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Apart from its interesting optical properties, scheelite is one of the main tungsten-bearing minerals, widely processed by the froth flotation method. A precise and comprehensive description of the hydration state of scheelite is required to achieve satisfactory flotation performance. The hydration mechanisms of scheelite have been poorly studied, using only theoretical methods. Manometric gas sorption experiments were combined with ab initio molecular dynamics simulations, including correction for dispersive interactions. The isosteric enthalpy of adsorption was used as the value to link experimental and theoretical results, since it can be determined by both methods. We have found that water adsorbs more favorably in its molecular form, with two adsorbed water molecules per calcium atom on the (001) surface, and with three adsorbed water molecules for two calcium atoms on the (112) surface. The very first water molecules adsorb with an isosteric enthalpy of adsorption of -80 kJ•mol -1 on the (001) surface, and of -117 kJ•mol -1 on the (112) surface, at 300 K. This is in very good agreement with the value of -90 kJ•mol -1 calculated using the Clausius-Clapeyron approach on three experimental isotherms, accurately fitted with a dual-site Freundlich-Langmuir model.

Introduction

Scheelite (CaWO 4 ), as part of the tungstate family, displays interesting structural [START_REF] Xu | Optical temperature sensing through the upconversion luminescence from Ho3+/Yb3+ codoped CaWO4[END_REF][START_REF] Ryu | Pulsed laser induced synthesis of scheelite-type colloidal nanoparticles in liquid and the size distribution by nanoparticle tracking analysis[END_REF] and luminescence properties [START_REF] Campos | Mechanisms behind blue, green, and red photoluminescence emissions in CaWO4 and CaMoO4 powders[END_REF][START_REF] Cho | Room-temperature preparation of the highly crystallized luminescent CaWO 4 film by an electrochemical method[END_REF][START_REF] Cz | Excited-state absorption in excimer-pumped CaWO4 crystals[END_REF][START_REF] Treadaway | Luminescence of calcium tungstate crystals[END_REF]. It is therefore used in a wide range of industrial applications, including catalysts [START_REF] Kim | Surface structures of supported tungsten oxide catalysts under dehydrated conditions[END_REF][START_REF] Moffat | Mass transfer effects in the olefin disproportionation reaction I. Promoter concentration and temperature effects for propylene on WO3-silica catalysts[END_REF][START_REF] Gr/:Unert | Reduction behavior and metathesis activity of catalystsIII. The activation of catalysts[END_REF][START_REF] Zhang | Synthesis of dumbbell-like Bi2WO6@CaWO4 composite photocatalyst and application in water treatment[END_REF], lasers [START_REF] Campos | Mechanisms behind blue, green, and red photoluminescence emissions in CaWO4 and CaMoO4 powders[END_REF][START_REF] Xu | Optical temperature sensing in Er3+-Yb3+ codoped CaWO4 and the laser induced heating effect on the luminescence intensity saturation[END_REF][START_REF] Faure | Optical properties and laser performance of neodymium doped scheelites CaWO4 and NaGd(WO4)2[END_REF][START_REF] Kaminskii | Properties of Nd^3+-doped and undoped tetragonal PbWO_4, NaY(WO_4)_2, CaWO_4, and undoped monoclinic ZnWO_4 and CdWO_4 as laser-active and stimulated Raman scattering-active crystals[END_REF], scintillators [START_REF] Ryu | Synthesis of CaWO4 nanocolloidal suspension via pulsed laser ablation and its optical properties[END_REF][START_REF] Tanaka | CaWO4 thin films synthesized by pulsed laser deposition[END_REF][START_REF] Shearer | Temperature dependence of x-ray induced luminescence from medical x-ray screens: Temperature dependence of x-ray screen luminescence[END_REF], MASER materials [START_REF] Yariv | Optical Maser Emission from Trivalent Praseodymium in Calcium Tungstate[END_REF][START_REF] Johnson | Continuous Operation of a Solid-State Optical Maser[END_REF][START_REF] Johnson | Maser Oscillations at 0.9 and 1.35 Microns in CaW O 4 : d 3 +[END_REF] and lubricants [START_REF] Xiong | Preparation, characterization, tribological and lubrication performances of Eu doped CaWO4 nanoparticle as anti-wear additive in water-soluble fluid for steel strip during hot rolling[END_REF]. Besides, scheelite is one of the main minerals exploited for the extraction of tungsten [START_REF] Werner | International Strategic Mineral Issues Summary Report -Tungsten[END_REF][START_REF] Schubert | Further development of fluorite flotation from ores containing higher calcite contents with oleoylsarcosine as collector[END_REF][START_REF] Pitfield | Tungsten Profile[END_REF][START_REF] Yang | Beneficiation studies of tungsten ores -A review[END_REF][START_REF] Foucaud | The Challenge of Tungsten Skarn Processing by Froth Flotation: A Review[END_REF], which is widely used in alloys and supra-alloys [START_REF]Mineral Commodity Summaries 2019[END_REF]. Over the past decade, the risk of tungsten supply shortages in Western countries has significantly increased, which, considering the high economic importance of tungsten, led to its classification as a critical raw material in the European Union [START_REF]Critical raw materials for the EU: Report of the Ad-hoc Working Group on defining critical raw materials[END_REF] and in the USA [START_REF]Department of the Interior, Final List of Critical Minerals[END_REF]. Scheelite is mainly encountered in skarn deposits that currently represent more than 40% of the tungsten global reserves [START_REF] Werner | International Strategic Mineral Issues Summary Report -Tungsten[END_REF][START_REF] Schubert | Further development of fluorite flotation from ores containing higher calcite contents with oleoylsarcosine as collector[END_REF][START_REF] Pitfield | Tungsten Profile[END_REF]. In skarns, scheelite is commonly associated with other semi-soluble minerals, such as apatite, calcite, and fluorite, from which its separation is required [START_REF] Foucaud | The Challenge of Tungsten Skarn Processing by Froth Flotation: A Review[END_REF][START_REF] Filippov | New reagent formulations for selective flotation of scheelite from a skarn ore with complex calcium minerals gangue[END_REF][START_REF] Foucaud | Investigation of the depressants involved in the selective flotation of scheelite from apatite, fluorite, and calcium silicates: Focus on the sodium silicate/sodium carbonate system[END_REF]. Although gravity separation is a common and efficient route for scheelite concentration [START_REF] Yann | Application of Falcon Centrifuge as a Cleaner Alternative for Complex Tungsten Ore Processing[END_REF][START_REF] Foucaud | Integrated approach for the processing of a complex tungsten Skarn ore (Tabuaço, Portugal)[END_REF], the increasing demand for tungsten has resulted in the exploitation of low-grade, disseminated and complex ores, which can solely be processed by the froth flotation method.

