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Abstract. We report a molecular simulation study of aqueous solutions at
montmorillonite clay surfaces. Unlike most previous studies, we do not focus on
the interlayer nanopores, but on both types of external surfaces of clay particles:
basal surfaces along the clay layers, and lateral surfaces through which interlayer and
larger interparticle pores are linked. We present results on structural, dynamic and
thermodynamic properties, such as hydration complexes of ions, H-bonding network,
modification of water dynamics with respect to bulk, role of water on cation exchange
between interlayer and interparticle pores.
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1. Introduction

Clays are porous materials found in large quantities at the Earth’s surface. Many
environmental and industrial processes exploit their mechanical (swelling), catalytic or
retention (cationic exchange, anionic exclusion) properties. The possible use of clays as
part of a natural or engineered barrier for the geological disposal of toxic and radioactive
waste [1, 2] has motivated experimental and theoretical studies aiming at elucidating
the transport mechanisms of ions, either naturally present in the medium or potential
radionuclides, and water through clays. They also play a crucial role as caprocks above
natural gas reservoirs or future carbon dioxide repositories.
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Figure 1. Schematic view of pores in clays. The stacking of clay layers forms particles
containing interlayer pores (<nm). The aggregation of particles leaves empty regions
referred to as interparticle pores (nm to pm). Interlayers can accomodate a few
molecular layers of water, and the interparticle pores can be filled with an electrolyte
solution, i.e. water and ions.

Clay minerals are aluminosilicates consisting of negatively charged layers or
lamellae. This charge is compensated by solvated cations which can move within the
interlayer spacing originating from the stacking of the mineral layers. These stacks form
anisotropic particles, with a typical thickness of ~ 10 nm and a typical width of a few ~
100 nm. These particles also aggregate to form larger structures with a corresponding
porosity (Fig. 1). The multiscale structure of clays makes it particularly challenging
to understand the retention and transport properties. Water plays a crucial role in (1)
determining the state of the ions in the medium: are they found in solution in large
pores, at the surface of clay particles, or even in particle interlayers? (2) determining
the overall transport properties: what are the hydrodynamic boundary conditions at
the external surface of clay particles, and can we understand the interplay between the
interlayer nanoporosity and interparticle microporosity?

Molecular simulations have proved a powerful tool to understand the structural [3,
4, 5, 6, 7], thermodynamic [8, 9, 10, 11, 12, 13] and dynamic [14, 15, 16, 17]
properties of clay interlayers. Previous studies on basal surfaces of pyrophillite,
laponite, montmorillonite and beidellite clays focussed on the properties of ions in their



Water at clay surfaces 3

vicinity, in particular their possible sorption at the mineral surface [18; 19, 20]. The
structure and diffusion of water at the surface of other layered minerals such as brucite,
gibbsite, hydrotalcite, muscovite, talc [21, 22, 23, 24] or tobermorite [25] have also been
investigated. In this paper, we report molecular simulations of water at external surfaces
of clay particles, both at basal surfaces, i.e. along clay layers, and lateral surfaces, where
transfers between interlayer and interparticle pores may occur via particle edges. The
paper is organized as follows: Section 2 first introduces the simulated systems and the
methods used. Then results on basal surfaces are reported in section 3. Finally, section 4
investigates the exchange of water between interlayer and micropore via lateral surfaces
and the role of water in the exchange of cations.

2. Systems and methods

2.1. The clay-water systems

We consider a smectite clay of the montmorillonite type. Fach clay layer consists
of one sheet of octahedral aluminum oxide between two sheets of tetrahedral silicon
oxides. A fraction of AI** are substituted by Mg?* and the idealized unit cell formula
is : Cor55i8(Al325Mgo.75)O20(OH),.  The negative charge of 0.75 e per unit cell is
compensated by 0.75 monovalent counterions C* = Na™ or Cs™. The atomic structure
of the clay layer was taken from X-ray diffraction measurements [26, 27]. The layer
thickness is 6.54 A. In order to investigate the two types of external surfaces, we have
simulated two distinct systems which are illustrated on figure 2.

