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2 interpreted as different adsorbed forms, such as a precipitate formation, an adsorption of sole or bridged carboxylates, an anion exchange, or adsorbed modes, such as monodentate or bidentate configurations.

Experiments/theory

Diffuse reflectance infrared Fourier transform spectroscopy was combined with ab initio molecular dynamics simulations and simulation of infrared spectra. Fluorite and sodium octanoate -or longer-chain fatty acids -were used as prototypical materials for all the investigations.

Findings

At low fatty acids concentration, the asymmetric stretching vibration of COO -peaks at 1560 cm -1 while, at higher concentration, this infrared band converts into a doublet peaking at 1535 and 1575 cm -1 . Using simulations, we assign the band at 1560 cm -1 to the adsorption of a carboxylate molecule bridged on a sodium counter-cation and the doublet at 1535 and 1575 cm -1 to the adsorption of the sole carboxylate anion under a monodentate or a bidentate binuclear configuration, respectively. The formation of an adsorbed layer on the mineral surface is initiated by the adsorption of a sodium carboxylate and followed by the adsorption of mixed sole anionic forms. The role of the carboxylate counter-cation is highlighted for the first time, which was totally ignored in the literature beforehand. This particularly opens the path to the development of innovative strategies to enhance the separation contrast between minerals, which is of uttermost importance for the recovery of critical raw materials. KEYWORDS: Adsorption; Fatty Acids; Fluorite; AIMD; DFPT; FTIR GRAPHICAL ABSTRACT

Introduction

Fatty acids find application in a wide range of industrial fields, e.g., as anticorrosive agents in the formation of alloys [START_REF] Sahoo | Frictional response of fatty acids on steel[END_REF][START_REF] Vengatesh | Hierarchically Ordered Self-Lubricating Superhydrophobic Anodized Aluminum Surfaces with Enhanced Corrosion Resistance[END_REF], electronic devices when combined with nanoparticles [START_REF] Wang | The influence of oxygen on the fluorescence enhancement of fatty-acid-capped CdS nanocrystals[END_REF], antimicrobial protecting surfaces [START_REF] Valentin | Pure short-chain glycerol fatty acid esters and glycerylic cyclocarbonic fatty acid esters as surface active and antimicrobial coagels protecting surfaces by promoting superhydrophilicity[END_REF], in biodiesel production [START_REF] Jiang | Lipase-inorganic hybrid nanoflower constructed through biomimetic mineralization: A new support for biodiesel synthesis[END_REF], or in minerals engineering [START_REF] Foucaud | Molecular Insight into Fatty Acid Adsorption on Bare and Hydrated (111) Fluorite Surface[END_REF][START_REF] Foucaud | The Challenge of Tungsten Skarn Processing by Froth Flotation: A Review[END_REF]. Particularly, minerals separation by the froth flotation process constitutes a major application of fatty acids in the field of interface science, allowing, each year, the production of several billion tons of raw material commodities worldwide [START_REF] Foucaud | The Challenge of Tungsten Skarn Processing by Froth Flotation: A Review[END_REF]. A significant and increasing part of them is extracted from sparingly soluble minerals that display low, but not zero, solubility product and dissolution kinetic constant. This is induced by the chemical composition of those species, which are an assembly of a cation associated with a mono-or a polyatomic anion. The metal that they bear can correspond to the cation, as the rare earth elements in monazite and bastnaesite, or to the cation forming the polyatomic anion, as tungsten in tungstate-based minerals such as scheelite (CaWO4). Otherwise, the mineral commodity can be the whole anion of the semi-soluble salt such as F -, extracted from fluorite (CaF2), or PO4 3-, extracted from apatite [Ca5(PO4)3(OH,F,Cl)].

During their global extraction process, after a grinding stage, the target minerals are concentrated by the froth flotation method, which involves the specific adsorption of amphiphilic surfactants on their surfaces. By this adsorption, the target minerals are made hydrophobic, allowing their subsequent recovery by an air injection. Fatty acids are traditionally employed for the flotation of sparingly soluble minerals in virtue of their significant chemical affinity for a large range of cations such as alkaline earths, lanthanides, and transition metals. Fatty acids used in the froth flotation process are composed of a carboxylic group and a linear aliphatic chain that frequently comprises unsaturations and contains between 12 and 18 carbon atoms. They are systematically treated with sodium hydroxide to form carboxylate anions, which display a higher mineral recovery efficiency compared to carboxylic acids species [START_REF] Foucaud | Molecular Insight into Fatty Acid Adsorption on Bare and Hydrated (111) Fluorite Surface[END_REF][START_REF] Rao | Mechanism of oleate interaction on salt-type minerals[END_REF][START_REF] Rao | Mechanism of oleate interaction on salt-type minerals[END_REF][START_REF] Marinakis | The mechanism of fatty acid adsorption in the presence of fluorite, calcite and barite[END_REF]. Consequently, fatty acids in solution can be either in their free anionic form or coordinated to a sodium cation. Sodium oleate (sodium cis-octadec-9-enoate) is the most employed fatty acid in flotation [START_REF] Leja | Surface Chemistry of Froth Flotation[END_REF][START_REF] Bulatovic | Handbook of flotation reagents: chemistry, theory and practice[END_REF][START_REF] Kupka | Froth flotation of scheelite -A review[END_REF], because of its high natural abundance and low melting point, allowing low operating costs and ease of use.

