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Water confined in mesoporous silica glasses: influence of temperature on adsorption / desorption hysteresis loop and fluid structure

In natural as well as industrial processes, water is frequently confined in silica porous materials with pore sizes in the nanometer scale. Understanding the confinement effects on the fluid properties is a fundamental issue, helpful to optimize the industrial processes. The molecular simulation is a powerful tool to study complex polar fluid like water at the atomic scale. The water adsorption / desorption properties in a mesoporous silica glass are investigated by means of Grand Canonical Monte Carlo simulations (GCMC). The SPC and PN TrAZ potential are used to describe water-water and water-silica interactions. The numerical sample of mesoporous silica glass (pore size: 3.6 nm) was obtained by offlattice reconstruction, known to reproduce in a realistic way the geometrical complexity of high specific surface Vycor (pore size distribution, pore interconnections, etc). The intermolecular potential is shown to reproduce the experimental data at 300K (adsorption isotherm and isosteric heat of adsorption). The water structure is analyzed and confinement effects are emphasized. The temperature influence is studied: the hysteresis loop is shown to shrink with an increase in temperature.

INTRODUCTION

Adsorbed fluids exhibit many interesting features, like "capillary condensation" (appearance of a dense liquid-like state in mesoporous adsorbents for chemical potential lower than its bulk saturating value). [1][START_REF] Gregg | Surface Area and Porosimetry[END_REF][START_REF] Rouquerol | Adsorption by Powders and Porous Solids[END_REF] Despite many efforts to give a comprehensive theoretical analysis of the adsorption phenomena, there remain questions arising from the complexity of the real materials: topological and morphological disorder, surface roughness, surface chemistry, large pore size distribution, interconnections between pores, etc. The development of molecular simulations is a powerful tool to take into account these heterogeneities. This molecular simulation study focuses on the water adsorption in mesoporous Vycor-like silica glasses, with applications in geophysics, pharmaceutics, industry, or environment. The adsorbent was previously constructed by off-lattice methods to mimic the micro-and meso-textural properties of real Vycor [START_REF] Levitz | [END_REF][5][6]. Whereas most of the previous studies focused on the dynamical or structural properties of confined water [7][8][9][10][11], this one focuses on the thermodynamic properties which are actually essential prior to a molecular dynamics study for instance (to "equilibrate" the initial configuration). The Grand Canonical Monte Carlo (GCMC) method has been used since it mimics a real adsorption experiment where the temperature and the chemical potential of the fluid (or the pressure of the gas) are fixed. The water adsorption isotherms at 300 K, 350 K, 400 K, 500 K and 650 K are calculated in this numerical mesoporous glass sample, as well as the isosteric heat of adsorption, and compared to experiments when possible. The hysteresis diagram is also proposed.

COMPUTATIONAL DETAILS

The atomistic Vycor-like mesoporous structure considered in this study has been generated by offlattice reconstruction algorithm [START_REF] Levitz | [END_REF]5] This numerical sample reproduces quite well textural properties of real Vycor [6]. The surface chemistry is realistic (hydroxyl groups). The porosity of the sample is 0.28, the density 1.56 g/cm 3 , the specific surface area 210 m 2 /g, the mean pore diameter 36 Å (from chord distribution), and OH surface density 7 OH/nm 2 , all in agreement with experimental values: 0.28, 1.50 g/cm 3 , 200 m 2 /g, and around 7 OH/nm 2 if out-gassed around 400°C [12,13]. The adsorbed water is described by the SPC model [START_REF] Berendsen | Intermolecular Forces[END_REF] which reproduces well the thermodynamic and structural properties around ambient temperature [START_REF] Jorgensen | [END_REF]. The interaction of water with Si, O and (surface) H Vycor species is assumed to remain weak, in the physisorption energy range. In this work, we have used a TrAZ form of the original PN-type potential function as reported for adsorption of rare gases and nitrogen and water in silicalite-1. [16][17][18][19][20] Minimal image convention is adopted to calculate all interactions. The adsorption isotherms are calculated with the Grand Canonical Monte Carlo (GCMC) technique [START_REF] Nicholson | Computer simulation and the statistical mechanics of adsorption[END_REF]. New configurations are generated every 10 4 Monte Carlo steps so that they are de-correlated. For each chemical potential value the averages are performed over approximately 10 6 trials per molecule.

RESULTS AND DISCUSSION

In order to validate the molecular model, a first study [START_REF] Puibasset | [END_REF] was performed at room temperature (300 K). The numerical results have been compared to two set of experimental data found in the literature. The first one is a gravimetric measurement by T. Takei, et al. [23] in a 7930 Vycor sample characterized by nitrogen adsorption (pore size around 4.72 nm in diameter). The other one has been obtained by Markova, et al. [24] with a double twin microcalorimeter, in a 7930 Vycor glass (pore size between 4 and 7 nm). The low pressure results are characteristic of hydrophilic surfaces (large uptake of water molecules). The good agreement between the simulation results with the experimental data validates the good transferability of the potential model used in this study. Note that this comparison is performed at room temperature. It is however expected that the potential remains valid at high temperatures.

The whole adsorption / desorption isotherms at 300 K, 350 K, 400 K, 500 K, and 650 K are plotted in figure 1a (normalized to the surface area of the substrate exposed to water vapor, in µmol / m 2 ). The results are given as a function of the chemical potential of water imposed by the GCMC simulation instead of pressure. It is important to note that this chemical potential does not contain the ideal rotational contribution -kT(-4.09+3/2lnT), with T in Kelvin [START_REF] Frenkel | Understanding Molecular Simulation[END_REF]. The high temperature (650 K and 500 K) isotherms are reversible (supercritical), whereas the low temperature cases present large hysteresis (type IV isotherm in the IUPAC classification). The steep rises are associated to the capillary condensation of water in the mesoporosity of the Vycor glass. These simulation results are in qualitative agreement with experimental data, with an asymmetric adsorption / desorption hysteresis characteristic of disordered and interconnected pores [1,[START_REF] Takei | [END_REF]27]. The figure 1b gives the hysteresis diagram of confined water. This diagram gives, for each temperature, the densities of the liquid and gas branches at coexistence. The adsorption / desorption isotherms and the hysteresis diagram show that the pseudo-critical temperature (disappearance of the hysteresis loop) is lower than the bulk critical temperature since the T=500 K isotherm is reversible. An estimate of this temperature gives a value around 450 K in our simulation box. This is the first estimation of the pseudo-critical temperature of water in a Vycor-like structure. Isosteric heat of adsorption versus water coverage at different temperatures (300, 350, 400, 500 and 650K from top to bottom); symbols: this work; horizontal lines: latent heat of vaporization of bulk water [28,29].

The figure 2 presents the results for the isosteric heat of adsorption, which give information on the water silica affinity. The horizontal lines represent the bulk values. As can be seen, for large water amounts, the isosteric heat reaches the bulk values, while at low coverage the values are larger, which shows strong water silica affinity (hydrophilic adsorbent). This behavior is quantitatively in agreement with experimental data (80kJ/mol at ambient temperature).
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 1 Figure 1. a: water adsorption / desorption isotherms in Vycor versus chemical potential at different temperatures. Lines are guides to the eye. b: diagram of water confined in mesoporous silica.
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 2 Figure 2. Isosteric heat of adsorption versus water coverage at different temperatures (300, 350, 400, 500 and 650K from top to bottom); symbols: this work; horizontal lines: latent heat of vaporization of bulk water[28,29].
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