For the study of basal surfaces, the horizontal dimensions of the simulation box
are 35.88 x 41.44 A? corresponding to 4 x 8 unit cells. The simulation box contains
one layer cut into two halves, and the micropore contains, in addition to the Na® or
Cs™ counterions, 1600 water molecules and 28 salt pairs - NaCl or CsCl, depending on
the counterion. Prior to molecular dynamics simulations, the distance between layers
is equilibrated using Monte-Carlo simulations in the No,,T ensemble, with a stress
0., = 1 bar in the direction perpendicular to the layers and a temperature 7" = 298 K.
The equilibrium vertical dimension is 42.90 A in the sodium case, and the same value
is taken for simulations with cesium. The salt concentration in the middle of the pore
is ~ 1 mol.dm™3.

For the lateral surfaces, the system contains a short clay particle facing a bulk
electrolyte solution. Each layer consists of 2 x 4 unit cells, with the longest dimension
along the z-axis, and 4 half-unit cells on each side (along y) corresponding to [010]
edges and whose structure, illustrated in figure 2, was obtained by cutting the unit
cell and saturating the broken bonds with H or OH groups. The interlayer distance
between the layers midplanes was fixed to d = 15.4 A which corresponds to a water
bilayer [28]. The micropore has a width of 30 A, divided in 15 A on each side of the
particle. The overall dimensions of the simulation box are 63.0 x 20.72 x 30.8 A3, and
periodic boundary conditions in all directions are used. The simulation box contains
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Figure 2. Left: Basal surfaces of clay particles (System I). The mineral surfaces
consist of one clay layer of 4 x 8 unit cells, divided in two halves. The micropore
contains 24 NaT or Cst counterions, 1600 water molecules and 28 NaCl or CsCl salt
pairs. Right: Lateral surfaces of clay particles (System IT). The clay particle of length
3.3 nm is in contact with a micropore (1.5 nm on each side of the particle). The
interlayer distance corresponds to a water bilayer. Green : Al and Mg; yellow : Si;
red : O; white : H; blue : Na; orange : Cs; pink : Cl; silver : Water molecules. In
both cases the z axis corresponds to the direction perpendicular to the basal surfaces.
In the second case the x axis refers to the direction perpendicular to the particle/pore
interface.

898 water molecules, the interlayer counterions and 6 NaCl pairs in the micropore,
corresponding to an electrolyte concentration of 0.52 mol.dm=3).

2.2. Simulation details

The interactions between all atoms were modelled using pairwise potentials:

12 6
with ¢; the partial charge of atom 4, and the Lennard-Jones (LJ) parameters €;; and
o;; are calculated from individual €; and o;; using Lorentz-Berthelot mixing rules [29].
Clay layers are treated as rigid. Water was described with the rigid SPC/E model [30].
The ion LJ parameters are taken from [31] and were shown to correctly describe the
diffusion of ions in bulk water. Parameters for bulk clay atoms are taken from Smith [5].
The conjunction of all these parameters was shown to reasonably describe the dynamics
of water and ions in clay interlayers [28, 32, 17]. The LJ parameters for edge oxygen
atoms were identical to those of the bulk surface oxygen atoms, which are the same as
SPC/E water oxygen atoms in the Smith force field. The atomic parameters defining
the force field are summarized in Table 1. For lateral surfaces, we determined the
partial charges of the edge atoms from the Restrained Electrostatic Potential (RESP)
method [33, 34], using Density Functional Theory calculations on a short fragment of
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pyrophyllite, an uncharged analogue of montmorillonite. The resulting parameters can
be found in Reference [35]. We used a cut-off of 8 A for short-range interactions and
Ewald summation for long-range electrostatic interactions.

Molecule Atom ai (e) | o (A) | g5 (kJ.mol ™)

Al 3.0 0.0 0.0

Mg (Subst. Al) || 2.0 0.0 0.0

Si 1.2 1.84 13.18

Clay O (Surface) -1.0 | 3.166 0.650
O (Op) -1.424 | 3.166 0.650

0 (Ty) 0.8 | 3.166 0.650

H 0.424 0.0 0.0

Water O -0.848 | 3.166 0.650
H 0.424 0.0 0.0

Na 1.0 2.587 0.418

Ions Cs 1.0 3.883 0.418
Cl -1.0 4.401 0.418

Table 1. Charges ¢; and atomic Lennard-Jones parameters o;; and £;. The pair
Lennard-Jones parameters are obtained from the Lorentz-Berthelot mixing rules.