Nonetheless, the high affinity of fatty acids for a large number of cations clearly entails a lack of selectivity and, consequently, a decrease in the extraction performances [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][START_REF] Foucaud | Integrated approach for the processing of a complex tungsten Skarn ore (Tabuaço, Portugal)[END_REF][START_REF] Gao | Adsorption of a novel reagent scheme on scheelite and calcite causing an effective flotation separation[END_REF][START_REF] Karlkvist | Flotation selectivity of novel alkyl dicarboxylate reagents for apatite-calcite separation[END_REF]. Therefore, understanding the adsorption mechanisms of carboxylate species onto mineral surfaces is of paramount importance to develop optimized formulations for the froth flotation process, similarly to what happened in the Dye Sensitized Solar Cells (DSCs) field, where the deep knowledge acquired on the adsorption mechanism of the dye sensitizers, usually bearing a carboxylic anchoring group, onto the TiO2 anatase surfaces allowed definitely boosting the device performances [START_REF] Pastore | Computational modelling of TiO 2 surfaces sensitized by organic dyes with different anchoring groups: adsorption modes, electronic structure and implication for electron injection/recombination[END_REF][START_REF] Pastore | Intermolecular Interactions in Dye-Sensitized Solar Cells: A Computational Modeling Perspective[END_REF][START_REF] Calbo | Computational modeling of single-versus double-anchoring modes in di-branched organic sensitizers on TiO 2 surfaces: structural and electronic properties[END_REF]. Consistently, the way in which fatty acids interact with mineral surfaces has been a debated research topic since the early 1960s, when Peck and Wadsworth investigated and discussed for the first time the adsorption of sodium oleate onto fluorite [START_REF] Peck | Infrared Study of the Effect of Fluoride, Sulfate, and Chloride Ions on Adsorption of Oleate on Fluorite and Barite[END_REF], on the basis of Fourier-transform infrared (FTIR) experiments. In line with the results of others authors, they observed an infrared (IR) absorption band located between 1549 cm -1 [START_REF] Free | The significance of collector colloid adsorption phenomena in the fluorite/oleate flotation system as revealed by FTIR/IRS and solution chemistry analysis[END_REF][START_REF] Kellar | Thermotropic phase transition of adsorbed oleate species at a fluorite surface byin situ FT-IR/IRS spectroscopy[END_REF][START_REF] Sivamohan | Adsorption of oleate species at the fluoriteaqueous solution interface[END_REF][START_REF] Jang | Verification of the internal reflection spectroscopy adsorption density equation by Fourier transform infrared spectroscopy analysis of transferred Langmuir-Blodgett films[END_REF] and 1555 cm -1 [START_REF] Rao | Mechanism of oleate interaction on salt-type minerals[END_REF][START_REF] Sivamohan | Adsorption of oleate species at the fluoriteaqueous solution interface[END_REF], which was attributed to the asymmetric stretching of the carboxyl group (COO - ). This peak provides crucial information about the coordination of carboxylates on minerals or, more generally, on metal oxide surfaces [START_REF] Deacon | Relationships between the carbon-oxygen stretching frequencies of carboxylato complexes and the type of carboxylate coordination[END_REF]. Meanwhile, authors systematically reported a doublet peaking at 1536-1539 cm -1 and 1574-1576 cm -1 , most of them observed this doublet at intermediate to high fatty acids concentrations in solution. The assignment of these three peaks in view of the adsorption mechanism(s) of the polar group has been extensively debated in the literature. Some authors proposed, indeed, the chemisorption of oleate species followed by the surface precipitation of calcium dioleate [START_REF] Rao | Mechanism of oleate interaction on salt-type minerals[END_REF][START_REF] Rao | Mechanism of oleate interaction on salt-type minerals[END_REF][START_REF] Free | The significance of collector colloid adsorption phenomena in the fluorite/oleate flotation system as revealed by FTIR/IRS and solution chemistry analysis[END_REF][START_REF] Sivamohan | Adsorption of oleate species at the fluoriteaqueous solution interface[END_REF][START_REF] Rao | Mechanism of oleate interaction on salt-type minerals, Part II. Adsorption and electrokinetic studies of apatite in the presence of sodium oleate and sodium metasilicate[END_REF][START_REF] Lu | Carboxyl Stretching Vibrations of Spontaneously Adsorbed and LB-Transferred Calcium Carboxylates as Determined by FTIR Internal Reflection Spectroscopy[END_REF][START_REF] Hu | Effect of temperature and oxygen on oleate adsorption by fluorite[END_REF] while other models suggested the sole chemisorption of oleate species, potentially associated with additional mechanisms such as the adsorption of a sodium cation used as a bridge for the carboxylate anion [START_REF] Rao | Mechanism of oleate interaction on salt-type minerals, Part II. Adsorption and electrokinetic studies of apatite in the presence of sodium oleate and sodium metasilicate[END_REF][START_REF] Sørensen | On the adsorption of some anionic collectors on fluoride minerals[END_REF]. The possibility of the physisorption of the carboxylate species has also been raised [START_REF] French | The Quantitative Application of Infrared Spectroscopy to Studies in Surface Chemistry[END_REF][START_REF] Fuerstenau | The complex behavior of fatty acids in fluorite flotation[END_REF] as well as the substitution of a fluoride surface ion by the carboxylate anion [START_REF] Peck | Infrared Study of the Effect of Fluoride, Sulfate, and Chloride Ions on Adsorption of Oleate on Fluorite and Barite[END_REF][START_REF] Young | Effect of temperature on oleate adsorption at a calcite surface: an FT-NIR/IRS study and review[END_REF][START_REF] Nixon | Fluorite flotation III: Improvement of selectivity of oleic acid by the use of vitamin D type addition agents[END_REF][START_REF] Finkelstein | Review of Interactions in Flotation of Sparingly Soluble Calcium Minerals with Anionic Collectors[END_REF].

