercooled below their thermodynamic

freezing temperature because of different arrangement of the water molecules, which results from
geometrical restrictions and chemical interactions and avoids crystallization. In the uncharged clays,
the chemical effects are negligible, therefore, we conclude from the freezing curves (Figure 6.2) 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 (see Table 6.2).
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 6.3 Na- and
Ca-montmorillonite had a very similar freezing behavior, despite the large differences of the hydration
properties of Na and Ca (Ohtaki and Radnai, 1993). Therefore the geometrical constraints of the interlayer spaces seemed to be dominant here. The two forms of illite, however, presented notable differences in the freezing curves, with Na-illite having a noticeable hysteresis and a certain similarity to the
behaviour of the uncharged clays. This is interpreted as to be due to the different hydration properties
of Na and Ca, because structurally the two clays are very similar. Both illites have the same particle
size, porosity, number of water layers between particles (Table 6.2) 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 does not allow a full hydration of
cations (see Table 6.2). These differences in the freezing behavior are in agreement with the results
and conclusions of previous QENS studies in the same systems. González Sánchez et al. (2007) 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.

6.3.2 QENS dynamics
Quasielastic scattering experiments were only performed for the charged clays at 250, 260 and
270K. A plot showing the quality of the fits is presented in Figure 6.4. The diffusion coefficients, residence times and jump lengths of the charged clays are show in Table 6.3.
The two different models used (Singwi-Sjölander and Hall-Ross) described the data equally well
(see Figure 6.5). The water dynamics in Na- and Ca-montmorillonite at temperatures below 273K was
very similar, like we observed above 273K (González Sánchez et al., 2007). At the studied degree of
compaction the water is mainly contained in the interlayers (>95%) (Pusch, 2001). The spatial restrictions make water to be also in close contact with the clay surfaces, which hinders a full cation hydration and thus makes the effect of the cation saturation negligible.
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Figure 6.4: Quality of the fits of the intensity vs. exchanged energy for Ca-illite at Q=0.7 Å-1 for T=250K
(left hand side) and T=270K (right hand side).

The influence of the cations on the water dynamics was well observed in case of illite for temperatures above 273K (González Sánchez et al., 2007) and at T = 270 and 260K in this study, where Caillite presented lower D and larger τt than the Na form. At T = 250K this difference disappeared and
both illite forms presented similar dynamics.
Table 6.3: Values for the diffusion coefficient D (m2/s), residence time τt (ps) and mean jump length l (Å)
calculated by the two models (SS: Singwi-Sjölander and HR: Hall-Ross) for Na-montmorillonite (Na-m),
Ca-montmorillonite (Ca-m), Na-illite (Na-i) and Ca-illite (Ca-i) measured at different temperatures. The
clays in a Ca form are shaded for clarity. 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

λ

(ºC)

(Å)

DSS(m2/s)
*1010

τSS(ps)

lSS (Å)

DHR(m2/s)
*1010

τHR(ps)

lHR (Å)

Na-m

250

10

3.55±0.14

32.61±1.23

2.64±0.10

3.20±0.13

44.00±1.02

2.90±0.09

Na-m

260

5.75

5.14±0.23

22.44±1.44

2.63±0.14

4.30±0.22

29.11±0.88

2.74±0.11

Na-m

270

5.75

6.40±0.24

17.24±0.87

2.57±0.11

5.30±0.26

22.38±1.01

2.67±0.13

Ca-m

250

5.75

3.70±1

32.30±9

2.67±0.73

3.20±1

41.18±16

2.81±1

Ca-m

260

5.75

5.07±0.20

20.72±1.04

2.51±0.11

4.25±0.31

27.18±0.94

2.63±0.14

Ca-m

270

5.75

6.51±0.27

17.06±0.46

2.58±0.09

5.42±0.28

22.21±0.77

2.69±0.12

Na-i

250

10

3.11±0.15

23.22±1.34

2.08±0.11

3.00±0.21

37.43±1.36

2.60±0.14

Na-i

260

5.75

6.20±0.27

12.27±0.83

2.14±0.12

5.50±0.19

16.84±1.42

2.36±0.14

Na-i

270

5.75

9.10±0.28

7.98±0.76

2.09±0.13

8.24±0.23

11.42±0.49

2.38±0.08

Ca-i

250

10

3.32±0.15

27.28±1.35

2.33±0.11

3.16±0.17

42.53±1.84

2.84±0.14

Ca-i

260

5.75

5.48±0.25

16.24±0.87

2.31±0.12

4.65±0.23

21.57±1.64

2.45±0.15

Ca-i

270

5.75

7.80±0.27

11.15±0.61

2.28±0.10

6.70±0.26

14.99±0.65

2.45±0.10
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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 (Price et al., 1999) and a large increase in the
residence times. The jump lengths were very similar for all the temperatures and they agreed with the
values found for the same clays at temperatures above 273K (González Sánchez et al., 2007) for the
two types of montmorillonite and Ca-illite. Na-illite had larger l (~20%) in the supercooled region than
above 273K, getting closer to the values found in montmorillonite.
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Figure 6.5: The measured

