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Clay minerals are layered magnesium or aluminum silicates, which are abundant in Earth's crust. Used since ancient times for the fabrication of bricks or terracotta, they now find application in the pharmaceutical and plastics industries.

They play an essential role in oil and gas recovery, in water availability, and in preventing the dissemination of pollutants. In all of these contexts, the relevant properties of clay minerals are intimately linked to their microscopic structure, which results in a rich behavior with respect to water, solutes, and other fluids.

This article provides a brief overview of the structure, dynamics, thermodynamics, and reactivity of water in clays, highlighting the role of the various types of water-mineral interfaces. Based on recent experimental and simulation studies, we discuss several features of these interfacial materials arising from their interactions with water on the molecular scale, including swelling, wetting, hydrodynamics in clay nanopores, reactivity of clay edge sites, ion exchange, and sorption.

Introduction

Clay minerals derive from the weathering of minerals formed deep in Earth's crust. They are rich in aluminum and silicon and contribute significantly to the crust mass. They are characterized by a lamellar structure and dimensions smaller than a micron, giving rise to a large specific surface area and, for some of them, to swelling and ion exchange in the presence of water. [START_REF] Bergaya | Handbook of Clay Science[END_REF] Dispersed in water, clay minerals display colloidal behavior, as they are subject to thermal motion because of their small size. The properties of clay minerals led to their use by humans, long before there was any understanding of the underlying processes, for a variety of applications including components in the fabrication of bricks, tiles, terracotta, earthenware, and porcelain; texturizing agent in paints; fillers in paper and plastics; and cat litter. They are also used as catalysts in the pharmaceutical against the transport of fluids and solutes. Several countries are therefore considering clay-rich geological formations, possibly with clays as buffer and backfill materials as well, for the disposal of high-level and long-lived radioactive waste. [START_REF] Delage | [END_REF] The breadth of applications listed above is made possible thanks to the variety of physicochemical properties of clay minerals, arising from their microscopic structure and resulting in rich behavior with respect to water, solutes, and other fluids. This article provides a brief overview of the structure, dynamics, thermodynamics, and reactivity of water in clays, highlighting the role of the various types of water-mineral interfaces in these materials. In the following sections, we first introduce the structure of clay minerals. We then discuss several features of these interfacial materials arising from the interplay between clay minerals and water, including swelling, wetting, hydrodynamics in clay nanopores, reactivity of clay edge sites, ion exchange, and sorption.

Clay structure

Clay minerals belong to the family of aluminosilicates and encompass a wide range of chemical compositions and (to a lesser extent) structures. [START_REF] Bergaya | Handbook of Clay Science[END_REF] Unlike zeolites, which form three-dimensional crystals, clay minerals have a layered structure. Each layer consists of two to four sheets of tetrahedral (T) silicon oxide and octahedral (O) aluminum or magnesium oxide (Figure 1). O-terminated layers, as in kaolinite, are covered with hydroxyl (OH) groups, whereas Tterminated layers, such as the TOT members on which we focus here, display siloxane rings with hexagonal cavities in which hydroxyl groups from the O sheet are buried. In dioctahedral clays such as pyrophyllite, two-thirds of the octahedral sites are occupied by Al 3+ ions, whereas in trioctahedral clays such as talc, all of these sites are occupied by Mg 2+ ions. The OH groups are then oriented approximately parallel and perpendicular to the sheets, respectively, in the two types of clays. In some cases, particularly in synthetic clays, the OH groups are replaced by F -ions.

The assembly of parallel layers forms stacks called clay particles (Figure 2). In most clay minerals, some cations are substituted by others with lower valency: Si 4+ by Al 3+ in the T layer; Al 3+ by Mg 2+ or Fe 2+ and Mg 2+ by Li + in the O layer. The mineral layer is then negatively charged, and this charge is compensated by counterions between layers, typically Na + , K + , or Ca 2+ under natural conditions, in the so-called interlayer porosity (Figure 2a). Depending on the charge density of the layer and the nature of the counterions, both of which are controlled by the geochemical composition during the formation of the minerals, the interlayer cations can be hydrated in the presence of water, resulting in an increase in the interlayer distance (swelling), and/or be exchanged by other cations (ion exchange).