With the aim of unraveling the adsorption mechanisms of carboxylates onto semi-soluble minerals, we report, here, an unprecedented investigation on the fluorite/octanoate interface by combining FTIR spectroscopy experiments with state-of-the art atomistic simulations. The adsorption of a model fatty acid has been simulated at 0 K through DFT relaxations and at 300 K by ab initio molecular dynamics (AIMD) and the IR spectra of the stable adsorption configurations have been calculated by density functional perturbation theory (DFPT). As a matter of fact, DFT [START_REF] Saidi | Improved tribological properties, thermal and colloidal stability of poly-α-olefins based lubricants with hydrophobic MoS2 submicron additives[END_REF][START_REF] Khalil | Biofuel purification: Coupling experimental and theoretical investigations for efficient separation of phenol from aromatics by zeolites[END_REF] and AIMD [START_REF] Foucaud | Synergistic adsorptions of Na2CO3 and Na2SiO3 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] Foucaud | A review of atomistic simulation methods for surface physical-chemistry phenomena applied to froth flotation[END_REF][START_REF] Bai | A positively charged calcite surface model for molecular dynamics studies of wettability alteration[END_REF] simulations have been successfully combined with spectroscopic experiments to unravel complex interfacial mechanisms while DFPT is commonly used to determine the electromagnetic, vibrational, semiconducting, or thermodynamic properties [START_REF] Li | Ab Initio Study of the Dielectric and Electronic Properties of Multilayer GaS Films[END_REF][START_REF] Coutinho | 3R and 2H polytypes of MoS2: DFT and DFPT calculations of structural, optoelectronic, vibrational and thermodynamic properties[END_REF][START_REF] Debbichi | Two-Dimensional Indium Selenides Compounds: An Ab Initio Study[END_REF] of different material in various fields, including the isotopic fractioning [START_REF] Liu | Equilibrium lithium isotope fractionation in Li-bearing minerals[END_REF], perovskites [START_REF] Marronnier | Structural Instabilities Related to Highly Anharmonic Phonons in Halide Perovskites[END_REF], zeolites [START_REF] Khalil | Biofuel purification: Coupling experimental and theoretical investigations for efficient separation of phenol from aromatics by zeolites[END_REF] and metal-organic frameworks [START_REF] Harvey | Spectroscopically Resolved Binding Sites for the Adsorption of Sarin Gas in a Metal-Organic Framework: Insights beyond Lewis Acidity[END_REF]. Fluorite (CaF2) has been chosen here as it corresponds to an archetype of the semi-soluble salt minerals and, therefore, has been extensively studied over the past decades as previously discussed [START_REF] Rao | Mechanism of oleate interaction on salt-type minerals[END_REF][START_REF] Rao | Mechanism of oleate interaction on salt-type minerals[END_REF][START_REF] Marinakis | The mechanism of fatty acid adsorption in the presence of fluorite, calcite and barite[END_REF][START_REF] Free | The significance of collector colloid adsorption phenomena in the fluorite/oleate flotation system as revealed by FTIR/IRS and solution chemistry analysis[END_REF][START_REF] Kellar | Thermotropic phase transition of adsorbed oleate species at a fluorite surface byin situ FT-IR/IRS spectroscopy[END_REF][START_REF] Sivamohan | Adsorption of oleate species at the fluoriteaqueous solution interface[END_REF][START_REF] Lu | Carboxyl Stretching Vibrations of Spontaneously Adsorbed and LB-Transferred Calcium Carboxylates as Determined by FTIR Internal Reflection Spectroscopy[END_REF][START_REF] Sørensen | On the adsorption of some anionic collectors on fluoride minerals[END_REF][START_REF] Free | Kinetics of 18-Carbon Carboxylate Adsorption at the Fluorite Surface[END_REF][START_REF] Kellar | In-situ FT-IR/IRS investigation of double-bond reactions of adsorbed oleate at a fluorite surface[END_REF][START_REF] Lovell | Infrared studies of the adsorption of oleate species on calcium fluoride[END_REF][START_REF] Lovell | The effect of certain pretreatments on the surface area of various minerals, determined by the B.E.T. method[END_REF][START_REF] Mielczarski | Molecular Recognition Effect in Monolayer Formation of Oleate on Fluorite[END_REF][START_REF] Mielczarski | Infrared External Reflection Spectroscopy of Adsorbed Monolayers in a Region of Strong Absorption of Substrate[END_REF][START_REF] Mielczarski | Solution Chemistry in Adsorption Layer Formation of Oleate on Fluorite[END_REF][START_REF] Mielczarski | Influence of solution conditions and mineral surface structure on the formation of oleate adsorption layers on fluorite[END_REF][START_REF] Pradip | Molecular Modeling of Interactions of Alkyl Hydroxamates with Calcium Minerals[END_REF].