All molecular dynamics simulations in the NVT ensemble were performed using
the DLPOLY software package [36]. The temperature was maintained at 298 K using a
Nosé-Hoover thermostat [29] and the equations of motion for the rigid water molecules
were integrated using the SHAKE algorithm [37]. We used a timestep of 1 fs. For
basal surfaces, density profiles are determined from a 2.5 ns trajectory, while water
dynamic properties are computed from 260 ps simulations sampled every 50 fs. For
lateral surfaces, two 10 ns trajectories were used in order two ensure proper sampling
of the simulation volume by all species.

3. Water at basal surfaces of clay particles

3.1. Structure

The distributions of water and ions at a basal surface (System I) are reported in figure 3.
The water profiles are almost independent of the nature of the counterion, and two to
three water layers are observed at the surface. Anions are excluded from the vicinity of
the surface due to the negative charge of the mineral. The location of the counterions
depends on their nature: Cs*t are found closer to the surface than Na*. This observation,
consistent with the behaviour of these ions in the interlayer [28], is a consequence of the
different types of surface complexes: Cs' form mainly inner-sphere complexes (ISC),
with at least one surface oxygen atom in the first coordination shell of the ion, while
Na™ form mainly outer-sphere complexes (OSC) with only water molecules in the first
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coordination shell. This fact has already been observed in NMR [38] and EXAFS [39]
experiments. Note that the Debye screening length of electrostatic interactions is very
short (~ 1 nm) for this high salt concentration, so that the ionic density profiles reach
their bulk value not far from the surface.
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Figure 3. Distribution of ions (left) and water (right) in the micropore facing basal
surfaces. The vertical dotted lines indicate the location of the surface oxygen atoms.
In the right figure, the density of hydrogen atoms has been scaled by a factor 0.5. The
density profiles are symmetric with respect to the center of the pore, and only one
half is reported. Anions are excluded from the surface, and the structure of surface
complexes depends on the nature of the counterion: Cs* form mainly inner-sphere
complexes and are thus found closer to the surface than Na™, which form mainly
outer-sphere complexes. Water is ordered near the surface, over two to three layers.
The results for Na™ and Cs™ are almost identical, and only that for Na™ are shown.

In a previous paper [40], we analyzed down to a great detail the structure of the
hydrogen bonding network in the surface water layer, defined as the molecules whose
oxygen atom is at a distance smaller than 4A from the plane of surface oxygen atoms
(region "a” in figure 4). We use the following definition of a H-bond [41, 42, 43]: the
distance between oxygen atoms must be d(0;0,) < 3.5A and the angle 0(H,0,0,) <
30°. Approximately 50% of surface water molecules donate one H-bond to surface
oxygen atoms, and these molecules will be referred to as "type A”. Approximately 40%
of surface molecules donate at least one H-bond to a type A molecule, without forming
a H-bond with the surface. Surface molecules that are not H-bonded to the surface are
referred to as "type B”.

3.2. Dynamics

We now turn to the dynamic properties of water near basal surfaces. Figure 4 reports
the water diffusion coefficient D) along the surface as a function of the distance to the
surface. The micropore is first divided into four distinct regions: the surface water
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Figure 4. Water diffusion coefficient along the surfaces, as a function of distance to
the surface (top), for Na®™ (e) and Cs™ (<) counterions. Results are computed from the
mean-square displacement of water molecules remaining in each of the region defined
from the density profiles (bottom part of the figure).

molecules (region ”a” mentioned above), the second ("b” between 4 and 7.5A from the
surface) and third ("¢” between 7.5 and 13A) water layers, and the bulk electrolyte
solution (”d” further than 13A). Diffusion coefficients are then computed in each region
from the mean-square displacement by considering only the molecules that have not left
the region between time 0 and time ¢. This allows to rigorously define an effective 2D
diffusion coefficient in each layer and to avoid the averaging effect which arises from the
excursion of molecules between several layers.

