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Mineral-and Ion-Specific Effects at Clay-Water Interfaces: Structure, Diffusion and Hydrodynamics

We use molecular dynamics to investigate how the structure, diffusion and hydrodynamic properties of clay interfaces with aqueous solution depend on the nature of the clay, the nature of the counterions and the salt concentration in the solution. Specifically, we study water-filled nanopores between uncharged (pyrophyllite) and charged (montmorillonite and beidellite, with susbtitutions located in the octahedral and tetrahedral layers, respectively) clays, with sodium or cesium as counterions, in the absence and in the presence of added salt. We discuss how the balance between solvation and attraction of the cations to the surface results in various distributions between innerand outer-sphere complexes and how this influences the dynamics of water near the surface, as well as the hydrodynamic flow in the presence of an external force. In the latter case, the discussion based on mapping the molecular velocity profiles to a continuous description (parabolic Poiseuille flow) shows that the larger effects come from the presence/absence of charge in the mineral, as well as the localization of substitutions within the clay layer. The salt concentration and the nature of the counterions have a comparatively less important impact far from the surface -even though some differences are observed in its close vicinity, which are not properly captured by the continuous description.

Introduction

The transport of fluids through nanopores plays a role in a many environmental, biological and technological processes, ranging from clean water production or the harvesting of blue energy using membranes 1 to oil and natural gas recovery, 2 carbon sequestration 3 or the geological disposal of radioactive waste. 4 Several fundamental questions arise for the understanding and prediction of the transport properties in these contexts, such as the validity of continuum hydrodynamic theories when the confining length scale becomes comparable to the molecular size, as well as the dominant role of interfacial effects.

Molecular simulations played a key role in addressing the first aspect with the finding that continuous hydrodynamics holds down to remarkably small length scales, 5 even though it breaks down beyond 1-2 nm in particular due to the layering of the fluid at the interface, or for pore sizes of the order of that of the confined fluid molecules. 6 They also provide molecular scale information on the local viscosity of the confined fluid [7][8][9][10] as well as the relevant boundary conditions (stick or slip) which should be applied for a given interface, depending on the nature of both the solid wall and the confined fluid, with the quantification of the slip length [11][12][13] and its correlation with other properties such as the contact angle. 14 Due to their importance in the above-mentioned geological applications, the dynamics of fluids in nanopores of clay and related natural minerals [15][16][17][18][19][20] have attracted a lot of attention from the experimental and modelling point of view. We will not discuss here the interlayer pores, where only 1 or 2 fluid layers are present (see e.g. Refs. 21-26 for recent molecular simulation studies), but rather focus on larger pores (a few nanometers), where pressuredriven flow may provide a contribution in addition to mere diffusion. Molecular dynamics have already provided detailed information on the structure and dynamics of the interface between such charged layered aluminosilicates and aqueous solutions. Previous studies focussed e.g. on the structure and energetics of ion sorption onto external surfaces, 27,28 on the relevance of continuous double-and triple-layer models to describe the ion distribution, 29 on the structure and energetics of ions in the Stern layer 30 or on the diffusion properties on the molecular (to investigate the solvent and ion dynamics within the first adsorbed layers of fluids [31][32][33][34][35] ) and larger scales (from the local interlayer and interparticle dynamics to that through a porous medium consisting of clay particles 36 ).

Using non-equilibrium molecular dynamics simulations, we have also investigated pressuredriven flow in sodium montorillonite clay nanopores. 37 Due to the negative charge of the surface and the presence of counterions, electro-osmotic flows can also be induced by applied electric field, and the corresponding transport properties have also been investigated with molecular dynamics simulations. [38][39][40][41][42] It was found in particular that the slip length measured for both types of flow are similar. Despite the small value (smaller than the size of a water molecule), neglecting such slip may result in sizeable errors in the prediction of the overall flow in nanopores.