In agreement with some of the previous studies, we assign the peak at 1560 cm -1 , appearing at low fatty acid concentrations, to the adsorption of the carboxylate via a sodium counter-cation while, the doublet peaking at 1535 and 1575 cm -1 , arising at higher concentrations, to a mixture of monodentate and bidentate configurations. More interestingly, here we provide atomistic details on the role played by the counter-cation in initiating the formation of the surface layer (low concentrations) and by the neighboring molecules (high concentrations) in stabilizing the monodentate adsorption of the free carboxylate.

The paper is organized as follows: after a description of the computational and experimental strategies and details, we present FTIR results in which the fatty acids concentration, conditioning time, and chain length are varied; these results are subsequently interpreted on the basis of calculated IR spectra and AIMD simulations. Finally, the theoretical and experimental results are discussed to bring new insights in the adsorption models of fatty acids on semisoluble minerals.

Materials and methods

Materials and chemicals

The diffuse reflectance infrared Fourier-transform (DRIFT) experiments were carried out with pure CaF2 from Mexico. Chemical analyses were performed using inductively coupled plasma-atomic emission spectrometry (ICP-AES) for major elements and ion-sensitive electrode (ISE) for fluorine (Table 1). Albeit it contained 1.26% Si, indicating a contamination by quartz, fluorite was of satisfactory purity. It was milled in an agate mortar and dry sieved to produce a -40+20 µm size fraction. All the carboxylate anions were obtained by the reaction of pure fatty acids with sodium hydroxide in aqueous phase, in equimolar proportions, at 333 K during 30 min. The fatty acids, containing 12 to 18 carbons in their aliphatic chain, were all of analytical purity (99.5%) and supplied by Sigma Aldrich. 

DRIFT experiments

To maximize the mineral surface signal, FTIR analyses were carried out using the DRIFT method [START_REF] Thomas | Interaction of mineral surfaces with simple organic molecules by diffuse reflectance IR spectroscopy (DRIFT)[END_REF]. The spectra were acquired with a Bruker IFS 55 spectrometer fitted with a largeband mercury-cadmium-telluride (MCT) detector cooled by liquid nitrogen, along with a diffuse reflectance attachment (Harrick Corporation). The DRIFT spectra were recorded with a spectral resolution of 2 cm -1 between 4000 cm -1 and 600 cm -1 . In order to maximize the surface signal, the mineral samples were analyzed without dilution in potassium bromide. Before the FTIR spectrum acquisition, 0.5 g of fluorite was conditioned in 5 mL of the fatty acid solution during 24 h, unless another conditioning time is specified. Moreover, the conditioning was systematically conducted under vigorous shaking conditions to attain a thermodynamic equilibrium. To avoid any effect of a possible excess of sodium cations in solution due to sodium hydroxide, the choice was made to perform all the FTIR experiments at pH 7. After conditioning, fluorite was washed three times with deionized water prior to the recording of the IR spectra.

Atomistic simulations

Computational Strategy

Following the various models proposed in the literature, we simulated here the following systems:

(1) The adsorption of fatty acids on the fluorite as free carboxylate anion, named FA hereafter;

(2) The adsorption of the carboxylate anion along with a sodium counter-ion, named SC hereafter;

(3) The substitution of a surface fluorine atom by the carboxylate anion (anionic exchange), named AE hereafter.

In flotation, the target mineral is made hydrophobic by the formation of an organized adsorption layer at the liquid/solid interface, i.e. with many molecules adsorbed close from each other. In this case, the water molecules are desorbed from the surface and the adsorbed molecules are locally in vacuum-like conditions. Therefore, each of the three above-mentioned systems was considered in vacuum and in hydrated conditions. Overall, we set up a computational strategy involving 3 steps:

• Selection of the mostly visited configuration(s) in vacuo by running 20 ps (including 10 ps of thermalisation) AIMD simulations and in water by running 50 ps (including 10 ps of thermalisation) AIMD simulations with an explicit water solvent;

• Full DFT geometry relaxations of the selected configuration(s) to calculate the adsorption or the reaction energies;

• Calculation of the IR spectrum for each optimized configuration using the Born charges and the density functional perturbation theory (DFPT) [START_REF] Baroni | Phonons and related crystal properties from density-functional perturbation theory[END_REF][START_REF] Karhánek | Self-Assembled Monolayers Studied by Density-Functional Theory[END_REF][START_REF] Karhánek | A density-functional study of the adsorption of methanethiol on the (111) surfaces of the Ni-group metals: II. Vibrational spectroscopy[END_REF].