For both counterions, D) is smaller close to the surface than in the bulk. Such
a decrease has been observed with several uncharged mineral surfaces [44, 45]. An
additional mechanism at play with charged clays is the crowding of the surface due to
the presence of counterions, and the fact that surface water molecules spend some time
in the coordination shell of the ions which diffuse more slowly than water. The diffusion
coefficient value in the central layer is comparable to the bulk result for the SPC/E model
and the experimental one, namely 2.44-0.1 107 m?s™! [46] and 2.34+0.1 107? m?s~! [47],
respectively. The slight deviation comes from the presence of salt at a relatively high
concentration. The effect of the counterion on water diffusion in the region ”d” is similar
to the one observed experimentally for concentrated alkaline chloride solutions. This
effect is however less dramatic than the one observed in the second water layer (region
"b”): Dy is smaller in the Na® case, even smaller in this layer than in the surface layer
7a”. This observation can be understood from the structure of the surface complexes:
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The ISC formed by Cs* affects only the first water layer, while the OSC formed by Na™
also hinders the movement of molecules in the second layer.
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Figure 5. Population of surface water molecules forming (A) and not forming (B)
H-bonds with surface oxygen atoms. Only molecules that were initially H-bonded and
remained continuously in the surface layer between 0 and ¢ are considered. Simulation
results are compared to a simple kinetic model (see text). The inset shows that the
assumption of first order kinetics for the breaking and formation of H-bonds is well
satisfied for times longer than 2 ps (shorter times are not shown). The semi-logarithmic
scale illustrates the exponential decay of both populations at long times.

We have also investigated the dynamics of surface H-bond formation and breaking.
The population of surface H-bonded (type A) surface molecules was analyzed by
computing the following correlation function [48, 49, 50, 40]:

Ay — (HOAOS() o)
(h(0)5(0))

where h(t) = 1 if the molecule is forming an H-bond with the surface at time ¢, and 0

otherwise, and S(t) = 1 if the molecule has never left the surface layer between time
0 and time t. Since type A molecules are likely to leave the surface layer only after
breaking the H-bond with the surface, we introduce, following Luzar and Chandler [41]:

(h(0)[1 — h(1)]S(1)) (3)
(h(0)5(0))

for molecules that were initially surface H-bonded and are still in the surface layer

B(t) =

without forming a H-bond with the surface. Both correlation functions are reported in
figure 5. They are seen to decay exponentially at long times.

A simple kinetic model can be introduced to interpret the dynamics of H-bonds
formation and breaking and the release of molecules from the surface layer. If one
assumes first order kinetics for all processes and that only B molecules can leave the
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surface layers, the populations should satisfy:

dA

—=-kKA+k_|B 4

1 1A+ kK (4)
with £_; and k; the formation and breaking rates, and

dB

- k1A — (k_1 + ko)B (5)

with kg the rate for the release of not H-bonded molecules from the surface layer. The
inset of figure 5 shows that equation (4) is well satisfied for times longer than 2 ps, with
breaking and formation rates k; = 0.15 ps~! and k_; = 0.07 ps~!. Almost the same
value is obtain with Na* and Cs™ counterions. Short-time deviations from the simple
two-state model are also observed in bulk solutions (the notion of surface layer being
replaced by that of first neighbour shell) and originate from libration and inter-oxygen
vibration at very short time-scales. The rupture and bonding rates are respectively
slower and faster than the ones corresponding to H-bonds between water molecules in
a bulk salt solution [40]. Two effects might explain these results. On the one hand
the negative charge of the mineral tends to orient water molecules in a configuration
favourable to the formation of an H-bonds. The importance of this factor could be
quantified by comparing the results for an uncharged clay such as pyrophillite. On
the other hand the H-bond to the surface may be broken but is reformed with a high
probability, due to the decreased number of adjacent water molecules to accept a new
H-bond [51].