Clay minerals further provide an ideal situation to investigate the influence of the nature of the surface and of the fluid on the hydrodynamic properties of experimentally relevant interfaces. Indeed, they can differ by the presence or absence (and density) of substitutions in the mineral framework, leading to various charge densities, as well as by the localization of these substitutions within the framework (closer to or further from the surface in contact with the fluid). Finally, the nature of the counterion compensating the charge of the mineral may also be varied, resulting in ion-specific properties. Following previous work e.g. on ion sorption 28 or clay swelling, 43 here we investigate the effect of the nature of the clay surface, that of the counterion and the presence of salt on the properties of clay mineral -aqueous interfaces. We focus in particular on hydrodynamic properties and on the possibility to describe the flow in the presence of an external perturbation with continuum hydrodynamics, using appropriate boundary conditions derived from molecular simulations. This requires understanding first the structure of the interfacial fluid. Systems and methods are presented in the next section. We then present equilibrium density and water diffusion profiles for the various systems, and finally discuss the hydrodynamic properties.

Methods

Systems

We consider three different clay minerals: pyrophyllite, montmorillonite and beidellite. All three belong to the family of 2:1 phyllosilicates (layered aluminosilicates), where an octahedral aluminum oxide sheet is sandwiched between two tetrahedral silicon oxide sheets (see Figure 1). While pyrophillite with unit formula Al 4 Si 8 O 20 (OH) 4 is electrically neutral, montmorillonite and beidellite are negatively charged due to the presence of substitutions in the octahedral and tetrahedral sheets, respectively. This charge is then compensated by counterions in the interlayer. Specifically, we simulate montmorillonite and beidellite clays with identical charge densities with unit formula X 0.75 (Al , respectively, with X=Na + or Cs + the compensating counterion. This allows us to investigate the combined effects of the clay charge (or absence thereof), its localization within the mineral layer and the nature of the counterion.

Computational Details

For each system, the simulation box (see Figure 1) contains one clay layer of 4x8 unit cells.

The layer is divided in two halves and periodic boundary conditions in all directions are used.

A single layer may seem insufficient to describe the interface between a clay particle (with several layers and interlayers) and a solution. Indeed, it is known that for low interlayer content the properties of bulk clay particles may depend on the number of layers used, even though the influence is already small in the bihydrated states (two water layers). 44 We have checked for one of the systems that no differences were observed when considering: (a) a single clay layer, without interlayer (b) two layers and an interlayer in the bihydrated state and (c) three layers and two interlayers in the bihydrated state. This suggests that the first setup, which was then chosen for its lower computational cost, is sufficient to mimic the interface between a fluid and a clay particle in the bihydrated state. Such a state if of course relevant in real materials only for swelling clays such as montmorillonite and beidellite. Pyrophyllite doesn't swell in practice, but we keep the same setup for a consistent comparison between the three clays.

The negative charge of the mineral is compensated by 24 Na + or Cs + counterions. In the following, we will refer to the simulated systems as 0 M (resp. 1 M) if they contain no additional ions (resp. 40 NaCl or CsCl ion pairs). The box size is 41.44 × 35.88 × 58.4 Å3 for all systems, with a common length in the direction perpendicular to the surfaces determined from a prior 500 ps simulation for Na-montmorillonite in the N P T ensemble with P = 1 bar and T = 298 K using Nosé-Hoover barostat and thermostat with time constants of 2 ps and 1 ps, respectively. The salt-free systems all contain 2436 water molecules, while their number for the salt-containing systems was adjusted to recover a concentration of 1 M far from the surface (2408 and 2332 molecules with NaCl and CsCl, respectively). This choice of imposing the bulk density in the central region, rather than the water and ions chemical potentials, is motivated by the objective of a simple hydrodynamic description of a fluid characterized by its bulk properties (most importantly for hydrodynamics, its density and viscosity), together with an interface-specific boundary condition, we have preferred to impose. We note that this results in slightly different pressures for a given pore size (to facilitate the comparison between systems). Interactions between atoms are described by a classical, non-polarizable force field including Coulomb and Lennard-Jones (LJ) interactions. The partial charges and LJ parameters are taken from the CLAYFF force field for the clay atoms, 15 from the SPC/E water model 45 and from Ref 46 for the ions, together with the Lorentz-Berthelot mixing rules. [START_REF] Frenkel | Understanding molecular simulation: from algorithms to applications[END_REF] The water molecules are treated as rigid via the SHAKE algorithm. [START_REF] Ryckaert | [END_REF] Long-range electrostatic interactions are computed using the Particle-Particle-Particle-Mesh method, [START_REF] Hockney | Computer simulation using particles[END_REF] while a cut-off radius of 12 Å is used for the computation of LJ interactions. Molecular dynamics simulations are performed using a time step of 1 fs. A Nose-Hoover 50 thermostat with a time constant of 1 ps is applied on the clay atoms only. Energy exchanges with the fluid are then sufficient to thermalize the latter for both equilibrium and non-equilibrium simulations.