Froth flotation is widely used to concentrate metal-bearing minerals: every year, more than 2 billion tons of ores, i.e., most metallic ores except iron ores, are processed by flotation. This method is based on the difference in wettability between minerals surfaces, which induces the attachment of mineral particles to air bubbles evolving in an aqueous phase. The significant difference in electronegativity between mineral cations and anions implies that most minerals exhibit naturally hydrophilic surfaces [START_REF] Hu | Anisotropic surface energies and adsorption behaviors of scheelite crystal[END_REF][START_REF] Gao | Surface-Charge Anisotropy of Scheelite Crystals[END_REF][START_REF] Wills | Wills' Mineral Processing Technology[END_REF]. This is why surfactants, called flotation collectors, are generally used to render the surfaces of the target, i.e., the metal-bearing mineral, hydrophobic and then to recover it in the froth phase. Flotation collectors are traditionally composed of long aliphatic chains along with one or more polar groups that adsorb on the mineral surface. Fatty acids are generally used for scheelite flotation because of their high affinity for calcium atoms, allowing high recovery, low cost, environmental friendliness, and ease of use [START_REF] Foucaud | The Challenge of Tungsten Skarn Processing by Froth Flotation: A Review[END_REF][START_REF] Atademir | The surface chemistry and flotation of scheelite, II. Flotation "collectors[END_REF][START_REF] Marinakis | The surface chemical properties of scheelite (CaWO4) II. Collector adsorption and recovery of fine scheelite particles at the iso-octane/water interface[END_REF][START_REF] Rao | Mechanism of oleate interaction on salt-type minerals Part III. Adsorption, zeta potential and diffuse reflectance FT-IR studies of scheelite in the presence of sodium oleate[END_REF][START_REF] Kupka | Froth flotation of scheelite -A review[END_REF][START_REF] Warren | Shear-flocculation of ultrafine scheelite in sodium oleate solutions[END_REF]. However, scheelite is associated with other calcium salt-type minerals in most ores, resulting in low adsorption selectivity and, therefore, poor flotation performance [START_REF] Gao | Adsorption of a novel reagent scheme on scheelite and calcite causing an effective flotation separation[END_REF][START_REF] Zhang | Bi-functional hydrogen and coordination bonding surfactant: A novel and promising collector for improving the separation of calcium minerals[END_REF][START_REF] Deng | Study of reverse flotation of calcite from scheelite in acidic media[END_REF][START_REF] Dong | New insights into the carboxymethyl cellulose adsorption on scheelite and calcite: adsorption mechanism, AFM imaging and adsorption model[END_REF]. In particular, fluorite is the most problematic mineral for the selective scheelite flotation [START_REF] Foucaud | The Challenge of Tungsten Skarn Processing by Froth Flotation: A Review[END_REF], which currently constitutes a technical and scientific challenge. Fortunately, this issue can be overcome by finely tuning the collector and depressants formulations [START_REF] Filippov | New reagent formulations for selective flotation of scheelite from a skarn ore with complex calcium minerals gangue[END_REF][START_REF] Foucaud | Investigation of the depressants involved in the selective flotation of scheelite from apatite, fluorite, and calcium silicates: Focus on the sodium silicate/sodium carbonate system[END_REF][START_REF] Hu | Improvement Effect of FeSO 4 •7H 2 O on Flotation Separation of Scheelite from Fluorite[END_REF], which should be based on a thorough and accurate description of the adsorption mechanisms at play at the liquid/solid interface [START_REF] Albanese | H 2 O Adsorption on WO 3 and WO 3-x (001) Surfaces[END_REF][START_REF] Anand | Nonwetting Behavior of Al-Co Quasicrystalline Approximants Owing to Their Unique Electronic Structures[END_REF][START_REF] Santos | Interaction of Water with the Gypsum (010) Surface: Structure and Dynamics from Nonlinear Vibrational Spectroscopy and Ab Initio Molecular Dynamics[END_REF][START_REF] Zhang | Adsorption mechanism of water molecules on hematite (1 0 4) surface and the hydration microstructure[END_REF][START_REF] Chen | Mechanism research on surface hydration of kaolinite, insights from DFT and MD simulations[END_REF][START_REF] Yi | Surface wettability of montmorillonite (0 0 1) surface as affected by surface charge and exchangeable cations: A molecular dynamic study[END_REF]. Before the addition of the surfactant, minerals are milled and conditioned in the aqueous phase, which means that water molecules are already adsorbed on the surfaces. It is well accepted that surfactants are adsorbed by desorbing a pre-adsorbed water molecules from the mineral surface, according to the Langmuir-type adsorption isotherms [START_REF] Rao | Mechanism of oleate interaction on salt-type minerals Part III. Adsorption, zeta potential and diffuse reflectance FT-IR studies of scheelite in the presence of sodium oleate[END_REF][START_REF] Cases | Thermodynamic model of ionic and nonionic surfactants adsorptionabstraction on heterogeneous surfaces[END_REF]. Hence, a precise and comprehensive description of the hydration state of minerals whose separation is problematic is required to obtain satisfactory flotation performance. In the presence of liquid water, the affinity of the surface for water depends on the temperature and the adsorbate-adsorbent interaction energy, which is traditionally called indifferently "isosteric heat of adsorption" or "isosteric enthalpy of adsorption" [START_REF] Nuhnen | A practical guide to calculate the isosteric heat/enthalpy of adsorption via adsorption isotherms in metal-organic frameworks, MOFs[END_REF]. This quantity can be determined either by experiments or by molecular simulations [START_REF] Farrusseng | Heats of Adsorption for Seven Gases in Three Metal-Organic Frameworks: Systematic Comparison of Experiment and Simulation[END_REF]. Although the heat released during the adsorption process can be measured directly by some calorimetric-volumetric systems [START_REF] Farrusseng | Heats of Adsorption for Seven Gases in Three Metal-Organic Frameworks: Systematic Comparison of Experiment and Simulation[END_REF][START_REF] Sumida | Carbon Dioxide Capture in Metal-Organic Frameworks[END_REF], the most common way to determine this quantity is an indirect method using adsorption isotherms. In such approaches, the isosteric enthalpy of adsorption is assessed from two (or more) adsorption isotherms at close temperatures, which are usually obtained by gas adsorption measurements [START_REF] Nuhnen | A practical guide to calculate the isosteric heat/enthalpy of adsorption via adsorption isotherms in metal-organic frameworks, MOFs[END_REF]. To the best of our knowledge, the hydration mechanisms of fluorite (CaF 2 ) have been extensively investigated [START_REF] Foucaud | Surface Properties of Fluorite in Presence of Water: An Atomistic Investigation[END_REF][START_REF] Khatib | Water orientation and hydrogen-bond structure at the fluorite/water interface[END_REF][START_REF] De Leeuw | Density functional theory calculations of adsorption of water at calcium oxide and calcium fluoride surfaces[END_REF][START_REF] De Leeuw | A computational study of the surface structure and reactivity of calcium fluoride[END_REF] while those of scheelite were poorly studied. [START_REF] Cooper | A combined ab initio and atomistic simulation study of the surface and interfacial structures and energies of hydrated scheelite: introducing a CaWO4 potential model[END_REF] reported average molecular adsorption energies ranging from -22 kJ•mol -1 on the less reactive (001) surface to -78 kJ•mol -1 on the most reactive (103) surface by means of interatomic potential methods, for a single water molecule [START_REF] Cooper | A combined ab initio and atomistic simulation study of the surface and interfacial structures and energies of hydrated scheelite: introducing a CaWO4 potential model[END_REF].