Figure 5 also shows the evolution of A and B obtained from simulation and within
the two-state model for initial conditions A(0) = 1 and B(0) = 0. The model semi-
quantitatively reproduces simulation results when the release rate kg ~ 0.09 ps~! is
used. The agreement is very satisfactory, given the simplicity of the kinetic model.
This justifies a posteriori the assumption of first order kinetics and the statement that
most surface H-bonded molecules break their H-bond with the surface before leaving the
surface layer. Note that all processes (formation, rupture, release) occur on the same
timescale.

4. Water and the interlayer-interparticle pore exchange

We now turn to the exchange of species between interlayer and interparticle pores via
lateral surfaces, corresponding to the second system of figure 2.

4.1. Water exchange via particle edges

During the 10 ns simulations, we observe a many exchanges of water molecules between
the two types of pores. Within the same time, we observe less exchange events for
cations, and no entrance of anions into the interlayer. While the overall interface crossing
rates depend on the diffusion coefficient of the species and on the geometry of the system,
these observations suggest that the probability for anions reaching the interface from the
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micropore to enter into the interlayer is very small, in agreement with the idea of anion
exclusion. On the contrary, water molecules reaching the interface from one or the other
direction have a finite probability to cross it. This is confirmed by the relatively flat
potential of mean force deduced from the equilibrium density V(z) = —kgT In pow (),
shown in figure 6. From this free energy profile we identify three distinct regions in
the simulation box: interlayer (|z| < 16 A), micropore (Jz| > 23 A) and interface. The
free energy difference between the interlayer and interparticle pore is only of the order
of the thermal energy and is easily overcome. The origin of this difference lies in the
entropic cost of entering into the particle: the accessible volume per unit length, in the
x direction, is ~ 1/3 of that in the micropore, and the corresponding free energy penalty
is AV ~ kgT'In3 = 1.1 kgT. There is no additional barrier at the interface, simply
oscillations due to the perturbation of the water structure by the clay edges.
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Figure 6. Components of the diffusion tensor of water molecules inside and outside
of the clay particle. Also shown is the potential of mean force SV(x) = —In pow (z).
In the interlayer, there is no diffusion in the direction perpendicular to the surface
(D,, = 0) and the two other components are close to the one obtained for infinite clay
particles. In the micropore, the components along the particle surface are close to the
bulk diffusion coefficient, while the one in the direction perpendicular to the surface is
smaller.

In the interlayer and micropore regions, where the potential of mean force is
constant, we also computed the diffusion tensor Diag(D,,, Dy, D..) of water molecules.
For D,,(x) we used the method of Liu et al. [52, 35]. Figure 6 reports the components
of the diffusion tensor of water molecules as a function of position in the simulation
box. In the interlayer, the diffusion is two-dimensional (D,, ~ 0, not shown) and
almost isotropic in the xy-plane (D, ~ Dy,). D, and D,, only slightly depend on
position, with a value ~ 0.9 £ 0.1 10~ %m?s .
with MD simulations of "bulk” interlayers [28, 53] and Quasielastic Neutron Scattering

(QENS) experiments [32, 17]. This confirms a posteriori that the small size of the

These observations are in agreement
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simulated clay particle is sufficient to account for the "bulk” clay behaviour. In the
micropore, diffusion along the clay particle (D,, ~ D,.) is similar to bulk water
diffusion: The value 2.5 & 0.2 10”m?s™! is in agreement both with experimental
results (2.340.1 10~"m?s™!) [47] and MD simulations of bulk SPC/E water (DSP¢/F =
2.440.1 107?m?s™!) [46, 54]. The component normal to the particle surface is smaller
than the other two: D,, ~ 1.5 £ 0.1 10""m?s~!. Since it is computed in a region
where the density has already reached its bulk value, this means that the effect of the
particle/pore interface is longer-ranged on diffusion that on density. A larger simulation
box should allow to observe the crossover from the observed D,, values close to the
surface to the bulk value at larger distances.