For each simulation box, the system is first equilibrated for 1 ns. The density profiles are then computed from production runs of 5 ns. The final configuration is then used as initial configuration for two sets of simulations. On the one hand, four independent trajectories of 4 ns each (following 2.5 ns of equilibration after generating different sets of random velocities), used to compute diffusion coefficients in various layers (see below) using the method described in Ref. 31. The reported uncertainties correspond to the standard deviation between these 4 independent trajectories. On the other hand, non-equilibrium simulations in which a force is applied to all atoms in the fluid (water oxygen and hydrogen, ions) are performed to sample the steady-state velocity profiles for 6 ns, after a transient regime of 5 ns. This common approach is not strictly equivalent to an applied pressure gradient, which corresponds to a uniform volumic force, but it has the advantage of simplicity as it does not require prior knowledge of the density profiles. In such non-equilibrium simulations, a single Al atom in each clay layer is constrained at its initial position to prevent the drift of the whole solid due to the liquid-solid friction.

Results and discussion

3.1 Equilibrium properties

Structure of the interface

We first investigate the structure of the various interfaces. Fig. 2 shows the density profiles of water oxygen and hydrogen for the three different clays with Na + counterion (similar results are obtained with Cs + ), as well as the density profiles of the cations in the presence of 1 M of added salt for both the Na + and Cs + cases. As reported previously on similar surfaces (see e.g. Ref. 31-33), water is organized with 2-3 well defined layers at the surface, beyond which it behaves as a bulk-like fluid. The combined oxygen and hydrogen positions indicate that the orientation of water in the first adsorbed layer depends on the charge of the surface.

While in pyrophyllite hydrogen bonds are formed almost exclusively among water molecules, as on a hydrophobic surface, 51 a significant fraction of OH bonds are oriented toward the surface on beidellite and montmorillonite. Na + . 53 These observations are consistent with the distribution of these cations in bihydrated interlayers of these clays. 43 We finally note an asymmetry between both sides of the ion density profiles in the case of beidellite, which results from the asymmetry in the distribution of the substitutions within the tetrahedral sheet: Even though the number of substitutions and hence that of counterions is the same on both sides of the layer (12 each), they are more clustered on one side and more evenly distributed in the other (see Figure 3). The repulsion between adsorbed counterions then modifies their distribution in the vicinity of the attractive charge defects within the solid. A difference between NaCl and CsCl salts is also observed in the case of the uncharged pyrophyllite. Specifically, the strongly hydrated Na + cations are somewhat depleted from the first adsorbed water layers. In contrast, an excess of Cs + is seen near the surface. Even though Cs + remains solvated, this is reminiscent of the behaviour observed at the liquidvapour interface of water. 54 This further supports the hydrophobic behaviour of the neutral pyrophyllite surface, which was already confirmed in molecular simulation in particular by the computation of contact angles. 55 

Al 3+ Td Na +

Water diffusion

The nature of the ion and of the clay mineral also has an influence on the dynamics of the The results are presented in Figure 4 for both cations in the absence of added salt (note that the system is the same for pyrophyllite). In the bulk region, we obtain the same diffusion coefficient for all surfaces, as expected. The common value of 2.9 10 -9 m 2 s -1 is larger than the experimental value for bulk water (2.3 10 -9 m 2 s -1 ). Two factors may explain such a discrepancy. On the one hand, the SPC/E water model is known to overestimate the bulk diffusion coefficient (the extrapolated value for an infinite cubic box size is close to 3.0 10 -9 m 2 s -1 , see Ref. 

