
NEA/RWM/CLAYCLUB(2013)1 

133 

 

 

 

 

 

Linking the Diffusion of Water in Compacted Clays at Two Different Time Scales:  

Tracer Through-Diffusion and QENS 

 

 

Fanni Juranyi
1*

, Fátima González Sánchez
 2,3 

, Martina Bestel
1,3

, Thomas Gimmi
2,3

,   

Luc Van Loon
2
 and Larryn W. Diamond

3
 

 
1
 Laboratory for Neutron Scattering, Paul Scherrer Institut (CH) 

2
 Laboratory for Waste Management, Paul Scherrer Institut (CH) 

3
 Institute of Geological Sciences, University of Bern (CH) 

 

* Corresponding author: fanni.juranyi@psi.ch 

 

 

Abstract 

 

Observable water diffusion processes in clays and their parameters depend on the spatial- and time-

scale of the measurement. Comparing the diffusion coefficients of quasielastic neutron scattering and 

tracer through-diffusion, ―chemical‖ and ―geometrical‖ effects can be distinguished and quantified. 

Results for montmorillonite and illite in the Na- and Ca- form illustrate this very well. Swelling clays 

such as montmorillonite are especially interesting because of the interlayer water. This water is con-

fined in form of few layers such that the diffusion occurs essentially in 2D. Furthermore the ratio of 

interlayer- and external- (macropore) water changes as a function of bulk dry density and degree of 

water saturation. Therefore it is of interest to describe the diffusion process using these parameters. 

Finally, the activation energy of the diffusion should be equal for both methods assuming that the 

geometrical factor does not depend on temperature. For the montmorillonites this was not the case, 

which might also indicate that the main processes on the two scales are different. 

 

Introduction 

 

Clays play an important role in radioactive waste management. In this context water diffusion in clays 

has to be understood and be predictable for various conditions (bulk dry density, hydration state, tem-

perature and pressure). 

It is well known that water diffusion in porous systems is different from that in the bulk. Diffusion can 

be measured by various techniques, but one should keep in mind that in such complex systems they 

may lead to different results because of the different spatial- and time-scales. Quasielastic neutron 

scattering measures diffusion on the atomic/molecular scale, whereas tracer through-diffusion meas-

ures it on the macroscopic scale of centimeters. Both have been applied already on clays (Cebula et al. 

(1981), Malikova et al. (2006), Skipper et al. (2006); Nakazawa et al. (1999), Suzuki et al. (2004)), 

however not systematically on the same samples. 

Pure clays have been chosen as a compromise between complexity and closeness to reality. First, wa-

ter diffusion in highly compacted clays with systematic structural differences (montmorillonite, illite 

and kaolinite) has been compared in order to recognize the main effects. Presently diffusion in Na-

montmorillonite having different bulk dry densities is investigated. Bourg et al. (2006) used a simple 
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equation to describe the diffusion in montmorillonite with different ratios of interlayer- and macropore 

water. We will try to apply this model and, if necessary, to further develop it. 

 

Methods 

 

Quasielastic Neutron Scattering (M. Bée, 1988) 

The unusually large incoherent scattering cross section of hydrogen makes quasielastic neutron scat-

tering (QENS) a powerful technique to study the water dynamics in bulk or in restricted geometries 

such as nanoporous materials. In a neutron scattering experiment the dynamics of the sample can be 

studied through the interaction (energy and momentum transfer) of the neutron with the atoms. The 

sample is described by the so called dynamical structure factor S(Q,E), which can be related to the 

pair-correlation function G(r,t) by double Fourier transformation (Q is the momentum transfer, E is the 

energy transfer). Different motions can be parameterised and transformed into a model S(Q,E) which 

is fitted to the measured data. Motions on different time scales can be separated, and S(Q,E) can be 

written as a multiplication of the sub-functions. A diffusion process usually results in Lorentzian 

shaped function(s) centered at zero energy transfer. The number of Lorentzians, and the Q dependency 

of their intensities and line widths give information about the diffusion process. The key parameter for 

an experiment is the energy resolution of the spectrometer, furthermore the range of momentum trans-

fer should be suitable as well (the resolution in momentum transfer is usually sufficient). Different 

instrument types cover different ranges of available energy resolutions (meV-neV) and observation 

times (ps-ns): time-of-flight- , backscattering- and spin-echo spectrometers. 