These particles are finite, with dimensions that largely depend on the nature of the clay. Typically, the number of layers is a few tens, and the lateral extension is a few hundreds of nanometers , with specific areas on the order of 10-10 3 m 2 /g. In addition, these layers are usually not perfectly aligned, so that the concept of clay particle can be ambiguous and the small coherence length renders the resolution of their atomic structure by x-ray diffraction a challenging task.

Nevertheless, it is clear that there are, in addition to the above-mentioned interlayer porosity, some additional pores with sizes from a few nanometers to a few hundreds of nanometers, referred to as interparticle pores (Figure 2b), through which fluids can flow. The lamellar structure further results in different types of surfaces: basal surfaces along the layers and lateral surfaces presenting different chemical moieties (as they result from the termination of the mineral layers) and providing access for water and solutes into the interlayer.

Water in clay interlayers

We first consider the case of interlayer water and discuss the thermodynamics of clay swelling, which results from the entrance of water into the interlayer. The extreme confinement down to the molecular scale results in unusual structural and dynamical properties.

Swelling

The water content in clay interlayers depends on the nature of the clay and the type of counterion, as well as the thermodynamic conditions (pressure, temperature, relative humidity [RH]). 5,6 For RH ≈ 0%, the interlayer contains no or very few water molecules. With increasing RH, water uptake first proceeds stepwise, as does the interlayer distance measured by x-ray diffraction (Figure 3a-b). 7 For RH ≈ 100%, this discrete crystalline swelling regime is followed by a more continuous one (osmotic swelling).

Whereas illite, a highly charged clay with K + counterions, exhibits no swelling, smectite clays such as montmorillonite (dioctahedral) and saponite (trioctahedral) with Na + counterions can exist with no (dry), one (monolayer), two (bilayer), or even three water layers, with increases in the interlayer distance occurring in steps corresponding to the size of a water molecule. Figure 3c shows that, for a given number of water layers and a given counterion, the mass of water per unit cell and the interlayer distance depend on the surface charge density, the localization of the charge in the T (saponite) or O (hectorite) sheets, and the replacement of OH by F in the O-terminated layers. 8 The equilibrium distance is determined by the balance between the mechanical pressure exerted on the layers and the swelling pressure induced by the hydration of interlayer counterions. Under given thermodynamic conditions, several hydration states (e.g., mono-and bilayer) might be metastable and coexist in various proportions. Such metastability is also at the origin of the hysteresis observed during adsorption/desorption cycles (see Figure 3a). Significant progress in the understanding of swelling thermodynamics and the underlying microscopic mechanisms was achieved thanks to molecular simulations, [9][10][11][12][13][14][15][16][17][18] in particular, grand-canonical Monte Carlo (GCMC) simulations. These simulations not only allowed the determination of the swelling free energies 19 and mechanical properties of clays as functions of the interlayer water content 20 but also provided insights into the microscopic interlayer structure.

Structure and dynamics of interlayer water

The structure and dynamics of water in clay layers can be probed experimentally using x-ray and neutron diffraction and using quasi-elastic neutron scattering (QENS), respectively. Combined with molecular simulations, these techniques provide a detailed picture of the interlayer properties. Figure 4a illustrates the interlayer structure of Na-saponite in the bilayer state. 21 The density profiles of Na + , O, and H in the direction perpendicular to the surface obtained by classical molecular simulations clearly support the bilayer picture, with two maxima for O atoms. OH bonds are found mainly parallel to or approximately perpendicular to the surface, whereas Na + cations are found either fully solvated in the center of the pore or partially desolvated near the surface. This figure also shows the signal predicted from these density profiles for x-ray diffraction (reflecting the electronic density, i.e., mainly O atoms), as well as neutron diffraction experiments using normal and deuterated water (both mainly reflecting the positions of H atoms). The agreement is remarkable and simultaneously confirms the validity of the model used in the molecular simulations (a modified version of the most commonly used CLAYFF model 22 ) and the interpretation of the experimental data.