∆D (H > L) = k B T η 3 40 
H L 2 - 3 ln(1 + √ 2) 4πL (1) 
which was shown to be in very good agreement with molecular dynamics simulation results for a Lennard-Jones fluid between walls of Lennard-Jones particles. In the present case, this expression leads to corrections ranging from -1.1 × 10 -10 to -1.7 × 10 -10 m 2 s -1 for all systems. These corrections are smaller than most variations of the diffusion coefficients presented below to discuss the effects of the nature of the surface and counterions (see the results of Figure 4).

In all cases, D decreases as water approaches the surface (the only exception, discussed below, is the first water layer on Na-montmorillonite, which diffuses slightly faster than the second layer). For both counterions, the presence of substitutions in the mineral results in smaller water diffusion coefficients near the surface, possibly due to the change in orientation of molecules due to the surface electric field, 39 but also to the associated presence of counterions in the adsorbed water layers. Indeed, the residence of water in the solvation shell of cations tends to slow down their overall diffusion. Within the first layer, D is reduced more dramatically for both counterions on the surface of beidellite than that of montmorillonite. This can be explained by the localization of the substitutions closer to the fluid in the former case, resulting in a stronger interaction of the cations with the surface. Overall, water diffuses faster with Cs + as a counterion on both beidellite and montmorillonite. This subtle combination of surface-and ion-specific effects can be explained by the larger density of Na + in that layer compared to Cs + as discussed in the previous section (the density profiles of Figure 2 correspond to the case with added salt, but the results are similar without salt). The virtual absence of inner-sphere complexes on Na-montmorillonite then explains the non-monotonic behaviour of D in the vicinity of that surface. Similar observations can be made in the case of added salt (results not shown). One observes however a global decrease of D in that case. In the central regions, the computed diffusion coefficients are 2.5 and 2.7 10 -9 m 2 s -1 for Na + and Cs + , respectively. A larger decrease in the former case is consistent with previous simulations 58 and with experiments [START_REF] Mills | Self-diffusion in Electrolyte Solutions[END_REF] for bulk electrolyte solutions.

The reported results for beidellite are averages over both surfaces. As explained above, the ion density profiles are in fact asymmetric due to the different distribution of the substitutions within the tetrahedral layers (see Figure 3). The difference in cation distributions also results in an asymmetry in the diffusion coefficients in the first (and to a lesser extent second) adsorbed layer. For example, in the Na + case without added salt we obtain (0.76 ± 0.02) and (0.70 ± 0.01) 10 -9 m 2 s -1 in the first adsorbed layer on the left and right surfaces, respectively. The asymmetry is less pronounced with added salt, with (0.72 ± 0.01) vs (0.68 ± 0.02) 10 -9 m 2 s -1 .

To conclude this first part on the equilibrium properties, the present results indicate that the charge of the clay surface and its localization within the mineral layer has no effect on water diffusion away from the first few molecular layers, but it does have a significant impact within the latter. In addition, the nature of the cation has an influence on the diffusion of water within the first adsorbed layer. These features can be explained by the mineral-and ion-specific structure of the interface.

3.2 Hydrodynamics: slip, stick and stagnation

Continuous hydrodynamics

We now turn to the hydrodynamic properties of these interfaces. Following previous studies, we apply a body force on water molecules and ions and measure the steady-state velocity profile. At the continuum level, the balance between viscous and other forces is then described by Stokes equation η∆v + f V = 0, where η is the fluid viscosity, v is the velocity and f V the volumic force acting on the fluid. In the case of the Poiseuille flow (uniform

f V = f V e x
in a slit pore), the profile v = v(z)e x is parabolic. Defining z = 0 as the mid-plane of the pore and ± L hyd 2

the position of the hydrodynamic interfaces, v(z) reads:

v(z) = v L hyd 2 - f V 2η z 2 - L hyd 2 2 (2) 
Therefore the viscosity η can be computed from the curvature of the profile and the velocity at the interface v(L hyd /2) can be used to determine appropriate boundary conditions. When the velocity of the fluid does not vanish at the interface (slip boundary condition), a slip length b can be defined as:

5 1 b = - 1 v(L hyd /2) dv dz z=L hyd /2 . ( 3 
)
It can therfore be determined from the molecular simulation velocity profile when L hyd is known. Several choices are possible. In particular, Bocquet and Barrat provided a Green-Kubo expression for the location of the "hydrodynamic position". 11 Following previous work, 37,39 we consider here a more phenomenolgical approach, based on the partitioning of the pore space between a region of homogeneous fluid and a region without fluid. Therefore we identify in this slip case the position of the hydrodynamic interfaces ±L hyd /2 with the positions ±z GDS of the Gibbs Dividing Surfaces (GDS):

±z GDS 0 [ρ bulk -ρ(z)]dz = +∞ ±z GDS ρ(z)dz (4) 
where ρ bulk and ρ(z) are respectively the fluid density in the bulk, i.e. in the central region of the pore, and that at z. Thus z GDS can be calculated from the density profile of the fluid ρ(z) obtained by simulation (see Figure 5). In contrast, when the fluid sticks to the surfaces, a layer of thickness d is immobile. The positions of the shear planes can be determined from the MD velocity profiles as v(L hyd /2) = 0. In this stick case they are located further from the surface than the GDS. The distance between the shear plane and the GDS then defines a stagnation length d as:

d = z GDS - L hyd 2 (5) 
The location of the GDS and the hydrodynamic width for all systems will be reported below, together with the corresponding slip or stagnation lengths.

As can be seen on Figure 5, the parabolic fit in the central region is a very good approximation, even if a common value of the viscosity is used for similar systems (see next section). It should be noted, however, that deviations from the parabolic profile may be observed near the wall where the fluid is layered. The resulting estimate of the flux near the wall by the parabolic profile is therefore inaccurate, but this contribution to the overall flux is small -even more so that the pore is larger. 37 It is more important to accurately describe the profile further from the surface by introducing an appropriate boundary condition.

Viscosity of the confined fluid

A force of 0.75 cal.mol -1 Å-1 per atom is applied in the x direction. This value was chosen in the range where the response of the system is linear. The steady-state velocity profiles for the three clays and both cations, are reported in Figure 6 without and with added salt in panels 6a and 6b, respectively. The nature of the clay, the nature of the counterion and the Figure 5: The velocity profile obtained by non-equilibrium molecular dynamics (solid blue line) here for montmorillonite with Na + as counterion without added salt, is fitted to a parabola in the central region (green dashed-dotted line) and the viscosity is determined from the curvature. The figure also shows the fit to a parabola enforcing a value of the viscosity common for similar systems (see text, red dashed line), which is then used to determine the boundary conditions. The Gibbs Dividing Surfaces (GDS, vertical black dashed line, defined by Eq. 4), determined from the density profile (grey dotted line) is used to localize the solid/fluid interface.

salt concentration all contribute to the hydrodynamic response. Nevertheless, in all cases the velocity profile is parabolic in the central region, so that the viscosity can be computed from the curvature (in practice, the fit is done in a central slab of width 3 nm). The corresponding values are summarized in Table 1. The reported error bars on the viscosity were obtained by comparing the estimates for the first and second half of the production runs.

Despite some variations, the results for a given family of systems are similar. In the saltfree case, regardless of the nature of counterion, the values are consistent with our previous work on pyrophyllite and Na-montmorillonite. 37,39 In the following analysis of the velocity profile, we therefore use the average value in all salt-free systems which is in perfect agreement with the bulk value (η = 0.68 cP) for the SPC/E water model at room temperature. 56 Similarly, the viscosities for a given salt are consistent for all clays and in the following we use a common value of 0.89 cP (resp. 0.78 cP) for all systems with 1 M of NaCl (resp Figure 6: Steady-state velocity profiles under an applied force parallel to the surface applied each fluid atom (the same force is applied in all cases), in the absence of added salt (a) and with 1 M of salt (b). Dashed and solid lines correspond to Na + and Cs + counterions, respectively, while colors refer to the clay type: green for pyrophyllite, blue for montmorillonite and red for beidellite. Note that in (a) no cations are present for pyrophyllite, so that symbols are used instead of lines.