The adsorption energies were calculated by subtracting the energy of the system where the molecule is adsorbed ("Bound") to the energy of the system where the molecule is 10 Å far from the surface, in the vacuum/water phase ("Unbound"). The "Bound" and "Unbound" systems underwent the first step of the above-described computational strategy, i.e. the AIMD simulation to select the most visited configuration(s). For the anion exchange case, which is not an adsorption but a reaction, the reaction energy was calculated by subtracting the sum of the total energies of the reactants to the sum of the total energies of the products.

Structural models

We generated a primitive cubic cell of CaF2 using the experimental lattice parameters reported by Speziale and Duffy [START_REF] Speziale | Single-crystal elastic constants of fluorite (CaF 2 ) to 9.3 GPa[END_REF]. A slab exposing the (111) surface, being the most exposed facet [START_REF] Tasker | The structure and properties of fluorite crystal surfaces[END_REF][START_REF] Parks | The ordered dispersal of point defects over cubic lattices: Application to fluorite-related structures[END_REF], was cleaved from the bulk and extended to obtain a supercell whose lattice parameters were x = 15.16 Å, y = 11.42 Å, and z = 8.16 Å with = 90.14° = 89.93°, and = 59.48°. This supercell comprised 72 atoms (24 Ca and 48 F) divided in two layers of calcium atoms, among which one layer constituted the (111) surface, and four layers of fluorine atoms (see Fig. 1). Moreover, to avoid any interaction between the surface and its periodic image when the system was not hydrated, we added a vacuum of 15 Å along the z-axis above the uppermost atom. For hydrated systems, the vacuum was completely filled with water molecules using the Packmol software [START_REF] Martínez | PACKMOL: A package for building initial configurations for molecular dynamics simulations[END_REF], to reproduce a density of 1 g cm -3 excluding the volume of the added molecule(s). Packmol randomly distributes the molecules in the space in such way that the simulations are not disrupted by van der Waals repulsive interactions, thus providing a suitable starting point for AIMD simulations. We used a relaxed water molecule as the input molecule geometry setting a minimum average distance of 2 Å between adjacent water molecules.

Besides, it has been shown that the aliphatic chain length does not affect the adsorption mechanisms, which are mainly led by the anionic/polar carboxylic group [START_REF] Foucaud | Molecular Insight into Fatty Acid Adsorption on Bare and Hydrated (111) Fluorite Surface[END_REF]. Therefore, the octanoate anion was selected to conduct this study since it represents a good compromise between chain length and calculation cost. 

Calculations details

All the calculations were performed using the VASP package [START_REF] Kresse | Ab initio molecular dynamics for liquid metals[END_REF]. 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 cut-off of 500 eV was employed along with the semi-local Perdew-Burke-Ernzerhof (PBE) exchange-correlation functional [START_REF] Perdew | Generalized Gradient Approximation Made Simple[END_REF] in the generalized gradient approximation (GGA), including the D2 correction to account for dispersion forces [START_REF] Grimme | Semiempirical GGA-type density functional constructed with a long-range dispersion correction[END_REF]. 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. Considering the large size of the cells, all the calculations were performed sampling the Brillouin zone at the Gamma point. The structural relaxations were conducted until all forces were smaller than 0.01 eV/Å. Ab initio molecular dynamics (AIMD) simulations in vacuo and water solution were carried out using a Nosé-Hoover thermostat setting the temperature to 300 K and a time step of 1 fs. The vibration frequencies and their corresponding intensities were obtained by employing the density-functional perturbation theory (DFPT), as implemented in the VASP package. In the cases of FA system, in vacuo and in water, and AE system in water, the molecule bore a negative charge, which was compensated by assuming a homogeneous background charge in the cell.