Figure 4b similarly shows the signal measured by QENS for the same system, in the direction perpendicular to the clay layer, and the predictions of molecular dynamics (MD) simulations-once more in good agreement. The motion of water confined in the interlayer is highly anisotropic. 23,24 In addition, the water diffusion coefficient deduced from these results is smaller than that in bulk water, to an extent that depends on the hydration state and on the nature of the counterion. For example, in Na-montmorillonite, it decreases by factors of ~5 in the bilayer state and ~10 in the monolayer state, whereas for Csmontmorillonite in the monolayer state, water diffusion is slowed by a factor of 20. 25,26 Here again, molecular simulations have allowed some clarification of the microscopic mechanisms at play. [27][28][29][30][31][32] 

Water in interparticle pores

We now turn to the case of water in interparticle pores. Such pores can be sufficiently large, with dimensions ranging from a few to a few hundred nanometers, to allow for hydrodynamic flows to develop. Transport is nevertheless limited by the smallest pore throats, for which interfacial effects play an essential role. We introduce first the structure and dynamics of water on basal surfaces, before turning to the impact of this surface water on the hydrodynamic flow in interparticle nanopores. This progression brings us naturally to the wetting properties of clay surfaces, which we discuss in the particular case of neutral clays such as talc.

Water at basal surfaces

Basal surfaces of clay particles are flat over distances much larger than molecular sizes. As a result, water on basal surfaces adopts a layered structure.

Figure 5b

illustrates the density profiles obtained from molecular simulations of water and ions in a 4-nm-wide pore between Na-(Cs-) montmorillonite surfaces containing a 1 M solution of NaCl (CsCl), depicted in Figure 5a. The strong oscillations near the surface reveal the layering of water over a distance approximately 1 nm from the surface. 33 Cl -anions are repelled from the negatively charged clay surface, whereas cations can form surface complexes that depend on the nature of the cation. Figure 5c shows typical structures of innersphere complexes (ISCs) and outer-sphere complexes (OSCs). In the former case, some surface O atoms participate in the first solvation shell of the cation, thereby resulting in a shorter distance of the ion from the surface (most Cs + ions, see Figure 5b); in the latter case, the ion remains fully solvated (most Na + ions). 34,35 Molecular simulations have further allowed the detailed investigation of the structure and dynamics of surface hydrogen-bond networks. 33,36 In the first adsorbed layer, approximately half of the water molecules donate H-bonds to surface O atoms. The remaining water molecules donate one or two H-bonds to these surface-bonded molecules (see Figure 5d). The diffusion of water molecules along the surface is slowed compared to that in the bulk. Regarding the orientational order and dynamics of the water dipole, only the component normal to the clay surface is perturbed. Similar findings have been reported for other lamellar oxides and hydroxides. [37][38][39][40] 

Hydrodynamics in interparticle pores

For practical applications, one generally considers the transport of fluids through a porous material such as clays within an effective medium theory, wherein the fluid flux is linked to the macroscopic pressure gradient through the permeability of the sample (Darcy's law). This macroscopic law can be recovered, from the theoretical point of view, by upscaling the classical laws of hydrodynamics (Navier-Stokes) from the pore scale to the scale of the sample, either numerically or by numerical homogenization. 41 However, these continuous descriptions might not be valid in pores with sizes comparable to the molecular size. 42 Figure 6 illustrates how nonequilibrium molecular dynamics (NEMD) simulations allow for the investigation of the flow of fluids through such nanopores, by applying a force on the fluid mimicking the effect of a pressure gradient. In this simple slit geometry, continuous hydrodynamics predicts a parabolic velocity profile (Poiseuille flow). Despite the layering of surface water, which results in a more complex flow in the vicinity of the walls, the velocity profile more than 1.5 nm away from the surface is well described by the Navier-Stokes equation, with a viscosity equal to that of bulk water. It is necessary, however, to take into account slip boundary conditions at the clay-solution interface by introducing a slip length determined from molecular simulation. 43 This length is very small (less than the size of a water molecule for Namontmorillonite), but its effects on the overall flow through the pore can be large for nanometer-sized pores. 44 Such hydrodynamic slip is related to the hydrophilic/hydrophobic balance of clay surfaces, in particular, whether they are charged or neutral. 45 