CsCl

). An increase in the viscosity with NaCl concentration is consistent with experimental results. 60 In contrast, the less pronounced increase in the CsCl case points to a limitation of the force field, since the experimental viscosity decreases in the presence of CsCl salt. 61 Nevertheless, the smaller viscosity with Cs + compared to Na + is in the same order as in the experiments. We finally note that the choice of common values to model all velocity profiles of systems without salt, with 1 M of NaCl or CsCl, even though it does not change the conclusions of the discussion below, may have a quantitative influence on the resulting slip and stagnation length and therefore contributes to the reported uncertainties.

Hydrodynamic boundary conditions

From the velocity profiles, and under the above assumptions on where to apply the boundary condition and on the value of the viscosity, we determine in each case the slip length b or the stagnation length d. The results are summarized in Tables 2 and3 for Na + and Cs + , respectively, together with the corresponding location of the GDS and hydrodynamic width.

Reported uncertainties are based on comparing estimates for two half trajectories as well as Montmorillonite with the CLAYFF force field, we had determined a slip boundary condition with a slip length of b = 1.4 ± 0.3 Å. Here we find instead a small stagnation length d = 0.5 ± 0.3 Å. While such a difference is not huge, it is statistically significant and may be due to the fact that in the former study the clay layers were treated as rigid, while in the present work we account for their flexibility and their finite temperature. It is therefore not surprising that the resulting energy dissipation at the wall results in less slippage at the interface. However the effect of wall flexibility on the flow is not straightforward, as recent work on carbon nanotubes suggests e.g. that it could reduce the friction at the interface, 62 and coupling of the fluid dynamics with phonons in such tubes may significantly enhance the diffusion of water. 63,64 We also note that the difference between neutral and charged surfaces is much larger than between the two charged clays. Nevertheless, the small stagnation length in the case of beidellite (compared to b ≈ 0 or d ≈ 0 for montmorillonite) reflects the stronger interaction of cations with the substitutions which are closer to the fluid in that case, as explained above.

The effect of surface charge on hydrodynamic slippage was analyzed quantitatively by Effect of salt concentration and ion specificity In the absence of added salt, the results are very similar for both counterions. There is little effect of adding NaCl salt, except for a slight decrease in the slip length for pyrophyllite. Adding CsCl slightly increases the stagnation length with montmorillonite and beidellite and slightly decreases the slip length with pyrophyllite. Overall, the effects of added salt and of the nature of the counterions are less pronounced than that of the surface charge and its localization.

As a final remark, we note that the above discussion of hydrodynamic boundary conditions is based on a parabolic fit of the flow profile in the central region of the pore. While this is the most relevant from a practical point of view in order to introduce mineral-and ionspecificity into hydrodynamic descriptions for larger scales, it should be reminded that the molecular velocity profile deviates from this parabolic fit in the close vicinity of the surface. This is obvious in Figure 5, where the velocity in the first adsorbed layer is larger than the profile extrapolated from the bulk. In this region, the shape of the molecular velocity profile may also be different from what would be inferred from the bulk viscosity. While introducing a local viscosity to account for such variations is not sufficient to obtain a quantitative description, 37 an illustration of such an effect can be found in Figure 6a with the case of montmorillonite. In this salt-free case, the velocity increases more slowly close to the surface with Na + as a counterion than with Cs + , even though the fluid far from the surface is the same in both cases (hence identical viscosities). Such a difference probably arises because fully hydrated Na + near the surface (outer-sphere complexes) have a stronger effect on the interfacial fluid dynamics than Cs + ions which form inner-sphere complexes.

Conclusion

The structure, diffusion and hydrodynamic properties of clay interfaces with aqueous solution depends on the nature of the clay, the nature of the counterions and the salt concentration in the solution. We used molecular dynamics to investigate water-filled nanopores between uncharged (pyrophyllite) and charged (montmorillonite and beidellite, with susbtitutions located in the octahedral and tetrahedral layers, respectively) clays, with sodium or cesium as counterions, in the absence and in the presence of added salt. We discussed how the balance between solvation and attraction of the cations to the surface results in various distributions between inner-and outer-sphere complexes and how this influences the dynamics of water near the surface, as well as the hydrodynamic flow in the presence of an external force.