Γt (meV) symbols vs. Q2 (Å-2) and the fits of the two models, Singwi-

Sjölander (solid line) and Hall-Ross (dashed line), at T=260K and λ=5.75 Å for the charged clays.

6.3.3 Activation energies and glass transition temperatures
The temperature dependence of the diffusion coefficients obtained in the current study for charged
clays and those achieved in a previous studiy (González Sánchez et al., 2007) (temperatures above
273K) were described with various models (Figure 6.6). Our previous studies above 273K showed an
Arrhenius behavior when representing the lnD vs. 1/T. However the data extended to the supercooled
region followed a super-Arrhenius temperature dependence fitted by two different models: the VogelFulcher-Tammann (VFT) law (equation (1)) and the fractional power law (FPL) (equation (2)). The fit
parameters are presented in Table 6.4.
Through the fit of the VFT model fit we obtained the glass transition temperatures with values very
similar for Na-, Ca-montmorillonite and Ca-illite (Tg ≈ 150K). These values are consistent with the
value found for a two-layer hydrated Na-vermeculite where Tg=124-137K (Swenson et al., 2001).
However Na-illite showed a larger value, Tg ≈ 180K, which is in agreement with the freezing curve
(see Figure 6.3), where Na-illite seemed to freeze at higher temperatures than Na-, Ca-montmorillonite
and Ca-illite.
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Table 6.4: Fitting parameters for the VFT (SS: Singwi-Sjölander and HR: Hall-Ross) and FPL laws.
The montmorillonite clays were fitted in a temperature range of 250K to 318K, the illite clays in the range
of 250K to 368K. The diffusion coefficients are expressed in 10-8 m2/s). The abbreviations correspond to
Na-montmorillonite (Na-m), Ca-montmorillonite (Ca-m), Na-illite (Na-i) and Ca-illite (Ca-i).
VFT
D0SS
(m2/s)

BSS

Tg(SS)
(K)

FPL
D0HR(m2/s)

Tg(SS)

BHR

(K)

D0SS(m2/s)

TS(K)

γ

Na-m

1.2±.7

2.1±.8

155±17

1.4±.5

3.4±.2

133±31

0.02±.001

210±10

1.5

Ca-m

1.5±.7

2.9±.6

141±9

1.5±.8

3.9±.8

125±10

0.02±.001

210±10

1.5

Na-i

2.3±.8

1.4±.2

188±6

2.5±.9

1.6±.2

183±16

0.06±.01

220±10

1.5

Ca-i

4.1±.8

3.3±.7

148±11

12.4±.6

8.79±3

101±19

0.05±.01

220±10

1.5

The FPL data fit was not very sensitive and the resulting parameters were similar for each clay and
for the two models studied (Singwi-Sjölander and Hall-Ross); therefore we just present a single result
in Table 6.4. A value of Ts ≈ 220K was found for all the charged clays which is approximately the
same temperature as for bulk water (Price et al., 1999). This temperature represents the “strongfragile” transition, but as mentioned before the reliability of these fits is small.
By taking the derivative of equation (1), we could obtain the activation energy for the diffusive
processes at the studied supercooled temperatures by the following expression:
Ea ∝

B ⋅ Tg ⋅ R

 Tg
1 −

T







2

,

(5)

with R=8.314 J/(K·mol) the molar gas constant, and B a fitting parameter, as obtained for the VFT
fit.