In this study, we investigated the adsorption of water molecules on scheelite using manometric gas sorption experiments combined with ab initio molecular dynamics (AIMD) simulations, including a correction for dispersive interactions. AIMD simulations are currently among the most powerful methods used for the description of surface phenomena, in terms of efficiency, accuracy, and computational cost [START_REF] Santos | Interaction of Water with the Gypsum (010) Surface: Structure and Dynamics from Nonlinear Vibrational Spectroscopy and Ab Initio Molecular Dynamics[END_REF][START_REF] Foucaud | A review of atomistic simulation methods for surface physical-chemistry phenomena applied to froth flotation[END_REF][START_REF] Evans | Computational Chemistry Methods for Nanoporous Materials[END_REF][START_REF] Foucaud | Synergistic adsorptions of Na 2 CO 3 and Na 2 SiO 3 on calcium minerals revealed by spectroscopic and ab initio molecular dynamics studies[END_REF][START_REF] Geneyton | Synergistic adsorption of lanthanum ions and fatty acids for efficient rare-earth phosphate recovery: Surface analysis and ab initio molecular dynamics studies[END_REF][START_REF] Liu | EXAFS, ab Initio Molecular Dynamics, and NICIS Spectroscopy Studies on an Organic Dye Model at the Dye-Sensitized Solar Cell Photoelectrode Interface[END_REF]. The isosteric enthalpy of adsorption has been used as the value to link experimental and theoretical results, since it can be determined by both methods. The global aim of this work was to evaluate the hydration mechanisms on scheelite surfaces and the energies linked to water adsorption, considering surface coverage and temperature, as a basis for further studies on the adsorption of flotation reagents on these surfaces.

Material and methods

Material

The adsorption experiments were performed on pure scheelite (CaWO 4 ) acquired from China and supplied by the company Minerama. To assess the purity of this mineral, chemical analyses were conducted using inductively coupled plasma-atomic emission spectrometry (ICP-AES) for major elements, inductively coupled plasma-mass spectrometer (ICP-MS) for tungsten, and ion-sensitive electrode (ISE) for fluorine. Scheelite was coarsely crushed by hand in an agate mortar, dry sieved and subsequently ground for 30 min in a planetary mill to maximize the specific surface area and, therefore, the amount of water adsorbed. After milling, the particle size distribution (PSD) of scheelite was measured by laser diffraction using a Mastersizer Hydro 3000 analyzer (Malvern instruments Ltd.) equipped with a Hydro LV sampler and a measurement cell for liquid phase suspensions.

Adsorption experiments

Specific surface area

The textural characteristics of the sample were determined by N 2 adsorption at 77 K in a 3-Flex automatic device supplied by Micromeritics. The data treatment of the adsorption isotherms was performed with the Microactive software® also provided by Micromeritics.

The BET area, A BET (m 2 •g -1 ), was calculated in the adequate pressure range, taking into account the Rouquerol criterion [START_REF] Rouquerol | Is the bet equation applicable to microporous adsorbents?[END_REF].

Water adsorption isotherms

The high-resolution water isotherms were measured at three temperatures (i.e., 275, 283, and 293 K) and up to the saturation pressure in the 3-Flex device. Ultra-pure water (> 18 MΩ.cm) was used as the vapor source. Samples were outgassed overnight at 623 K before being weighed, and an additional outgassing was carried out at the analysis ports at 623 K and under high vacuum for more than eight hours. The measurement of cold and warm volumes was performed after the adsorption-desorption experiments to avoid any unwanted helium entrapment in narrow pores.

Calculation of the isosteric enthalpy of adsorption

The "isosteric heat of adsorption", Q st , or the "isosteric enthalpy of adsorption", ΔH ads , used indiscriminately, describes the affinity between the adsorbate and the adsorbent. Since Q st is a heat, it is a positive quantity while, for a spontaneous adsorption process, ΔH ads is negative, in short ΔH ads = -Q st [START_REF] Rouquerol | Adsorption by Powders and Porous Solids[END_REF][START_REF] Nicholson | Simulation of Adsorption in Micropores[END_REF]. The isosteric enthalpy of adsorption is defined as the heat involved, most of the time released, when a molecule adsorbs on a surface, at a given surface occupancy [START_REF] Sircar | Heat of Adsorption[END_REF]. Hence, this quantity is negative for most adsorption processes and is equal, for a physisorption process without activation barrier, to the opposite of the isosteric enthalpy of desorption. The isosteric enthalpy of adsorption can be calculated from two (or more) adsorption isotherms acquired in a limited temperature range to avoid artificially introducing errors in the calculation. Once the isotherms are acquired, ΔH ads can be derived from pressure (p)-uptake (n) data pairs with the same uptake n at each temperature [START_REF] Nuhnen | A practical guide to calculate the isosteric heat/enthalpy of adsorption via adsorption isotherms in metal-organic frameworks, MOFs[END_REF], which is based on the Clausius-Clapeyron equation, as follows: [START_REF] Xu | Optical temperature sensing through the upconversion luminescence from Ho3+/Yb3+ codoped CaWO4[END_REF] where ΔH ads (n), T 1 , T 2 , p 1 , p 2 , n, and R are the isosteric enthalpy of adsorption (J•mol -1 ) at a given uptake, the temperatures (K), the equilibrium pressures (bar), the uptake (mol•kg -1 ), and the ideal gas constant (8.314 J•mol -1 •K -1 ), respectively. Considering the Clausius-Clapeyron equation, the isosteric enthalpy of adsorption is the slope of the curve expressing ln(p) as a function of (1/T) for a given uptake n, and can therefore be calculated either on experimental isotherms or on fitted isotherms, although the latter is more recommended [START_REF] Nuhnen | A practical guide to calculate the isosteric heat/enthalpy of adsorption via adsorption isotherms in metal-organic frameworks, MOFs[END_REF].

From experimental data

The main problem using experimental data is to determine the accurate experimental pressure at a selected uptake. Indeed, the Clausius-Clapeyron equation allows determining the isosteric enthalpy of adsorption, i.e., the enthalpy of adsorption at a given surface coverage. However, isotherms are experimental quantities measured discretely, i.e., point by point. In order to be able to determine the equilibrium pressure at each given uptake, the three isotherms were interpolated between experimental points using cubic-spline functions. Then, the uptakes range was discretized and, for each point, the isosteric enthalpy of adsorption was calculated using the Clausius-Clapeyron equation, by expressing ln(p) as a function of (1/T) on the isotherms. Considering the significant error on the adsorbed quantity for the points at low adsorption pressures for the isotherm at 275 K, the latter was not included in the abovementioned procedure.