In the latter case, the discussion based on a mapping of the molecular velocity profiles to a continuous description (parabolic Poiseuille flow) shows that the larger effects come from the presence/absence of charge in the mineral, as well as the localization of substitutions within the clay layer. The salt concentration and the nature of the counterions have a comparatively less important impact far from the surface -even though some differences are observed in its close vicinity, which are not properly captured by the continuous description.

In the future, this study could benefit from recent developments of improved force fields which allow to better capture ion-and mineral-specificity in clays and related aluminosilicate minerals, [66][67][68] starting with the structure and diffusion under equlibrium conditions. Such models may also improve the description of the structural relaxation of the mineral itself, induced by the truncation of the mineral periodicity at the interface with the liquid, demonstrated e.g. in X-ray reflectivity experiments on mica. 69 This work could also be extended using force fields which better describe concentrated electrolyte solutions, e.g. via rescaled charges 70 or introducing polarization effects, 71 as well as by considering other ions, including divalent ones, and of course other simple or more complex including binary fluids. [72][73][74][75] As a first step, one could for example examine mixtures of sodium and cesium counterions.

Finally, in the broader perspective of transport on the macroscopic scale, the results of the present work could be introduced in a bottom-up approach combining molecular simulation results with transport models on larger scales. [76][77][78] 

Figure 1 :

 1 Figure 1: Top Pyrophyllite, montmorillonite and beidellite clay layers differ by the presence or absence of substitutions in the octahedral (Al 3+ →Mg 2+ , montmorillonite) and tetrahedral (Al 3+ →Mg 2+ , beidellite) sheets. Bottom Simulation box (see text for details).

Figure 2 :

 2 Figure2: Distribution of (a) water oxygen, (b) water hydrogen, (c) Na + and (d) Cs + as a function of the position z across the pore, for a 1 M salt concentration and the three clays: pyrophyllite (green), montmorillonite (blue) and beidellite (red). The water densities are similar for both counterions and only the case of Na + is shown.

Figure 3 :

 3 Figure3: The asymmetric ionic density profile for beidellite (here for Na + counterions with 1 M NaCl) arises from the asymmetry in the substitutions within the tetrahedral layer close to the surface. The bottom panels indicate the localization of the Al susbtitutions (green) within the surface Si and O atoms (grey). The positions of Na + ions (red) within the first adsorbed layers, for 400 configurations, is also reported. Clustering of substitutions (left side) results in a decrease in the ionic density near the surface due to ion-ion repulsion.

  adsorbed fluid. Specifically, we discuss here the component D of the diffusion tensor of water along the clay surfaces. Since it depends on the distance of the water molecules from the surface, we first define relevant regions in which D is computed, based on the density profiles.31 These regions, illustrated by vertical lines in Figure4, are defined according to the position z of the water oxygen atoms: within 4 Å of the plane containing the surface oxygen atoms, between 4 and 7 Å, between 7 and 10 Å; the central region has a width of 30.8 Å. D is then calculated in each layer as explained in Ref.31. 

Figure 4 :

 4 Figure 4: Water diffusion coefficient along the surface, D , in the regions defined by the dashed vertical lines, for the three different clays (green for pyrophyllite, blue for montmorillonite and red for beidellite) and the two cations (Na + left, Cs + right), in the absence of added salt. The corresponding total density profiles are also shown in the bottom panel to clarify the definition of the various regions, in the case of montmorillonite. Error bars are smaller than the symbols.

  56). On the other hand, the diffusion coefficient computed by molecular dynamics depends on the size and the shape of the simulation box, due to hydrodynamic finite-size effects. We derived in Ref.57 an analytical expression for the correction ∆D to the average diffusion coefficient along planar walls separated by a distance H, with stick boundary conditions, due to the finite length L of the simulation box in the directions along the walls. Even though in the present case the box lengths in the x and y directions are not equal, this is approximately the case. When H > L (elongated systems), the correction reads:

Joly et al. 65

 65 More precisely, they predicted and confirmed by MD simulations for a Lennard-Jones (LJ) fluid with LJ walls that the slip length varies b= b LJ /[1+(1/α)(Σσ 2 /e) 2 (l B /σ)b LJ ]with b LJ the slip length for a neutral surface, α ≈ 1 a constant, Σ the surface charge density, σ the LJ diameter of the wall atoms and l B the Bjerrum length. This simple expression correctly predicts the decrease in b from neutral pyrophyllite to charged montmorillonite and beidellite, even though it is not sufficient to quantatively describe the subtle difference between the latter two.