To study water diffusion in clays on the atomic scale we performed measurements mostly on time-of-

flight spectrometers. Here a mono-energetic neutron beam in short pulses hits the sample, and the scat-

tered neutrons are detected as a function of scattering angle and time-of-flight. For the scattering the 

energy- and momentum-conservation is valid. From the time-of-flight the energy(transfer) can be cal-

culated, which in combination with the scattering angle gives the momentum(transfer). All spectra at 

different momentum transfers (Q) have been fitted by a model function, which describes an isotropic 

rotation of the water molecule around its center of mass and translational jump diffusion (the molecule 

stays for the so called residence time in place followed by a jump. From the Q dependent width of the 

narrowest Lorentzian the diffusion coefficient and the residence time can be obtained. 

The measurement is running typically for some hours per temperature and sample. Beside, the empty 

cell (background) and vanadium (calibration and resolution function) have to be measured as well. 

Ideally, samples have a transmission of ~90% (0.2 mm effective thickness for pure water, and 0.3-0.5 

mm for clay), and an area of 1-2 cm x 5 cm. They are vacuum-tightly enclosed in a pure aluminium 

sample holder. 

Tracer through-diffusion 

In porous media, such as compacted clays, diffusion of solutes in pore water depends on the geometri-

cal constraints, i.e. the length and shape of the diffusion paths. This can be measured by tracer 

through-diffusion. In this method a piece of material (~1-2 cm
3
) is located between two reservoirs 

(Figure 1). After the sample is water saturated, one of the reservoirs is labeled with a given amount of 

radioactive tracer (HTO for example). Transport then takes place from the labeled to the non-labeled 

compartment. The diffusion can be followed by monitoring the amount of solute transported from one 

reservoir to the other as a function of time. Figure 1 shows the flux and total accumulated activity vs. 

time in a typical through-diffusion experiment. There are two different regions: the increasing flux 

region (transient state) and the constant flux region (steady-state). The latter is used in the through-

diffusion experiment to determine the diffusion coefficient using Fick‘s first law. A correction for the 

filter effects is performed.  

Diffusion at different temperatures has been measured using the continuous method (Van Loon et al., 

2005). In the continuous method, only the steady state phase is used. A diffusion experiment is started 
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at a given temperature. As soon as the steady state phase is reached, the temperature is changed. A 

short transient state with respect to temperature (few hours) is followed by a steady state at the new 

temperature. The accumulated activity is linear for each temperature and the effective diffusion coeffi-

cient (Dtracer) can be extracted from the corresponding slope. However the intercept with the y-axis, α 

(rock capacity factor) can only be derived from the first transient phase of solute diffusion, i.e. at the 

starting temperature of the experiment. The measurement is running for several weeks for a 1cm long 

sample, which is enclosed in a special diffusion cell. 

 
Figure 1. Left: Setup of the tracer through-diffusion experiments. Right: The measured flux and 

accumulated activation as a function of time [Van Loon et al. (2005)]. 

 

Linking the diffusion at the two scales 

 

According to our knowledge this is the first time where diffusion in a porous medium has been com-

pared on these very different time scales. Since QENS has an observation time of the order of picosec-

onds, the obtained translational diffusion coefficient (DQENS) is determined by local effects (chemical 

bonding to other water molecules, interaction with dissolved ions and with the surfaces). It can be 

expressed as DQENS = qDbulk, where q is the electrostatic constraint and Dbulk represents the bulk water 

diffusion coefficient. The motion is detected on the atomic/molecular scale, and so the measured spec-

trum is a sum over all atoms in the sample. Tracer through-diffusion experiments (across the whole 

sample) are influenced additionally by the mesoscopic - macroscopic pore structure of the clays. The 

measured effective diffusion coefficient can be expressed as Dtracer  q/G Dbulk, where is the po-

rosity and G is the geometrical factor including constrictivity and tortuosity. The large difference in 

the scale of the diffusion in case of the two selected techniques makes a direct comparison of water 

diffusivities impossible. Two ways of comparison could be established (González Sánchez et al., 

2009): An indirect comparison by connecting the diffusion coefficients at the two different scales 

through the electrostatic constraint (q = DQENS/Dbulk) and the geometrical factor (G = DQENS/Dtracer); 

and a direct comparison through the activation energy (Ea), where Ea was estimated from the tempera-

ture dependence of the diffusion coefficients. The diffusion coefficients followed the Arrhenius law (D 

= D0 e
−EA/kBT

) within the studied temperature range. Since the pore geometry is supposed to be essen-

tially the same for all temperatures (i.e.  and G independent of T), it is expected that the activation 

energies are equal at both observation scales. 
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Figure 2.  Microscopic structure of the investigated clays. Depending on the type of the clay, 

water can be located in the interlayer or in larger pores.  