Figure 6.6: The temperature dependence of the diffusion coefficients for the charged clays fitted by the
VHF law. The data for the values above 273 K correspond to previous studies on QENS.
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The results are presented in Table 6.5. The activation energy values followed the increasing order
Na-montmorillonite ≈ Ca-montmorillonite ≤ Ca-illite ≤ Na-illite ≈ water (Price et al., 1999). These
values obtained at temperatures in the supercooled regime were significantly larger than the activation
energy obtained at temperatures above 273K.
Table 6.5: Activation energies for charged clays for the two studied models (SS: Singwi-Sjölander and
HR: Hall-Ross) at several temperatures. The abbreviations correspond to Na-montmorillonite (Na-m),
Ca-montmorillonite (Ca-m), Na-illite (Na-i) and Ca-illite (Ca-i).
EA(SS) (kJ/mol)
270

260

EA(HR) (kJ/mol)

T (K)

368-300

250

368-300

270

260

250

Na-m

11.8±1.5

15.0±1

17.0±1

19.0±1

(11.8±0.2)

14.0±1

15.0±1

16.4±1

Ca-m

11.7±1.2

15.0±.5

16.0±.5

18.0±.5

(11.8±0.2)

14.0±.5

15.0±.5

16.0±.5

Na-i

12.5±0.3

24.0±1

28.9±1

36.1±2

12.8±0.3

23.7±1

28.0±1

34.3±1

Ca-i

14.8±0.3

20.0±.5

21.8±.5

24.3±.5

15.5±0.3

19.0±.5

19.6±.5

20.6±.5

6.4 Conclusions
The fix-window scans showed how the freezing behavior of uncharged clays differed significantly
from that of charged clays. Charged clays showed a smooth and gradual freezing of water whereas
uncharged clays had a more water-like freezing behavior. Hysteresis effect was present in kaolinite,
pyrophyllite and Na-illite whereas Na-, Ca-montmorillonite and Ca-illite did not have such an effect.
The data show that geometrical and chemical effects have to be taken into account, and their significance depends on each particular case. The dynamics of water in charged clays at the supercooled regime showed a strong reduction of the D and a large increase of τt as compared with bulk water. For
Na- and Ca-montmorillonite the jump length remained the same as the values found for higher temperatures (González Sánchez et al., 2007) (above 273K). The clays studied at the supercooled regime
could be well described by the super-Arrhenius Vogel-Fulcher-Tammann (VFT) law. The glass transition temperatures obtained through these fits were similar (Tg ≈ 150K) for Na-, Ca-montmorillonite
and Ca-illite whereas the Na-illite had higher values (Tg ≈ 180K). These results were consistent with
the freezing temperature profiles obtained with the fix-window scans. The data also were fitted by the
fractional power law (FPL) but the fits were not very sensitive; all charged clays had a Ts≈220K. Surprisingly, Ca-illite showed a strong similarity regarding freezing behavior and dynamics of supercooled water to Na- and Ca-montmorillonite. The last two clays have an interlayer space which produces a strong reduction of the water mobility; however Ca-illite does not have such interlayer space.
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Recommendations for further work
The present study embraces a fundamental research about water dynamics in compacted clays. Certain problems only became evident in the daily investigation and therefore further work is required to
overcome them. On the other hand, the techniques used have limitations and compromise solutions
have to be taken. The following suggestions and recommendations for a possible further work are
given below:

1.

The two experimental techniques used (macro- and microscopic) seemed to complement well
each other, therefore the use of other techniques with other dynamic spatial/time scales (such as
NMR) may shed more light on these issues.

2.

Molecular modelling can also be a useful technique. However, and dealing with natural clays,
the idealized models used by these techniques cannot fully describe reality. Synthetic clays are
closer to these idealized models, and their experimental-theoretical investigation could also improve the knowledge of the natural clays.

3.

The way of hydrating the clay pellets (samples pre-saturated as powder and then pressed, or
samples hydrated after being pressed) may have an influence in the clay particle arrangement
and therefore on the dynamics of water. Experimental work is required to investigate it.

4.

Smectites are the most complicated systems of the studied clays. Future studies on these clays
saturated with kosmotrope (water order maker) or chaotrope (water disorder maker) cations
would be useful to understand the role that interlayer cations play in the water dynamics, and
thus in the activation energy. This could also be extended to illite.

5.

Further investigation is required at a microscopic scale for the 2D dynamics of montmorillonite.
Instruments with the adequate resolution, and clays with smaller interlayer space (K, Li), or
lower hydration could help to explore this type of motion. Moreover, the data analysis has to be
improve with the use of an appropriated 2D translational model as well as 3D or uniaxial rotational model.

6.

The interaction of kaolinite surfaces with salty solutions at a macroscopic scale, could possibly
be observed by the investigation of different homoionic kaolinites (Na, Ca, Li, Cs..). Different
kaolinites (with different particle sizes) may even be more useful, also to observe the influence
of the kaolinite edges on the water diffusion.

7.

Ca-illite showed a very similar behavior as compared to montmorillonite at temperatures below
0ºC. Investigations on this clay with other techniques (X-ray, neutron diffraction, NMR..) could
improve the understanding of this phenomenon.
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