Wettability of talc and related clay minerals

The wetting properties of soils and rocks play an important role in the transport, and hence the availability, of water and hydrocarbons. In charged clays, the presence of counterions favors the presence of water on basal surfaces. On the contrary, the surface of neutral TOT clays, covered with siloxane rings, is generally hydrophobic (see Figure 1). For example, the contact angle of water droplets on pyrophyllite or talc monocrystals is large (80-90°). Such hydrophobic behavior, consistent with the above-mentioned slip, is well reproduced by molecular simulations with the CLAYFF force field, 22 which predicts similar contact angles for talc, fluorotalc, and pyrophyllite (Figure 7a). 46 In the case of talc, this contrasts with the presence of highly hydrophilic sites leading to the adsorption of water vapor, with a Gibbs free energy of adsorption of ~30 kJ/mol, consistent with the formation of a H-bond with a surface hydroxyl group. Such Hbonds cannot form in the case of fluorotalc, and as a result, this mineral does not adsorb water at low RH. 47 This dual macroscopic hydrophobicity and microscopic hydrophilicity might seem surprising. In fact, by means of an analysis of the competition between water-surface and water-water interactions based on molecular simulations, 46 it was shown that there is no contradiction between these two regimes. At low RH, the adsorption free energy for an isolated water molecule displays a strong minimum for talc above the hexagonal siloxane cavities (Figure 7b), confirming the presence of a H-bond donated by the surface hydroxyl group.

The adsorption is much weaker on pyrophyllite and fluorotalc, in which these groups are parallel to the surface and absent, respectively. At low RH, the surface coverage by water results from a balance between the adsorption energy and the favorable entropy of water in the gas phase. At high RH, water molecules interact more strongly with each other (cohesion) than with the surface (adhesion), so that the adsorption sites are empty, even in the case of talc.

Water at clay edges

Finally, we discuss the last type of clay surface, namely, lateral surfaces.

As already mentioned, these surfaces provide the only access into and out of the interlayer. They are therefore essential for swelling and ion exchange. In addition, clay edges display chemical moieties different from those on the basal surfaces that can react chemically with water and provide sorption sites for cations.

Water and ion exchange via edges

One of the most important processes governing cation retention by clays is cation exchange between ions in solution and interlayer counterions, through lateral surfaces. The exchange of interlayer Na + counterions by Cs + in solution is thermodynamically favorable (negative reaction free energy, ∆ r G) and exothermic (negative reaction enthalpy, ∆ r H). The consensus of thought was that this exchange resulted from favorable interactions between the Cs + cations and the clay surface. This point of view was challenged by Teppen and Miller, 48 who used molecular simulations to compute the free energy associated with the replacement of Na + by larger alkaline cations and found that, in fact, the interactions with the clay surface contribute unfavorably to the exchange. The overall exchange is thermodynamically favorable only because of the replacement of Cs + by Na + in the aqueous phase, that is, because of the difference in hydration free energy between the two ions. This finding underlines the essential role of water in ion exchange. Similar conclusions were drawn for the reaction enthalpy, including its evolution with interlayer water content, by combining molecular simulations with microcalorimetry experiments. 49 Molecular simulations further provided the first study of the exchange process on the microscopic scale, using the system illustrated in Figure 8a. It was found that, for Na-montmorillonite in the bilayer state, water and cations can exchange via the edges with no or small activation barriers, whereas anions are excluded from the interlayer. 50 As the interlayer distance increases, the entrance of anions can become possible. 51 