 

Samples 

Investigated clays 

Three different types of pure clays, two of them charged, namely montmorillonite (in the Na and Ca 

form) and illite (in the Na and Ca form), and one uncharged, namely kaolinite have been investigated 

(Figure 2). Their structural differences result in a signicantly different behaviour in contact with water. 

In case of montmorillonite water can be located in the interlayer space or in macropores. Montmoril-

lonite is a swelling clay, the water uptake into the interlayer occurs stepwise (Kozaki et al., 1998), 

which can be measured by diffraction. The ratio of water in the interlayer and in macropores can be 

measured on a neutron backscattering spectrometer (Bestel et al., 2011). In illite, water is found only 

in between particles, because the interlayer surfaces are tightly linked by potassium cations. The layers 

of kaolinite are uncharged and therefore have no interlayers; thus water is located only in between 

particles. Parameters such as particle size, layer spacing, chemical composition, external and total 

surfaces and porosity were determined (González Sánchez et al., 1998). 

Sample preparation 

Sample requirements are different for the two methods, but samples could be prepared as identical as 

necessary. For both type of samples the starting clay powder was the same. Charged clay powders 

have been brought into a homo-ionic form (Na or Ca). For tracer experiments the calculated amount of 

dried clay powder has been pressed into the diffusion cell. Prior to the experiment the samples have 

been saturated with water. For the QENS experiments the dry powders have been kept under a humid 

atmosphere until the weight reached the calculated value, and then they were pressed in a form to the 

desired thickness and density. Unfortunately the accurate bulk dry density and water content can be 

determined only after the diffusion measurements by drying the pressed samples. This method was 

applicable for the study of highly compacted clays. The samples for tracer diffusion were completely 

hydrated. For QENS a high, but not full hydration could be reached. Since QENS measures the local 

diffusion, this is not a problem as far most of the water molecules are in the interlayer. However 

montmorillonite samples for the QENS measurements at lower bulk dry densities had to be saturated 

as well. Neutron and X-ray imaging together with neutron diffraction showed that for the pressed 
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samples the thickness and the water/clay ratio are inhomogeneous. After saturation the samples be-

came homogeneous. 

Application of uniaxial pressure causes a preferred orientation of the clay particles, however the angu-

lar distribution is so broad, that it could not be quantified by diffraction. 

 

Results 

Diffusion at the microscopic scale studied by quasielastic neutron scattering 

Quasielastic neutron scattering experiments were performed on different instruments using different 

setups to vary the energy resolution, which is a key parameter for the data analysis. The obtained pa-

rameters for the diffusion were consistent, which supports their validity. The most critical point in the 

data treatment is the choice of a proper model, which might introduce systematic errors. We applied 

several models from the literature ending up with similar values for translational diffusion. The sys-

tematic differences in the clay structures were reflected in their diffusion properties (González 

Sánchez et al., 1998). Charged clays presented lower diffusion coefficients than kaolinite, which had 

similar diffusion coefficients than that of bulk water. Within the charged clays the swelling clays like 

Na- and Ca-montmorillonite were found to clearly reduce the water diffusion, which is attributed to 

the strong confinement in the interlayer. The diffusion parameters of these two types of montmorillo-

nite were similar. Because most water molecules are located in the interlayer, diffusive motion is 

probably 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 it is the case with 

the two types of illite, 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. 

Similarly to aqueous solutions, the activation energy of the water diffusion in Ca-illite was larger than 

in the Na form due to the stronger tendency of Ca to order the water molecules (cosmotrope character) 

(Hribar et al., 2002). This was not observed for montmorillonite due to the strong confinement. The 

confinement itself reduces the activation energy. 

Water in a highly compacted montmorillonite (ρ ~1.8g/cm
3
) is located only in the interlayer, or close 

to the surfaces, therefore it is obvious that water diffusion on a certain length and time scale must be 

restricted perpendicular to the clay sheets, i.e. it must be described by a 2D model. Previous results 

indicated that by quasielastic neutron scattering with unusual small relative energy resolution and a 

large energy window it might be possible to observe the characteristics of 2D diffusion. The impor-

tance of the relative energy resolution (the intrinsic width of the quasielastic line compared to the en-

ergy resolution of the spectrometer) has been recognized by Lechner (1995), however according to our 

knowledge there is no other measurement, where the characteristic line shape would have been ob-

served. 