  3.25 Mg 0.75 )Si 8 O 20 (OH) 4 and X 0.75 Al 4 (Si 7.25 Al 0.75 )O 20 (OH)

  4 

Table 1 :

 1 Fluid viscosities for the three clays with Na + or Cs + as counterion and two salt concentrations.

	Clay	Salt	Viscosity (cP)
	Pyro	-	0.62 ± 0.03
	Pyro	NaCl 1M	0.95 ± 0.02
	Pyro	CsCl 1M	0.74 ± 0.02
	Mont-Na	-	0.70 ± 0.02
	Mont-Cs	-	0.71 ± 0.02
	Mont-Na NaCl 1M	0.84 ± 0.02
	Mont-Cs CsCl 1M	0.79 ± 0.06
	Beid-Na	-	0.74 ± 0.02
	Beid-Cs	-	0.68 ± 0.03
	Beid-Na NaCl 1M	0.88 ± 0.02
	Beid-Cs CsCl 1M	0.80 ± 0.04
	the choice of viscosity (see previous section).	

Table 2 :

 2 Position of the Gibbs dividing surface z GDS , Slip length b or stagnation length d of the fluid in Å, for the three Na-clays and two NaCl concentrations. The boundary condition is determined from the velocity profile using a viscosity of 0.68 cP for without added salt and 0.89 cP with 1 M NaCl.

	Clay	NaCl salt z GDS ( Å) L hyd /2 ( Å)	b ( Å)	d ( Å)
	Pyro	0 M	24.2 ± 0.2 24.2 ± 0.2 5.9 ± 0.4	-
	Pyro	1 M	24.1 ± 0.2 24.1 ± 0.2 5.6 ± 0.3	-
	Mont-Na	0 M	24.8 ± 0.2 24.3 ± 0.5	-	0.5 ± 0.3
	Mont-Na	1 M	24.9 ± 0.2 24.9 ± 0.2 0.2 ± 0.5	-
	Beid-Na	0 M	24.8 ± 0.2 23.6 ± 0.5	-	1.2 ± 0.3
	Beid-Na	1 M	24.6 ± 0.2 23.7 ± 0.6	-	0.9 ± 0.5
	Effect of surface charge and its localization With both cations, with and without added
	salt, we observe a clear pattern of decreasing slip from the neutral pyrophyllite to the charged
	montmorillonite (with octahedral substitutions) and beidellite (with tetrahedral substitu-
	tions). More precisely, a slip boundary condition with a slip length of approximately two
	water layers applies to pyrophyllite; a stick boundary condition applies to montmorillonite
	with b ≈ 0 or d ≈ 0 (except with 1 M CsCl); a small stagnation layer of approximately
	one half of water diameter should be introduced for beidellite. In a previous study of Na-

Table 3 :

 3 Slip length b or stagnation length d of the fluid in Å, for the three Cs-clays and two CsCl concentrations. The boundary condition is determined from the velocity profile using a viscosity of 0.68 cP for without added salt and 0.78 cP with 1 M CsCl.

	Clay	CsCl salt z GDS ( Å) L hyd /2 ( Å)	b ( Å)	d ( Å)
	Pyro	0 M	24.3 ± 0.2 24.3 ± 0.2 5.9 ± 0.4	-
	Pyro	1 M	24.1 ± 0.2 24.1 ± 0.2 5.2 ± 0.4	-
	Mont-Cs	0 M	25.3 ± 0.2 25.0 ± 0.5	-	0.3 ± 0.3
	Mont-Cs	1 M	25.3 ± 0.2 24.2 ± 0.6	-	1.1 ± 0.4
	Beid-Cs	0 M	25.5 ± 0.2 24.2 ± 0.6	-	1.3 ± 0.4
	Beid-Cs	1 M	25.5 ± 0.2 23.8 ± 0.6	-	1.7 ± 0.4
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Pyrophyllite