From fitted adsorption models

Besides, the experimental data can be fitted with well-known classical adsorption models [START_REF] Nuhnen | A practical guide to calculate the isosteric heat/enthalpy of adsorption via adsorption isotherms in metal-organic frameworks, MOFs[END_REF][START_REF] Ayawei | Modelling and Interpretation of Adsorption Isotherms[END_REF], e.g., Langmuir [71], Toth [START_REF] Toth | State equation of the solid-gas interface layers[END_REF], Sips [START_REF] Sips | On the Structure of a Catalyst Surface[END_REF] or Freundlich-Langmuir [START_REF] Freundlich | Über die Adsorption in Lösungen[END_REF], among others, which relate the adsorption quantities to the equilibrium pressures. Considering the shape of the isotherms thus obtained, the Langmuir model [71] was selected as a first approximation to fit the experimental data at low equilibrium pressure. The Langmuir isotherm describes the formation of a single monolayer assuming energy-equivalent adsorption sites and no interaction between adsorbed molecules. It can be expressed as follows [71]: [START_REF] Ryu | Pulsed laser induced synthesis of scheelite-type colloidal nanoparticles in liquid and the size distribution by nanoparticle tracking analysis[END_REF] where n is the adsorbed quantity (mol•kg -1 ), A (mol•kg -1 ) is the maximum adsorption capacity and B (bar -1 ) is the affinity constant between the adsorbent and the adsorbate and p (bar) is again the equilibrium pressure. However, the Langmuir model exhibits an asymptote that corresponds to an adsorbed monolayer at high equilibrium pressures, which is not displayed in the isotherms obtained for water adsorption on scheelite. Hence, the fitting procedure was improved by choosing a Freundlich-Langmuir model to fit the experimental data over the full range of pressures [START_REF] Nuhnen | A practical guide to calculate the isosteric heat/enthalpy of adsorption via adsorption isotherms in metal-organic frameworks, MOFs[END_REF][START_REF] Ayawei | Modelling and Interpretation of Adsorption Isotherms[END_REF][START_REF] Freundlich | Über die Adsorption in Lösungen[END_REF]. It reads: [START_REF] Campos | Mechanisms behind blue, green, and red photoluminescence emissions in CaWO4 and CaMoO4 powders[END_REF] where n and p have the same meaning as before, a (mol•kg -1 ) is the maximal uptake, b (bar -c ) is the affinity constant between the adsorbent and the adsorbate, and c (dimensionless) is the heterogeneity exponent. This model provides the good accuracy of the Langmuir model at low pressures without the limitation of the monolayer at higher equilibrium pressures, whose behavior is well described by the Freundlich model. A common approach applied to improve the fit of the Freundlich-Langmuir model is to assume the existence of two types of sites on the adsorbent surface [START_REF] Nuhnen | A practical guide to calculate the isosteric heat/enthalpy of adsorption via adsorption isotherms in metal-organic frameworks, MOFs[END_REF]. As a salt-type mineral, scheelite exhibits Ca 2+ and WO 4 2-on its surfaces, which represent two different adsorption sites with, possibly, two different affinities for water. Therefore, we considered a dual-site Freundlich-Langmuir (DSFL) fit instead of a simple Freundlich-Langmuir (FL) to further improve the fitting procedure and, consequently, the calculation of the isosteric enthalpy of adsorption [START_REF] Nuhnen | A practical guide to calculate the isosteric heat/enthalpy of adsorption via adsorption isotherms in metal-organic frameworks, MOFs[END_REF]71,[START_REF] Freundlich | Über die Adsorption in Lösungen[END_REF]. The dual-site Freundlich-Langmuir equation can be expressed as follows [START_REF] Nuhnen | A practical guide to calculate the isosteric heat/enthalpy of adsorption via adsorption isotherms in metal-organic frameworks, MOFs[END_REF]:

n ( 4 
)
where the different terms have the same meaning as in Eq. 3.

For the three models described above, the three experimental isotherms performed at 275, 283, and 293 K were fitted by a least squares fitting procedure using the Levenberg-

Marquardt method [START_REF] Levenberg | A METHOD FOR THE SOLUTION OF CERTAIN NON-LINEAR PROBLEMS IN LEAST SQUARES[END_REF][START_REF] Marquardt | An Algorithm for Least-Squares Estimation of Nonlinear Parameters[END_REF] as implemented in SciPy [START_REF] Virtanen | SciPy 1.0: fundamental algorithms for scientific computing in Python[END_REF]. An analysis of variance (ANOVA) was performed on each fit to assess its validity and its accuracy, through the p-value of the model and the root mean square error (RMSE). After the fitting, the equations of the models were rearranged to express the pressure as a function of the uptake and the model parameters.

The range of experimental uptakes was discretized to 10 000 points and, for each uptake, the corresponding equilibrium pressure was calculated at each temperature. For Eq. 4, however, the rearrangement was not mathematically straightforward. Therefore, the range of experimental pressures was discretized to 10 000 points and, for each pressure, the corresponding uptake was calculated using the fitted model. Then, the range of experimental uptakes was also discretized to 10 000 points and, for each uptake, the corresponding equilibrium pressure was calculated using a linear interpolation between the adsorbed quantities determined before. The isosteric enthalpy of adsorption was then calculated using Eq. 1. As was done in the previous sub-section, given the significant error on the adsorbed quantity for the points at low adsorption pressures for the isotherm at 275 K, the latter was not included in the procedure. ΔH ads was calculated for all the uptake values sampled on the experimental uptakes range, which could be transformed into a surface coverage using the following equation:

(

where (nm -2 ) is the surface coverage, q eq (mol•kg -1 ) is the adsorbed quantity, N A (6.022 × 10 23 •mol -1 ) is the Avogadro number, and A BET (nm 2 •g -1 ) is the specific area calculated by the BET method. This definition of the surface coverage allows avoiding the influence of the molecular cross-section on the coverage and facilitates the comparison with the atomistic results.

Atomistic simulations

Structural models

For DFT calculations, a primitive tetragonal cell of CaWO ) that, considering the high energy of the W-O bond compared to the Ca-O bond [START_REF] Neiman | Cooperative transport in oxides: Diffusion and migration processes involving Mo(VI), W(VI), V(V) and Nb(V)[END_REF], remain unbroken during the cleavage process (Figure 1).

Besides, the (112) surface consists of a plane of eight six-coordinated calcium atoms along with eight tungstate ions, which also remain unbroken during the cleavage process (Figure 1).

On the (001) surface, the calcium atoms are separated by 5.21 Å in all directions while they are separated by 3.86 Å in one direction on the (112) surface. On both (001) and (112) scheelite surfaces, the calcium atoms are six-coordinated while they are eight-coordinated in the scheelite lattice, entailing two dangling bonds per calcium atom. To avoid any unwanted interaction due to the periodicity of the cells, the latter were constructed so that a vacuum zone of 15 Å was systematically kept between the surface and the upper limit of the cell along the z-axis. One layer of atoms at the bottom of the cell were frozen at their bulk positions. As ab initio molecular dynamics simulations are numerically costly, in this case the slabs were reduced to a thickness of two calcium layers, i.e., 96 atoms. The cell parameters and number of atoms for each surface and simulation type, static DFT or AIMD, are summarized in Table 1.

Table 1. Cell parameters (including vacuum) and number of atoms for each simulation type and for each surface.

