H Gailhanou 
  
P Blanc 
  
A Lassin 
  
P Vieillard 
  
R Denoyel 
  
E Bloch 
  
S Gaboreau 
  
E Giffaut 
  
Thermodynamics of hydration of MX80-Na: an experimental study of the hydration energies

1. BRGM, 3 Avenue Claude Guillemin, BP 6009, F-45060 Orléans Cedex 2 (h.gailhanou@brgm.fr) 2. CNRS-IC2MP-UMR7285, HydrASA, 5 Avenue Albert Turpain, F-86022 Poitiers Cedex (philippe.vieillard@univ-poitiers.fr) 3. MADIREL, Aix-Marseille Université, CNRS-UMR 7246, F-13397 Marseille Cedex 20 (emily.bloch@univprovence.fr) 4. ANDRA -Parc de la Croix Blanche, 1-7 rue Jean Monnet, 92298 Châtenay-Malabry Cedex 2, France Hydration properties of swelling clay minerals may be very variable depending on the chemical composition of the clay, on the nature of the interlayer cations and on the interlayer charge [START_REF] Berend | Mechanism of adsorption and desorption of water vapor by homoionic montmorillonites : 2. The Li+, Na+, K+, Rb+ and Cs+exchanged forms[END_REF][START_REF] Vieillard | Hydration thermodynamics of the SWy-1 montmorillonite saturated with alkali and alkaline-earth cations: a predictive model[END_REF]. The Wyoming smectite has been largely studied, notably for assessing its hydration behavior as a function of the interlayer cations, in connection with its structural characteristics [START_REF] Ferrage | Investigation of smectite hydration properties by modeling of X-ray diffraction profi les. Part 1. Montmorillonite hydration properties[END_REF]Salles et al., 2007). In the present work, carried out as part of a collaborative Andra/BRGM/HydrASA research program for ThermoChimie project, we propose an original experimental study, based on adsorption and desorption isotherms performed on MX80 clay samples. The goal is to determine energetic contributions to the reactions of hydration, which have been revealed to be non-negligible with respect to the stability of the clay minerals (Gailhanou et al., submitted). In particular, the present work addresses the problems of the hysteresis loop between adsorption and desorption isotherms and of the irreversibility of hydration reactions. This is directly related to the application of classical thermodynamics to the hydration reactions of clay minerals.

In a first stage, an experimental study is dedicated to better understand the origin of the hysteresis loop which is systematically observed for the adsorption-desorption isotherms at 25°C. The development of the hysteresis loop has been studied by considering several kinetically related parameters: stabilization periods, temperatures (from 25°C to 60°C) and hydration steps (Figure 1). No sensible change was observed in the hysteresis loop. Therefore, the amount of adsorbed water depends on the followed reaction pathway (adsorption or desorption). The variations in microstructures and in the distribution of hydration layers (0/1/2 water layers; [START_REF] Ferrage | Investigation of smectite hydration properties by modeling of X-ray diffraction profi les. Part 1. Montmorillonite hydration properties[END_REF] as a function of relative humidity (RH) could provide a possible explanation for this phenomenon. Amount of adsorbed water (mg/g of sample)
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Figure 1. Adsorption/desorption isotherms at 25°C on Na-saturated MX-80. Influence of the stabilization period between two injections of water, on the hysteresis loop.

Apparent Gibbs free energies of hydration have been calculated from both the adsorption and desorption isotherms [START_REF] Tardy | A method of estimating the Gibbs free energies of formation of hydrated and dehydrated clay minerals[END_REF]. Figure 2 presents the Gibbs free energies of formation of adsorbed water ∆G°f ,H2Oads , obtained by considering the reaction H 2 O (l) = H 2 O (ads) , calculated from the adsorption and the desorption isotherms. The calculation method has been optimized at very low RH in order to improve the accuracy of the results. The integration of P/P 0 values has been performed on both the adsorption and desorption branches following the corresponding reaction pathway. The plots of ∆G°f ,H2Oads from the adsorption and desorption isotherms diverge from each other at low RH, because of the irreversibility of the hydration reaction. However, surprisingly, they are very similar for RH> 55%. This implies that, for this RH range, the Gibbs free energy of hydration is independent of the reaction pathway, and consequently, may be used for classical thermodynamic calculations. However, comparison between the data obtained from calorimetric measurements at two highly hydrated states (squares in Fig. 2; obtained from solution calorimetry for enthalpy and low temperature adiabatic calorimetry for entropy, Gailhanou et al., submitted) and the aforementioned values at the corresponding RH, shows a non-negligible discrepancy, despite a rather large uncertainty associated with the calorimetric values (Figure 2). This discrepancy is not yet explained, but could originate partly from the contribution of energies of dilution in the calorimetric measurements.

Figure 2 .

 2 Figure 2. Apparent Gibbs free energies of formation of water adsorbed in Na-saturated MX-80, at 25°C, calculated from adsorption (open circles) and desorption (black circles) isotherms and from calorimetric measurements (squares).