Acidity of edge sites

The finite extent of clay particles results in the breaking of chemical bonds, mainly Si-O and Al-O bonds. Unsaturated surface atoms then react with water molecules, resulting in new chemical moieties. For example, the (010) faces of pyrophyllite and montmorillonite display aluminol sites, AlOH and AlOH 2 , and silanol sites, SiOH (Figure 8a). These sites can (de)protonate and play an important role in the sorption of ions, in particular, multivalent cations in the context of radioactive waste disposal. One should then be able to predict the protonation states of the various sites as functions of pH. This requires knowledge of the pK a value of each site, which is related to the reaction free energy for the transfer of the surface proton to a water molecule. For example, for a silanol group, the transfer reaction is written as

-SiOH + H 2 O(aq) → -SiO -+ H 3 O(aq) + . ( 1 
)
Experimentally, titration experiments provide only a global picture of the surface, not a local picture of the state of each site. 52 One must then resort to a priori or experimental information in structure-based models such as MUSIC 53 to reproduce the titration curve. 54 Water near such surface edge sites can also be investigated using ab initio molecular dynamics (AIMD) simulations based on density functional theory (DFT), which capture the possible breaking and formation of chemical bonds. Figure 8b illustrates a proton-transfer event between an AlOH 2 site and an AlOH site on the (010) face of pyrophyllite, mediated by two surface water molecules. 55 By combining AIMD with specific techniques (e.g., thermodynamic integration), it is possible to compute the free energy associated with the deprotonation reaction in Equation 1, as well as two other quantities relevant to the thermodynamics of this process: the vertical energy gap, ΔE AH , and the reorganization free energy, ΔF (Figure 8c). SiOH is slightly more acidic than AlOH 2 , with pK a values close to 7 for both sites, whereas AlOH does not deprotonate in water (pK a ≈ 22). The reorganization free energy, arising from bond-length relaxation and solvent reorganization after deprotonation, cannot be neglected. For example, the strong stabilization of SiO -after deprotonation is explained by the arrival of two water molecules donating H-bonds. 56 This further illustrates the importance of water on clay edges. The presence of substitutions inside the mineral layer also plays a role in the acidity of neighboring edge sites. 57

Conclusions and outlook

Clay minerals display various types of surfaces associated with a range of exciting properties with respect to water. Whereas swelling involves interlayer nanopores, fluid flow through clays can also proceed through interparticle pores, thereby experiencing the influence of basal and lateral surfaces. The molecular aspects discussed herein play an essential role in the thermodynamics and transport of fluids and solutes, with measurable effects on the macroscopic scale.

Important efforts are thus devoted to upscaling the relevant features from the molecular scale to the sample scale. 41 Nevertheless, there is still plenty of room for improvement even at the bottom. From the experimental point of view, characterizing the threedimensional structure on the mesoscopic scale remains a challenge and should benefit from the latest developments in imaging techniques such as x-ray microscopy. 58 On a more microscopic scale, x-ray reflectivity has already provided new results on the interface between mica (a highly charged clay mineral) and aqueous solutions, suggesting that surface relaxation of the solid might extend over a few mineral layers. 59 From the modeling point of view, it would be desirable to improve the force fields used in molecular simulations to account for water polarization and its changes at the interface, in particular, for the sorption of multivalent ions.