Surface Simulation type Atoms Cell parameters 

Computational details

All the DFT calculations were carried out using the VASP package [START_REF] Kresse | Ab initio molecular dynamics for liquid metals[END_REF]. We employed the PBE exchange-correlation functional of Perdew and co-workers [START_REF] Perdew | Generalized Gradient Approximation Made Simple[END_REF] in the generalized gradient approximation. Also, the electron-ion interactions were described using the PAW method [START_REF] Blöchl | Projector augmented-wave method[END_REF][START_REF] Kresse | From ultrasoft pseudopotentials to the projector augmented-wave method[END_REF] with a plane wave kinetic energy cut-off of 500 eV and an electron density cut-off of 600 eV. However, the first relaxation of the primitive scheelite cell, before generating the two surfaces, was performed with a planewave kinetic energy cut-off of 1 000 eV. The following valence electrons were considered: 1s 1 for hydrogen, 3s 2 3p 6 4s 2 for calcium, 2s 2 2p 4 for oxygen, and 5s 2 5p 6 6s 2 5d 4 for tungsten. The Kohn-Sham equations [START_REF] Kohn | Self-Consistent Equations Including Exchange and Correlation Effects[END_REF] were solved self-consistently [START_REF] Kresse | Efficient iterative schemes for ab initio total-energy calculations using a plane-wave basis set[END_REF] until the energy difference between the cycles became lower than 10 -8 eV. All the calculations were realized by sampling the Brillouin zone at the Gamma point, considering the large size of the cells and according to preliminary calculations. The structural relaxations were carried out until all forces were smaller than 0.01 eV•Å -1 . Moreover, the D2 correction of Grimme was systematically included to take dispersion forces into account [START_REF] Grimme | Semiempirical GGA-type density functional constructed with a long-range dispersion correction[END_REF]. Besides, for ab initio molecular dynamics (AIMD) simulations, considering their computational cost, the convergence parameter for the selfconsistently-solved Kohn-Sham equations and the planewave kinetic energy cut-off were reduced to 10 -5 eV and 400 eV, respectively. The AIMD simulations were conducted using a Nosé-Hoover thermostat [START_REF] Nosé | A unified formulation of the constant temperature molecular dynamics methods[END_REF][START_REF] Hoover | Canonical dynamics: Equilibrium phase-space distributions[END_REF] with a temperature of 300 K and a timestep of 1 fs.

Calculation of the adsorption energies

The adsorption energies were calculated by subtracting the energies of the bare surface and of the isolated water molecule(s) from the energy of the system with the molecule(s) adsorbed, as follows:

where E Scheelite-W , E Scheelite , E W , and n are the energy of the scheelite slab with the water molecule(s) adsorbed, the energy of the bare scheelite slab, the energy of the single water molecule in gas phase, and the number of water molecules, respectively. The contribution of dispersion energy to the adsorption energy was determined using Eq. 6, in which the energy was only the contribution of the dispersion energy to the total energy instead of the total energy itself. For the substitution of WO 4 2-by 2 HO -at the scheelite surface, the following reaction was considered for only one spatial configuration:

CaWO 4 (surface) + 2 H 2 O  Ca(OH) 2 (surface) + WO 3 ,H 2 O (7) 
The reaction energy for this reaction was calculated by subtracting the sum of the energies of the reagents from the sum of the energies of the products, calculated in vacuum conditions.

The system Ca(OH) 2 (surface) corresponds to the scheelite slab where a WO 4 2-anion has been substituted by two OH -ions.

The adsorption enthalpies of water at 300 K were computed using the aforementioned method, by averaging the energy of each system over the 100 picoseconds of the AIMD simulation, excluding a thermalization period of 10 ps. This can be done since the volume and pressure variations are negligible during the adsorption process, which implies that the variation of enthalpies are equivalent to the variation of internal energies extracted from AIMD simulations. Besides, our objective was to determine an isosteric enthalpy of adsorption by AIMD simulations to compare it to the experimental data, which requires a successive addition of water molecules. The coverage was therefore gradually increased, and an AIMD simulation was performed for each considered coverage. In AIMD simulations, the isosteric enthalpy of adsorption, H ads , corresponds of the molecular adsorption energy when a given number of molecules is added to the surface, without considering the adsorption energies of the previously adsorbed molecules. Hence, for a coverage of x water molecules, H ads was calculated as follows:

(

) 8 
where ∆E ads-xW is the adsorption energy of x water molecules and ∆E ads-(x+y)W is the adsorption energy of x+y water molecules, as determined using Eq. 6. y corresponds to the number of added molecules between the two AIMD simulations with two different coverages. For coverages below the monolayer, y was equal to 1, 2, or 4 since coverages of 1, 2, 4, and 8

H 2 O were considered, while for coverages above the monolayer, y was equal to 8 since we incremented layer by layer and each layer comprised 8 water molecules.

Results

Experimental results

Scheelite was pure at 97.65% with a slight contamination by quartz and apatite (Table 2). The obtained PSD, which was the average of 4 successive measurements, is presented in 10% of the particles can be found, respectively.

Adsorption isotherms

Nitrogen adsorption at 77K on scheelite allowed to determine an A BET of 0.85 m 2 •g -1 .

Although this surface area is rather small, the accuracy of this determination was validated by carrying out the adsorption experiment 3 times, the reported value being the average of the three surface area determinations with a variance smaller than 5%. We also carried out Kr isotherms at 77 K on the same sample, leading to similar results, which confirmed the accuracy of the former measurements.

The water adsorption isotherms at the three temperatures considered, i.e., 275, 283, and 293 K, are shown in Figure 3. At low equilibrium pressure (p < 1 mbar), the amount adsorbed increases significantly with pressure before reaching a knee, after which the amount adsorbed rises slowly with pressure. At high pressure, water condensation occurs, both on the tube of the sample holder and on the sample. According to the literature, this is a typical type II isotherm, which corresponds to a significantly high adsorption energy of molecules on a nonporous material [START_REF] Thommes | Physisorption of gases, with special reference to the evaluation of surface area and pore size distribution (IUPAC Technical Report)[END_REF]. The uptake values at low pressure correspond to the adsorption of the first water monolayer on the scheelite surface, with a high adsorption enthalpy, while the rest of the isotherm represents the progressive formation of multilayers, with a lower adsorption enthalpy tending towards the enthalpy of water condensation. Obtaining a type II isotherm is consistent with the crystallographic structure of scheelite, which does not exhibit nano-sized pores, and the good crystallinity of the sample, which does not exhibit micrometer-sized pores. Besides, the significant affinity of the scheelite surfaces for water at low pressure is consistent with the considerable polar nature of scheelite, which consists of an assembly of WO 4 2-anions and Ca 2+ cations (Figure 1). 

Isosteric enthalpy of adsorption from experimental data

For each isotherm, the curve was interpolated between experimental points using cubic-spline functions. Only points with an adsorbed quantity higher than 5•10 -3 mol•kg -1 were included in the fitting procedure due to the low accuracy of the experimental values measured at very low equilibrium pressures. The isosteric enthalpy of adsorption, calculated by the Clausius-Clapeyron method and expressed as a function of the adsorbed quantity, is presented in Figure 4. For the points corresponding to the lowest adsorbed amounts, the calculated isosteric enthalpy of adsorption is around -65 kJ•mol -1 . However, considering Eq. 5, an adsorbed quantity of 5•10 -3 mol•kg -1 represents a surface coverage of around 3.5 molecules•nm -2 . For the (001) and (112) surfaces, the surface densities of calcium sites, calculated from our atomistic structural models, are 3.7 and 4.1 calcium atoms•nm -2 , respectively. This implies that, at an adsorbed quantity of 5.10 -3 mol•kg -1 , all the calcium atoms of both surfaces are saturated, i.e., a monolayer is already formed. Hence, the direct use of experimental data does not describe accurately the adsorption of the first molecules on the scheelite surface.