4.2. The role of water in the exchange of cations

As mentioned in the introduction, water plays a crucial role in the transport of ions
through clays because it determines not only the hydrodynamic properties of fluid flow
through the porosity, but also the state of the ions in the material. In particular, it
controls the thermodynamics of cation exchange, which is one of the main retention
mechanisms of some cations such as Cs*. For the sake of completeness, we report here
the insights gained recently on this issue using molecular simulations. As the exchange
reaction proceeds, where the aqueous Cs™ ion gradually replaces the Na™ ions initially
in the clay interlayer, while the latter are released into the aqueous phase. While the
water content may vary between the initial and final states, it is important to consider
mass-balanced reactions, including water, to properly define thermodynamic quantities
of reaction. The exchange reaction is thus written:

WanO + Oy — @nH?O + Nal, (6)
with n the number of water per interlayer cation, typically 6-7 and 12-14 for Na-
montmorillonite in the mono- and bilayer states, respectively. Selectivity measurements
have shown that this exchange is thermodynamically favourable. This was usually
interpreted as the result of favourable interactions of Cs* with the clay surface. However,
Teppen and Miller showed using molecular simulation, that replacing an alkaline ion
(e.g. Na™) in the interlayer by a larger one (e.g. Cs™) is associated with a large free
energy cost, and that the driving force for the exchange is in fact the difference in
hydration free energy, i.e. the favourable replacement of Cs* by Na' in the aqueous
phase [55]. This finding was later found to explain the observed increase in the selectivity
in consolidated clays with mechanical compaction, and thus decreasing water content
in the micropores [56].

Using molecular simulations, we recently investigated the role of ion hydration and
interlayer water on the exchange enthalpy [57]. The following thermodynamic cycle
separates the contribution of the change of ion in both the clay interlayer and the
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aqueous phase :

A, H?(n)
Nor RO sy T gm0 e NG ()
lAhHCs O( ) lAhHNa
AH (n
+ r — +
Na* nt,0 + CS(ag) - Cs™ 0 + Naguy)

This cycle involves the exchange reaction with ions in the gas phase, where there are
no interactions, used as a reference state. The associated thermodynamic quantities are
the hydration enthalpy of both cations A, HY* and A, H®®, the standard ionic exchange
reaction with the gas phase A, Hj(n) and that with the aqueous phase A, H%(n). From
this cycle we deduce the relation : A.H°(n) = A.HJ(n) — AA,H. We showed that
replacing Na® by Cs* in the interlayer is an endothermic process (ATHS > 0, see
Table 2) and that the overall exchange is exothermic (A, H" < 0) only because of the
hydration enthalpy difference AALH = AyH® — A HN* ~ 133 kJ.mol ™! associated
with the replacement of Cs™ by Na® in the aqueous phase. This conclusion and the
evolution with water content were confirmed by microcalorimetry experiments [57].

NH20 Ang (kJ.mol™1)
1 48845
6 +10143
12 +113+4

Table 2. Clay contribution to the standard enthalpy for the exchange reaction between
a Na-Clay with n water molecules per cation and a Cs-Clay with n water molecules per
cation. The values for n = 1, 6 and 12 correspond to the dry, monolayer and bilayer
states, respectively - even if the latter is not experimentally stable in the Cs case.

5. Conclusion

We have studied, using molecular dynamics simulations, the structure and dynamics of
water at clay surfaces. Unlike most studies, we did not focus on the interlayer nanopores,
but on both types of external surfaces of clay particles: basal surfaces along the clay
layers, and lateral surfaces through which interlayer and interparticle porosity are linked.
Particularly interesting near clay surfaces is the interplay between surface, water and
ions. The surface of smectite clays is considered as intrinsically hydrophobic, since
uncharged clays do not swell, but substitutions in the mineral layers and the associated
counterions, as well as their hydration, critically modify this behaviour. The balance
between water/surface, ion/surface and ion/water interactions controls among others
the structure of the surface complexes and the thermodynamics of ion exchange. In
turn, ions influence the organization and dynamics of water, and one observes specific
effects of cations on the properties of surface water. Future work will allow us to consider
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how the properties of the surface water layers affect the hydrodynamic behaviour further
away from the surface, and characterize more precisely the electro-osmotic effect at the
clay /water interface [58].
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