Finally, although the present work discusses only water and small inorganic ions at clay surfaces, it is important to mention that other solutes such as organic molecules and other fluids (e.g., CO 2 and CH 4 ) remain much less studied on the molecular scale. [60][61][62][63] Such compounds also play important roles in various contexts ranging from pollutant sorption to the possible catalytic role of clay minerals in the origin of life, and from CO 2 sequestration to shale gas extraction. In addition, the properties of water on clay surfaces could provide useful concepts for other nanoporous materials, such as zeolites and metalorganic frameworks. 1). Using AIMD simulations, it is then possible to determine the vertical energy gap ΔE AH , that is, the energy corresponding to proton transfer from the surface to the aqueous phase without reorganization of the site after deprotonation, and the reorganization energy λ, which arises from changes in bond lengths in the vicinity of the site as well as solvent reorganization after deprotonation. The reaction free energy ΔF, directly related to the pK a of the corresponding site, is the sum of these two contributions. 55 
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 1 Figure 1. Microscopic structures of clay minerals. (a) Side view of pyrophyllite. Each layer consists of an octahedral aluminum oxide sheet between two tetrahedral silicon oxide sheets. (b) Top views of pyrophyllite and talc, illustrating the hexagonal siloxane rings. In pyrophyllite, two-thirds of octahedral sites are occupied by Al 3+ , and the hydroxyl (OH) group is along the surface, whereas in talc, all sites are occupied by Mg 2+ , and the OH is perpendicular to the surface. In fluorotalc (not shown), the talc OH groups are replaced by F atoms.
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 23 Figure 2. Mesoscopic structure of clay minerals. HRTEM images of Illite du Puy (copyright Stéphane Gaboreau, BRGM). (a) Substitutions in the mineral layer result in a permanent negative charge, compensated by counterions in the interlayer porosity (<1 nm). In some cases, these cations can be hydrated, resulting in an increase in the interlayer distance (swelling), or be exchanged by other cations in solution. (b) The finite disordered stacking of layers forms socalled clay particles with an associated interparticle porosity. These particles display basal surfaces along the layers and lateral surfaces with different physicochemical properties.
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 4 Figure 4. (a) Snapshot of the interlayer of Na-saponite in the bilayer state. The bilayer structure of water is evident in the density profiles from molecular simulations, which can simultaneously reproduce the patterns observed in x-ray and neutron diffraction experiments with both normal and heavy water. (b) Results of quasi-elastic neutron scattering (QENS) experiments used to probe the dynamics of interlayer water. Molecular dynamics (MD) simulations are able to reproduce the experimental signal and provide a microscopic understanding of the anisotropic dynamics of water confined down to the molecular scale.Figure 4a reproduced with permission from Reference 21. © 2011 American Chemical Society. Figure 4b reproduced with permission from Reference 24. © 2012 American Chemical Society.
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 5678 Figure 5. Water on basal surfaces (a) Model of interparticle pore between montmorillonite surfaces used in molecular simulations (blue, Na + ; pink, Cl -; gray, water). (b) The density profiles for ions (left) and water (right) reveal the layered structure of the fluid, the sorption of cations and anion exclusion from the negatively charged surface. (c) Surface complexes formed by cations on basal surfaces. (d) The network of hydrogen bonds at the surface involves bonds with the surface and between surface water molecules. Figure 5a-c reproduced from Reference 33. © 2008 PCCP Owner Societies.

  Figure 8. (a) Lateral surfaces provide access to and from the interlayer for water and ions in interparticle pores. Clay edges display sites with moieties different from basal surfaces, such as aluminol and silanol groups on the (010) face of pyrophyllite. Depending on pH, these groups can deprotonate and serve as sorption sites for cations. (b) Proton transfer between surface sites, from AlOH 2 to AlOH, by means of a chain of proton transfer through two surface water molecules, from ab initio molecular dynamics (AIMD) simulations. (c) The thermodynamics of the acid-base reaction between surface sites and water molecules can be understood within the framework of the Marcus theory of electron transfer, adapted to proton transfer (Equation1). Using AIMD simulations, it is then possible to determine the vertical energy gap ΔE AH , that is, the energy corresponding to proton transfer from the surface to the aqueous phase without reorganization of the site after deprotonation, and the reorganization energy λ, which arises from changes in bond lengths in the vicinity of the site as well as solvent reorganization after deprotonation. The reaction free energy ΔF, directly related to the pK a of the corresponding site, is the sum of these two contributions.55 Figure 8b Reproduced with permission from Reference 55. © 2007 Elsevier.
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