Results

Experimental results

Fluorite and sodium oleate

The IR spectra of pure fluorite (black line) and sodium oleate, NaOl, (red line) are shown in Figure 1 along with the IR spectrum of fluorite conditioned in a solution of sodium oleate at 1 x 10 -4 mol.L -1 (light blue line). The peak at 1610-1620 cm -1 as well as the band centered at 3400 cm -1 result from the presence of adsorbed water; hence, in the following spectra, we systematically subtract the IR spectrum of the pure fluorite from the spectra where fatty acids are adsorbed on the surface. In the NaOl spectrum, the peak at 1470 cm -1 is attributed to -CH2 bending while the peaks at 2852, 2921, 2955, and 3005 cm -1 are ascribed to the symmetric stretching vibrations of -CH2, asymmetric stretching of -CH2, asymmetric stretching of -CH3, and stretching of =C-H, respectively. In addition, the strong absorption band at 1558 cm -1 is attributed to the asymmetric stretching vibration of the -COO -group. When we move to the spectrum of the fluorite conditioned with the sodium oleate, while all the peaks attributed to the aliphatic chain occur at the same wavenumbers recorded for the pure compound (cf. red and light blue lines in Figure 2), the peak at 1558 cm -1 corresponding to the COO -asymmetric stretching appears now as a doublet at 1539 and 1574 cm -1 . This doublet, as stated in the introduction, has been originally ascribed to precipitation of calcium dioleate on the surface at intermediate and high adsorption densities [START_REF] Rao | Mechanism of oleate interaction on salt-type minerals[END_REF][START_REF] Rao | Mechanism of oleate interaction on salt-type minerals[END_REF][START_REF] Free | The significance of collector colloid adsorption phenomena in the fluorite/oleate flotation system as revealed by FTIR/IRS and solution chemistry analysis[END_REF][START_REF] Rao | Mechanism of oleate interaction on salt-type minerals, Part II. Adsorption and electrokinetic studies of apatite in the presence of sodium oleate and sodium metasilicate[END_REF][START_REF] Lu | Carboxyl Stretching Vibrations of Spontaneously Adsorbed and LB-Transferred Calcium Carboxylates as Determined by FTIR Internal Reflection Spectroscopy[END_REF][START_REF] Hu | Effect of temperature and oxygen on oleate adsorption by fluorite[END_REF]. Nevertheless, the idea of the coexistence of two different conformations of adsorbed carboxylates within a well compact and dense monolayer was also suggested later on: the bands at 1536-1539 cm -1 and 1574-1576 cm -1 were ascribed to a bidentate and an unidentate adsorption mode, respectively [START_REF] Mielczarski | Molecular Recognition Effect in Monolayer Formation of Oleate on Fluorite[END_REF][START_REF] Mielczarski | Infrared External Reflection Spectroscopy of Adsorbed Monolayers in a Region of Strong Absorption of Substrate[END_REF][START_REF] Mielczarski | Solution Chemistry in Adsorption Layer Formation of Oleate on Fluorite[END_REF][START_REF] Mielczarski | Influence of solution conditions and mineral surface structure on the formation of oleate adsorption layers on fluorite[END_REF][START_REF] Filippova | Effect of calcium minerals reactivity on fatty acids adsorption and flotation[END_REF].

Effect of concentration

As the question of the influence of the concentration and, therefore, the tightness of the adsorption layer on the observed IR bands seems to be crucial for the appearance of the doublet, Figure 3 displays the DRIFT spectra of fluorite conditioned in NaOl solutions at different concentrations: 1 x 10 -5 mol.L -1 (black line), 5 x 10 -5 mol.L -1 (red line), and 1 x 10 -4 mol.L -1 (light blue). At the lowest concentration, a small peak can be observed for the asymmetric stretching of the -COO -group, at 1560 cm -1 (black line in Figure 3), that, on the basis of the IR spectrum of the pure compound (red line in Figure 2), has been ascribed in the literature to physically adsorbed sodium oleate [START_REF] Rao | Mechanism of oleate interaction on salt-type minerals[END_REF][START_REF] Rao | Mechanism of oleate interaction on salt-type minerals[END_REF][START_REF] Free | The significance of collector colloid adsorption phenomena in the fluorite/oleate flotation system as revealed by FTIR/IRS and solution chemistry analysis[END_REF][START_REF] Rao | Mechanism of oleate interaction on salt-type minerals, Part II. Adsorption and electrokinetic studies of apatite in the presence of sodium oleate and sodium metasilicate[END_REF][START_REF] Lu | Carboxyl Stretching Vibrations of Spontaneously Adsorbed and LB-Transferred Calcium Carboxylates as Determined by FTIR Internal Reflection Spectroscopy[END_REF] or to calcium/sodium oleate surface species [START_REF] Mielczarski | Molecular Recognition Effect in Monolayer Formation of Oleate on Fluorite[END_REF][START_REF] Mielczarski | Infrared External Reflection Spectroscopy of Adsorbed Monolayers in a Region of Strong Absorption of Substrate[END_REF][START_REF] Mielczarski | Solution Chemistry in Adsorption Layer Formation of Oleate on Fluorite[END_REF][START_REF] Mielczarski | Influence of solution conditions and mineral surface structure on the formation of oleate adsorption layers on fluorite[END_REF]. The peaks attributed to the aliphatic chain present low intensities while the asymmetric elongation of -CH2 is located at 2926 cm -1 , which may suggest a loose organization of the adsorption layer [START_REF] Free | The significance of collector colloid adsorption phenomena in the fluorite/oleate flotation system as revealed by FTIR/IRS and solution chemistry analysis[END_REF][START_REF] Kellar | Thermotropic phase transition of adsorbed oleate species at a fluorite surface byin situ FT-IR/IRS spectroscopy[END_REF][START_REF] Mielczarski | Molecular Recognition Effect in Monolayer Formation of Oleate on Fluorite[END_REF]. When the concentration is increased to 5 x 10 -5 mol.L -1 (red line in Figure 3), a broadened band appears from 1535 to 1572 cm -1 while the peak at 2926 cm -1 shifts to 2923 cm -1 , indicating stronger chain-chain interactions due to a tighter organization of the adsorbed molecules, i.e., higher amounts of sodium oleate on the surface [START_REF] Free | The significance of collector colloid adsorption phenomena in the fluorite/oleate flotation system as revealed by FTIR/IRS and solution chemistry analysis[END_REF][START_REF] Kellar | Thermotropic phase transition of adsorbed oleate species at a fluorite surface byin situ FT-IR/IRS spectroscopy[END_REF][START_REF] Mielczarski | Molecular Recognition Effect in Monolayer Formation of Oleate on Fluorite[END_REF]. When the concentration is further increased to 1 x 10 -4 mol.L -1 (light blue line in Figure 3), the doublet, at 1535 cm -1 and 1572 cm -1 , is observed as well as a slight peak at 1560 cm -1 . On overall, the present results are consistent with the ones reported in the literature concerning the effect of changing the sodium oleate concentration [START_REF] Rao | Mechanism of oleate interaction on salt-type minerals[END_REF][START_REF] Mielczarski | Solution Chemistry in Adsorption Layer Formation of Oleate on Fluorite[END_REF]. Rao and co-workers [START_REF] Rao | Mechanism of oleate interaction on salt-type minerals[END_REF], indeed, thoroughly studied the influence of the density of adsorbed layer on the aforementioned IR band: at low surface coverage, they observed a single absorption band located between 1555 and 1560 cm -1 .