Therefore, to have access to very low coverages, the fitting procedure was performed using models. 

Isosteric enthalpy of adsorption from models

The most reliable option to calculate the isosteric enthalpy of adsorption is to use a model that fits the experimental data to determine the pairs of values (pressure, uptake) required for the Clausius-Clapeyron method. First of all, at low to medium equilibrium pressures, the isotherms exhibit a behavior similar to a Langmuir isotherm, i.e., a significant increase of the adsorbed amounts followed by a plateau. Since only the first part of the isotherms is of interest to describe the water/scheelite interactions, the isotherms can be fitted in first approximation by a Langmuir model, considering only the uptakes lower than 0.01 mol•kg -1 .

Although the uptakes at very low pressure are accurately described, the points that correspond to the plateau are poorly described since the isotherms do not exhibit a strict asymptote as the Langmuir model does. Therefore, the fitting was improved by using a Freundlich-Langmuir isotherm, which better describes the absence of asymptote once the plateau is reached, due to the multilayer formation. Finally, the fitting was further improved by using a dual-site Freundlich-Langmuir (DSFL) isotherm for the whole range of experimental pressures. Table 3 summarizes the results of the fits, including the determination coefficient R 2 , the root mean square error (RMSE), and the p-value of the model, for each isotherm. The DSFL isotherm satisfactorily fitted the experimental data (Figure 3) and, was therefore selected for the calculation of the isosteric enthalpy of adsorption (Figure 4). The fitting procedure was performed over the whole experimental range, without extrapolating to lower uptakes than those measured. The point of lowest uptake represents 2•10 -3 mol•kg -1 of water adsorbed on scheelite, which corresponds to a coverage of 1.4 molecules•nm -2 . On average, the water molecules are therefore roughly separated by 1 nm from each other on the surface, which means that they do not interact. Hence, we can consider that the points with the lowest adsorbed quantity describe the adsorption of isolated water molecules onto the scheelite surface. For these points, the calculated adsorption enthalpy is around -90 kJ•mol -1 . This value is consistent with the typical absolute values for the adsorption/desorption of the first water molecules from metals/minerals surfaces [START_REF] Thiel | The interaction of water with solid surfaces: Fundamental aspects[END_REF], e.g. -89 kJ•mol -1 for calcite [START_REF] Rahaman | Dynamics of Water Adsorption onto a Calcite Surface as a Function of Relative Humidity[END_REF] or -55 kJ•mol -1 for fluorite [START_REF] Foucaud | Surface Properties of Fluorite in Presence of Water: An Atomistic Investigation[END_REF]. Then, the isosteric enthalpy of adsorption decreases steadily in absolute value with the adsorbed quantity, until reaching the enthalpy of condensation of water, around -42 kJ•mol -1 . The decrease of the isosteric enthalpy of adsorption corresponds to the formation of multilayers of water molecules on the scheelite surface, which adsorb with lower enthalpies compared to the first monolayer. This can be attributed to the decrease of the influence of the surface on the molecules due to the screening effect of the previous adsorbed layers.

Theoretical results

The adsorption mechanisms of water on scheelite were modelled by increasing gradually the number of water molecules on the surface, from an isolated molecule to a cell full of water molecules representing water condensation.

Isolated water molecule on scheelite surfaces

A water molecule can adsorb under dissociated form, under molecular form, or by substituting surface ions. Therefore, as a starting point, the three abovementioned cases were tested at 0 K.

Under dissociated form

Several configurations were explored: a hydroxyl group was placed above a calcium ion on the surface, with the O close to the calcium and the H pointing upwards, away from the surface. The lone H + ion was placed at the vicinity of an oxygen atom forming part of a tungstate ion, with two distances between the OH and H groups tested.

When the H + and the HO -were set on an oxygen atom of a tungstate ion and a neighboring calcium atom, respectively, for both (112) and (001) surfaces, the H + ion was captured by the HO -group and the water molecule was reformed (Figure 5). This indicates that the adsorption of water under molecular form is favored compared to the adsorption of water under dissociated form. However, significant differences can be observed between the two surfaces: 6a). The tungsten was then five-coordinated since it displayed five W-O bonds in this configuration, which is rather unfavorable since the calculated adsorption energy was Δ ads = +11.4 kJ•mol -1 . However, this means that, for a moderate HO -activity, i.e., a slightly alkaline pH, the water molecule can adsorb under dissociated form onto the (001) scheelite surface. Besides, for the (112) surface, the HO -ion adsorbed between two calcium atoms (Figure 6b), which is allowed by the fact that, on this surface, they are separated by only 3.86 Å. The lengths of the two created Ca-O bonds were 2.23 Å and 2.26 Å.

The calculated adsorption energy for this configuration was Δ ads = -47.3 kJ•mol -1 including Δ disp = -19.9 kJ•mol -1 , which indicates that the adsorption of water molecules under their dissociated form is possible spontaneously, albeit much less favored than the adsorption under their molecular form (occurring with Δ ads = -127.3 kJ•mol -1 ). , which is significantly lower than when the molecular water is reformed from a dissociated molecule. This can be attributed to a local energy minimum at a higher energy compared to the system where the water molecule is reformed. However, when a tungstate anion is substituted by two HO -ions, the latter cannot establish six Ca-O bonds due to their small size compared to a WO 4 2-anion. Hence, the substitution reaction was highly endothermic, with Δ r = +424.5 kJ•mol -1 for the (112) surface and Δ r = +321.2 kJ•mol -1 for the (001) surface. This mechanism seems therefore very unlikely to occur on scheelite surface, which is consistent with the fact that scheelite dissolution is favored at acidic pH rather than at alkaline pH.

Substitution of WO

3.2.2 Towards the full hydration of the scheelite surfaces at 300 K Once the most favorable configuration for a single molecule of water was determined, the progressive hydration of the surfaces was investigated using AIMD simulations, at 300 K.

One, two, four, or eight H 2 O molecules were placed on the surfaces composed of four calcium atoms and four tungstate anions. For that study, the (112) surface was reduced to be comparable to the (001) surface that originally consisted of a plane of four calcium atoms.