We succeeded to measure the 2D characteristics of water diffusion in Na-montmorillonite. In case of 

the 3D model the translational diffusion has a line shape of a Lorentzian, while the powder averaged 

2D model has a spectrum with a cusp like singularity at zero energy transfer. The model function in 

both cases has to be convoluted by the nearly Gaussian shaped resolution function of the instrument. 

Only the data at most extreme conditions (highest temperature and highest Q value), where the relative 

energy resolution is the best, could not be fitted by the 3D model: the singularity of the 2D diffusion 

was obvious. However the complete data set from this measurement could be evaluated by the 2D 

model. 

Diffusion at the macroscopic scale studied by tracer through-diffusion 

As in the QENS studies, the systematic structural differences between the clays affected their macro-

scopic diffusion coefficients (González Sánchez et al., 2008). At the chosen high bulk density, the 

effective diffusion coefficients followed the order Na-montmorillonite < Ca-montmorillonite < Ca-

illite < Na-illite <= kaolinite. The differences were interpreted in accordance with the independently 
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estimated structural properties of the samples, which showed that Na montmorillonite had the smallest 

particle and pore sizes and thus was expected to have the largest tortuosities, followed by Ca mont-

morillonite, the illites, and kaolinite. The differences between the illites, which had similar structures, 

were interpreted to originate from differences in the solvation of Na and Ca ions.  

Activation energies larger than those of bulk water were found for the montmorillonites, values similar 

or slightly lower than those of bulk water for the illites and the kaolinite. At present, the sequence of 

the activation energies is interpreted as being related to stronger or weaker interactions between water 

molecules and the specific clay surfaces. From our comparisons with QENS results (see below) some 

new and interesting aspects that deserve further attention became obvious. Notably, it seems possible 

that the larger activation energies for montmorillonites are a specific feature of these clays, related to 

the scale of observation. 

 

Comparison (González Sánchez et al., 2009) 

 

Diffusion coefficients 

Na- and Ca-illite have a very similar structure, because of their similarities in the porosity, particle size 

and in their way of producing stacks of 20-30 particles. Difference in the diffusion should therefore be 

dominated by the electrostatic constraint. Contrary, in montmorillonite the geometrical factors should 

be different due to the different particle size and stacking. The obtained q and G factors nicely reflect 

the expected behavior, which gives confidence to the correctness of the method (Table 1). 

 

Table 1. Electrostatic constraint, q, and geometrical factor, G, obtained from the quasielastic 

neutron scattering and tracer through-diffusion experiments. 

 

Clay q = DQENS/Dbulk water G = ε ∙ DQENS/Dtracer 

Na-illite 0.9 ± 0.1 3.9 ± 0.4 

Ca-illite 0.6 ± 0.1 4.2 ± 0.4 

Na-montmorillonite 0.5 ± 0.2 21.0 ± 2.0 

Ca-montmorillonite 0.5 ± 0.1 8.0 ± 0.8 

Kaolinite 1.2 ± 0.2 4.6 ± 0.5 

Activation energy 

It is known that the temperature dependence of the water diffusion can only be described approxi-

mately by the Arrhenius law, however it led to a good description of our data in the studied tempera-

ture range. For the clays with larger pores a very good agreement between Ea values obtained by the 

two methods (the two scales) was found (Figure 3). In montmorillonite however, where the majority 

of the water molecules were located in a form of a double-layer between the clay sheets, the activation 

energy obtained from macroscopic tracer through-diffusion measurements was much larger. There is 

not even a qualitative agreement in comparison with the other clays: they have the lowest value ac-

cording to the QENS measurement, but the highest according to the tracer diffusion experiment. Fur-

ther measurements on Na-montmorillonite, where a 2D model was necessary to describe the data, led 

to an activation energy of about 15 kJ/mol: larger than previously, but definitely smaller than the one 

observed by the tracer diffusion. QENS describe only local movements. The different activation ener-

gies for montmorillonite at the two scales may hint to a specific scale dependence of the diffusion in 

this clay. For instance the coupling between water and cation motion or geometrical changes on a time 

scale of weeks may play a role in this comparison. 
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Figure 3. Activation energy of the water diffusion for different clays measured by tracer 

through-diffusion and quasielastic neutron scattering. 

 

 

Summary and Conclusions 

 

We conclude that the geometrical factor and the electrostatic constraint can be determined from a 

comparison of the diffusion coefficients measured by the two different techniques: quasielastic neu-

tron scattering and tracer through diffusion. Furthermore, activation energies obtained at the two 

scales are similar for clays having no interlayer water. For montmorillonite the activation energy val-

ues are different. Further investigations are required to clarify the reason. 
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