For higher surface coverage, this single band became a doublet peaking at 1540 and 1574 cm -1 and, when the coverage was further increased, a sole band at 1558 cm -1 was appearing. No further evidence, however, of such isolated peak at full coverage conditions can be found in the literature. Mielczarski and co-workers [START_REF] Mielczarski | Solution Chemistry in Adsorption Layer Formation of Oleate on Fluorite[END_REF] also observed the doublet, regardless the presence of the band at 1560 cm -1 and demonstrated that, at low coverage, the band at 1556 cm -1 is present but can be hidden by the doublet at 1536/1576 cm -1 when the concentration increases.

Figure 3. DRIFT spectra of fluorite conditioned in a solution of sodium oleate at 1 x 10 -5 mol.L -1 (black), at 5 x 10 -5 mol.L -1 (red), and at 1 x 10 -4 mol.L -1 (light blue). The IR spectrum of pure fluorite, presented in Figure 2, has been subtracted from the spectra presented here.

Effect of conditioning time

To verify the hypothesis suggested by some authors [START_REF] Rao | Mechanism of oleate interaction on salt-type minerals[END_REF][START_REF] Rao | Mechanism of oleate interaction on salt-type minerals[END_REF][START_REF] Free | The significance of collector colloid adsorption phenomena in the fluorite/oleate flotation system as revealed by FTIR/IRS and solution chemistry analysis[END_REF][START_REF] Rao | Mechanism of oleate interaction on salt-type minerals, Part II. Adsorption and electrokinetic studies of apatite in the presence of sodium oleate and sodium metasilicate[END_REF][START_REF] Hu | Effect of temperature and oxygen on oleate adsorption by fluorite[END_REF][START_REF] Young | Effect of temperature on oleate adsorption at a calcite surface: an FT-NIR/IRS study and review[END_REF] that the doublet might be ascribed to the formation of a calcium dicarboxylate precipitate on the surface, we reduced the conditioning time to 5 min to impede the calcium dioleate precipitation. The kinetics of fluorite dissolution is, indeed, quite low: in 5 min in contact with a solution of deionized water, authors reported fluorine concentration in solution of around 1 x 10 -5 mol.L -1 [START_REF] Roche | Caractérisation de l'état de surface des fluorines et application à la flottation des minerais de fluorine du district du Tarn (Montroc -Le Burc)[END_REF]. Considering the dissolution reaction, the equivalent concentration of calcium ions in solution was then of 1 x 10 -10 mol.L -1 . Therefore, a sodium oleate concentration of 1 x 10 -4 mol.L -1 would not be enough to attain the solubility product of calcium dioleate, which was measured around 1

x 10 -15 -10 -16 by several studies. In Figure 4 we compare the IR spectra obtained after 5 minutes (black line) and 24 hours of conditioning in a sodium oleate solution of of 1 x 10 -4 mol.L -1 (light blue line). As is apparent, the doublet is observed on IR spectrum whatever the conditioning time (Figure 4) and with a comparable intensity. This indicates that, under vigorous shaking conditions and at room temperature (298K), the thermodynamic equilibrium is reached very fast, in less than 5 min. This result definitely demonstrates that the doublet observed on IR spectra cannot be attributed to a calcium dioleate surface precipitate but it has to be most likely interpreted as coming from the adsorption of the oleate anion under mixed bidentate binuclear and unidentate configurations, as suggested by Mielczarski and co-workers [START_REF] Mielczarski | Molecular Recognition Effect in Monolayer Formation of Oleate on Fluorite[END_REF][START_REF] Mielczarski | Infrared External Reflection Spectroscopy of Adsorbed Monolayers in a Region of Strong Absorption of Substrate[END_REF][START_REF] Mielczarski | Solution Chemistry in Adsorption Layer Formation of Oleate on Fluorite[END_REF][START_REF] Mielczarski | Influence of solution conditions and mineral surface structure on the formation of oleate adsorption layers on fluorite[END_REF]. (black) and during 24 h (blue). The IR spectrum of pure fluorite, presented in Figure 2, has been subtracted from the spectra presented here.

Effect of the chain length

In flotation, the mineral surface is made hydrophobic by the formation of an adsorption layer, which is induced by the existence of strong lateral chain-chain interactions between molecules.