Both surfaces displayed an area of around 1 nm 2 , used to calculate the corresponding surface coverage. For the (001) surface, the first four water molecules were placed sequentially on the four surface calcium atoms while the last four molecules were set on tungstate anions, their hydrogen atoms pointing towards the surface. For the (112) surface, the first two water molecules were placed in the most favorable configuration, i.e., each water molecule between two calcium atoms. Each of four other water molecules was set on a calcium atom while the last four molecules were set on tungstate anions, in a similar way to the (001) surface. The evolution of the isosteric enthalpies of adsorption is presented in Figure 7, while the water structures at monolayer and full coverage for the two surfaces are presented in Figure 9 and 9, respectively. On the (001) surface, the calculated isosteric enthalpy of adsorption remains constant at around -80 kJ•mol -1 for the first four added water molecules (Figure 7). This indicates that the water molecules are far enough apart not to interact and that they adsorb on the same adsorption sites, i.e., on the surface calcium atoms. With the next four water molecules added, thus increasing the total from four to eight molecules, the absolute value of the isosteric enthalpy of adsorption decreases to -67 kJ•mol -1 (Figure 7) despite the fact that, at this coverage, the water molecules obviously interact with each other (Figure 8a), which probably significantly increases the adsorption energies. It is interesting to note that, at this coverage, two water molecules adsorb on the same calcium atom, but with different Ca-O distances, 2.45 Å and 2.84 Å (Figure 8a). Hence, for the complete formation of the first monolayer, each calcium atom is occupied by two adsorbed water molecules (Figure 8a), which is in accordance with the two dangling bonds of the calcium atoms on the surface. The adsorption of two water molecules per calcium atom could explain the decrease in adsorption enthalpies when the coverage is increased. This phenomenon was observed by Cooper and de Leeuw [START_REF] Cooper | A combined ab initio and atomistic simulation study of the surface and interfacial structures and energies of hydrated scheelite: introducing a CaWO4 potential model[END_REF], who reported the adsorption of two water molecules on each surface calcium atom of the (001) scheelite surface [START_REF] Cooper | A combined ab initio and atomistic simulation study of the surface and interfacial structures and energies of hydrated scheelite: introducing a CaWO4 potential model[END_REF] and average molecular adsorption energies for a full surface coverage of -22.1 kJ•mol -1 . The latter value is significantly lower than the values calculated here and is probably due to the use of different methods, since these authors employed interatomic potentials derived from DFT but, strictly speaking, not DFT. Then, by increasing the coverage to two, three, and multiple adsorption layers, the isosteric enthalpies of adsorption decrease and tend towards the enthalpy of water condensation, around -40 kJ•mol -1 . On the (112) surface, the absolute value of the adsorption energy per water molecule decreases from -116 kJ•mol -1 for two molecules to -84 kJ•mol -1 for four molecules and to -58 kJ•mol -1 for eight molecules (Figure 7). This is probably the result of the change in the adsorption mode. On the one hand, for one or two adsorbed molecules, each molecule is adsorbed between two calcium atoms. On the other hand, when four or eight molecules are present, two molecules are adsorbed between two calcium atoms and one additional molecule is adsorbed on each calcium atom (Figure 8b). Furthermore, among the eight molecules, some adsorb by establishing hydrogen bonds with surface tungstate anions (Figure 8b), which contributes to decrease the absolute value of the adsorption energy per water molecule. Besides, from four water molecules, the average adsorption energy per molecule is the same for the (001) and the (112) surfaces, due to the two above-mentioned phenomena. At this coverage, which is lower than the monolayer, the reactivity differences between the two surfaces are already negligible. Then, for each surface, the cell was completely filled with water molecules to attain a density of 1.00 g cm -3 . Since the water molecules interact with the two reciprocal surfaces of the slabs, we did not use these simulations for adsorption energy computations but only to assess the behavior of scheelite surfaces in the presence of a full hydrated cell. Snapshots of the AIMD simulations are presented in Figure 9. For the (001) surface, the adsorption of two water molecules per calcium atom, observed previously, also occurs for the full hydrated cell (Figure 9a). Also, three water molecules are adsorbed by hydrogen bond established with oxygen atoms of surface tungstate anions. For the bulk of water, the geometries are structured in such a way that the two H of two molecules point towards an oxygen of another molecule (Figure 9a). The H atoms of the two other molecules establish hydrogen bonds with other multi-molecular structures, forming clusters of water molecules intensively described and characterized in the literature, including by DFT [START_REF] Anacker | New accurate benchmark energies for large water clusters: DFT is better than expected[END_REF][START_REF] Gillan | Perspective: How good is DFT for water?[END_REF][START_REF] Maheshwary | Structure and Stability of Water Clusters (H 2 O) n , n = 8-20: n b Initio Investigation[END_REF][START_REF] Møgelhøj | Ab initio van der Waals interactions in simulations of water alter structure from mainly tetrahedral to high-density-like[END_REF]. Besides, the four calcium atoms of the (112) surface are occupied by six adsorbed water molecules (Figure 9b): four water molecules are adsorbed on the four surface calcium atoms while two additional molecules adsorb between two calcium atoms, as observed for a lower coverage (see Figure 5b) and for the monolayer (Figure 8b). Also, three water molecules adsorb by establishing hydrogen bonds with surface tungstate anions.

Conclusions

In this work, the interplay between the (001) and the (112) surfaces of scheelite and water molecules has been investigated using adsorption experiments combined with ab initio molecular dynamics calculations. The results demonstrated that the adsorption of dissociated water is favorable on the two scheelite surfaces with, nonetheless, an exothermic adsorption only for the (112) surface. This indicates a significant ability of scheelite surfaces to be hydroxylated, which probably results in a low hydroxylation pH. Besides, since scheelite is a semi-soluble salt, the substitution of WO 4 2-by HO -on the surface was investigated and was found to be energetically unfavorable for both surfaces. Overall, water adsorbs most favorably in its molecular form, on a single calcium atom in the case of the (001) surface and between two calcium atoms in the case of the (112) surface. The very first water molecules adsorb with ΔH ads ≈ -80 kJ•mol -1 on (001) surface, and with ΔH ads ≈ -117 kJ•mol -1 on (112) surface at 300 K, which is in very good agreement with the value of -90 kJ•mol -1 calculated from the experimental data. For the latter, several adsorption models were tested to calculate the isosteric enthalpy of adsorption, and we found that a dual-site Freundlich-Langmuir model fits the experimental data with excellent accuracy (R 2 = 0.9998). We therefore used those models to determine, by the Clausius-Clapeyron approach, the isosteric enthalpy of adsorption, which is in very good agreement with the theoretical values. In the experimental data, the two aforementioned surfaces are exposed and, therefore, the experimental isosteric enthalpy of adsorption is probably an average of the isosteric enthalpy of adsorption of each surface.

Interestingly, when the monolayer is completed, each surface calcium atom on the (001)

surface exhibits two adsorbed water molecules, while each surface calcium atom on the (112)

surface displays one water molecule adsorbed with a water molecule adsorbed between two surface calcium atoms, resulting in three water molecules adsorbed on two calcium atoms.

The isosteric enthalpies of adsorption of water on scheelite (-90 kJ•mol -1 ) are quite significant compared to those on fluorite (-55 kJ•mol -1 ) [START_REF] Foucaud | Surface Properties of Fluorite in Presence of Water: An Atomistic Investigation[END_REF], which is the main problematic mineral in scheelite flotation. Therefore, desorption of water molecules from the surface, which is however required to subsequently adsorb the collector molecules [START_REF] Foucaud | Adsorption mechanisms of fatty acids on fluorite unraveled by infrared spectroscopy and first-principles calculations[END_REF], will need more energy for scheelite than for fluorite. This probably explains the lower flotation ability of scheelite compared to fluorite reported in the literature. Historically, this problem has been overcome by heating the flotation pulp to increase the scheelite floatability. This corresponds to the Petrov process, developed in 1940 and widely used since [START_REF] Foucaud | The Challenge of Tungsten Skarn Processing by Froth Flotation: A Review[END_REF][START_REF] Petrov | A new method for flotation of poor scheelite ores[END_REF]. Considering our results, it is now clear that this heating allows erasing the differences of floatability between fluorite and scheelite by providing enough energy to the system to desorb water molecules from the scheelite surfaces. Besides, new collectors that do not require desorption of water molecules from the surface could be used to increase the flotation selectivity towards scheelite, e.g., collectors that adsorb bridged on a water molecule adsorbed on the surface.

  [START_REF] Cho | Room-temperature preparation of the highly crystallized luminescent CaWO 4 film by an electrochemical method[END_REF] was generated from experimental lattice parameters a Sch = b Sch = 5.24 Å and c Sch = 11.37 Å[START_REF] Hazen | High-pressure crystal chemistry of scheelitetype tungstates and molybdates[END_REF]. After being relaxed in terms of ion positions, cell shape, and cell size by DFT calculations, the lattice parameters of the primitive scheelite cell were a Sch = b Sch = 5.21 Å and c Sch = 11.34 Å (with all angles at 90°), which are very close the aforementioned experimental parameters. This fully-relaxed primitive cell was subsequently used to create the (001) and the (112) surfaces, which represent the most exposed for CaWO 4 , as reported by experimental and theoretical studies[START_REF] Gao | Surface-Charge Anisotropy of Scheelite Crystals[END_REF][START_REF] Cooper | A combined ab initio and atomistic simulation study of the surface and interfacial structures and energies of hydrated scheelite: introducing a CaWO4 potential model[END_REF][START_REF] Cooper | A Computer Modeling Study of the Competitive Adsorption of Water and Organic Surfactants at Surfaces of the Mineral Scheelite[END_REF][START_REF] Mogilevsky | Anisotropy in room temperature microhardness and fracture of CaWo4 scheelite[END_REF]. Then, a supercell containing 192 atoms (32 Ca, 32 W, and 128 O) was generated for each surface, comprising four layers of calcium/tungsten atoms, each of them separated by two or four successive layers of oxygen atoms for (001) and (112) surfaces, respectively (Figure1). For each of the (001) and (112) surfaces, when the slab was created, due to the periodic boundary conditions, two reciprocal surfaces were generated. Considering the bond breakage procedure, the two surfaces were equivalent in terms of density of broken bonds and were exactly similar, which avoided the existence of any dipole moment in the slab and in the cell. The (001) surface consists of a plane of four six-coordinated calcium atoms and four tungstate anions (WO 4 2-
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 1 Figure 1. Side views of cells containing scheelite surfaces (001) (a) and (112) (b), used for the
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 3 Figure 3. Adsorption isotherms of gas water on scheelite at 275, 283, and 293 K (dots) and
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 4 Figure 4. Isosteric enthalpy of water vapour adsorption on scheelite as a function of the

  on the (001) surface, the reformed water molecule adsorbed onto a single calcium atom with d Ca-O = 2.29 Å and established a hydrogen bond with an oxygen atom of the closest tungstate ion with d H-O = 1.58 Å (Figure5a). For this configuration, the calculated adsorption energy was Δ ads = -87.6 kJ•mol -1 including Δ disp = -15.2 kJ•mol -1 , indicating a significantly strong adsorption. On the other hand, on the (112) surface, the reformed water molecule adsorbed between two calcium atoms with Ca-O bond lengths of 2.60 Å and 2.66 Å (Figure5b). One hydrogen atom of the water molecule was oriented towards the closest oxygen atom with d H-O = 1.88 Å. This adsorption occurred with Δ ads = -127.3 kJ•mol -1 including Δ disp = -25.2 kJ•mol -1 , which represents a higher value than for the (001) surface. The difference in terms of adsorption energies between the two surfaces can be attributed to the difference in Ca-Ca distance: on the (112) surface, the calcium atoms are close enough to allow the adsorption of the water molecule between the two, which is impossible on the (001) surface considering the higher Ca-Ca distance. Overall, the high adsorption energies found for both surfaces for the adsorption of a single water molecule are probably induced by the significant reactivity of surface calcium atoms, resulting from the two dangling bonds per calcium atom mentioned above.
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 5 Figure 5. Adsorption of dissociated water molecule with short OH-H distance onto (001) (a)
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 6 Figure 6. Adsorption of dissociated water molecule with high HO-H distance onto (001) (a)

Figure 7 .

 7 Figure 7. Adsorption energies per water molecule for the (001) and (112) scheelite surfaces
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 8 Figure 8. Adsorption of eight water molecules, which corresponded to a monolayer, onto
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 9 Figure 9. Snapshots of side views of the (001) (a) and (112) (b) scheelite surfaces above

  

Table 2 .

 2 Chemical composition of scheelite analyzed by ICP-AES, ICP-MS, and ion-sensitive electrode. <D.L. = Lower than detection limit.

	CaO	P2O5	SiO2	MgO	Al2O3	Fe2O3	Na2O	K2O	TiO2	MnO	W	F
	(wt.%)	(wt.%)	(wt.%)	(wt.%)	(wt.%)	(wt.%)	(wt.%)	(wt.%)	(wt.%)	(wt.%)	(wt.%)	(wt.%)
	19.82	1.63	0.72	<D.L.	<D.L.	<D.L.	<D.L.	<D.L.	<D.L.	<D.L. 63.71	<D.L.

Table 3 .

 3 Results of the fits for each model (Langmuir, Freundlich-Langmuir, and Dual-Site Freundlich-Langmuir) and for each isotherm (at 275, 283, and 293 K).

		Range of uptakes T (K) R 2	RMSE (× 10 -3 )	p-value
		0-0.01 mol•kg -1	275	0.97 1.03	< 0.001
	Langmuir	0-0.01 mol•kg -1	283	0.96 1.30	< 0.001
		0-0.01 mol•kg -1	293	0.95 1.37	< 0.001
		0-0.01 mol•kg -1	275	0.99 0.61	< 0.001
	Freundlich-Langmuir	0-0.01 mol•kg -1	283	0.99 0.56	< 0.001
		0-0.01 mol•kg -1	293	0.99 0.51	< 0.001
		Whole	275	1.00 0.44	< 0.001
	Dual-Site Freundlich-Langmuir	Whole	283	1.00 0.47	< 0.001
		Whole	293	1.00 0.69	< 0.001

  Two hydroxyl ions were set at the place of a surface tungstate anion to maintain the electrical neutrality. In the scheelite lattice, tungstate anions are eight-coordinated, i.e., each oxygen atom of the tungstate anion is bonded to two calcium atoms, and the global tungstate anion is bonded to eight different calcium atoms. On both (001) and (112) surfaces, tungstate anions are only six-coordinated, i.e., they are bonded to six different calcium atoms.

	4	2-by 2 HO -
	Finally, the substitution of WO 4 2-by 2 HO -on the (001) and (112) scheelite surfaces was
	investigated.	
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