Hence, the chain length could affect the adsorption modes, the tightness of the layer, or the quantity adsorbed. Therefore, the influence of the chain length on the adsorption modes was assessed. For that, fluorite was conditioned during 24h under vigorous shaking conditions with saturated fatty acids with different chain lengths, from 12 to 18 carbon atoms (Figure 5). For all the fatty acids tested, we can systematically observe the doublet peaking at 1537 and 1573 cm -1

albeit the peak at 1560 cm -1 is not present. This could be attributed to the dominance of the doublet that could hide the band at 1560 cm -1 , as stated previously. The picture coming from the experimental FTIR spectra can be summarized as follows: at medium-high fatty acid concentrations, and regardless the length of the chain, a double peak (1573-1537 cm -1 ) is observed along with a small peak at 1560 cm -1 . The possibility that this doublet originated from the precipitation of calcium dioleate is disregarded and thus the hypothesis of the coexistence of monodentate and bidentate anchoring configurations seems to be confirmed. The small peak at 1560 cm -1 also appears with higher intensity at low concentrations and corresponds to the asymmetric COO-stretching of the pure sodium oleate.

In the next section we will corroborate this interpretation by calculation of the IR spectra of the possible adsorption configurations in water environment and in vacuo, mimicking the lowconcentration conditions and the formation of a compact surface monolayer, respectively.

Moreover, inclusion of finite temperature effects and of the intermolecular interactions between the adsorbed molecules will provide atomistic insights on the adsorption mechanism.

Theoretical results

Adsorption in free anionic (FA) form

In gas phase at room temperature, the carboxylate anion stably coordinates to two surface calcium atoms in a bidentate binuclear configuration, with Ca-O bond lengths of about 2.33 Å (top left panel in Figure 6). The calculated adsorption energy is -234.9 kJ.mol -1 , which is quite large. In this adsorption configuration, the asymmetric stretching of the carboxylate group is predicted at 1573 cm -1 by DFPT (top right panel in Figure 6). Interestingly, during the AIMD simulation in water, a change from the bidentate coordination to a monodentate configuration is observed after less than 1 ps. One oxygen atom is bonded to a surface calcium atom while the other establishes hydrogen bonds with three to four bulk water molecules. This adsorption mechanism has been reported by Mielczarski and co-workers [START_REF] Mielczarski | Molecular Recognition Effect in Monolayer Formation of Oleate on Fluorite[END_REF] for low fatty acids concentration with the angle between the line joining the two oxygen atoms and the surface estimated around 10°, which is consistent with the geometry obtained here (Figure 6).

The adsorption energy of the molecule in monodentate anchoring in water is -66.3 kJ.mol -1 . The lower adsorption energy (in absolute value) of FA in hydrated conditions can be related to a considerable stabilization of the free octanoate anion by bulk surrounding water molecules, since at least four water molecules establish hydrogen bonds with the carboxyl group (Figure 6).

Moreover, this can also be linked to the electrostatic screening induced by the presence of the solvent and to the shift from two Ca-O bonds to a single Ca-O with the surface. Finally, as mentioned previously, this adsorption energy is lower in absolute value since it comprises the desorption energy of a water molecule, which is around +55 kJ.mol -1 [START_REF] Foucaud | Surface Properties of Fluorite in Presence of Water: An Atomistic Investigation[END_REF]. The COO - asymmetric stretching for the monodentate adsorption mode is calculated at 1535 cm -1 by DFPT (Figure 6).

Sodium octanoate (SC) adsorption

At 300 K and in vacuo (top left panel of Figure 7), the sodium octanoate remains coordinated in a bidentate binuclear configuration onto the fluorite surface. The adsorption energy calculated at 0 K on the relaxed structure is -122.3 kJ.mol -1 . The optimized Ca-O distances are of 2.45 and 2.54 Å, while the sodium cation is bonded to two surface fluorine atoms (both Na-F bond lengths are 2.33 Å) and to the two oxygen atoms (with bond lengths of 2.38 and 2.35 Å). As shown in the top right panel in Figure 7, the calculated asymmetric stretching of COO -is 1517 cm -1 , with the red-shift explained by the elongation of the Ca-O bonds due to the presence of the sodium cation. There is no evidence of such peak in the experimental studies reported so far, thus we can safely rule out the hypothesis of the adsorption under this configuration. During the AIMD simulation in water, the molecule moved away from the surface to then coordinates, in a monodentate fashion, to the sodium atom, that is in turn adsorbed to the fluorite surface (bottom left panel in Figure 7). The calculated adsorption energy of this configuration amounts to -154.2 kJ.mol -1 in this case, a value significantly lower compared to one estimated for the FA adsorption in water. The asymmetric stretching vibration of COO -is calculated at 1557 cm -1 by DFPT (Figure 7), which corresponds to the IR band reported experimentally for low concentrations.

Anion exchange (AE)

The anion exchange [START_REF] Peck | Infrared Study of the Effect of Fluoride, Sulfate, and Chloride Ions on Adsorption of Oleate on Fluorite and Barite[END_REF][START_REF] Young | Effect of temperature on oleate adsorption at a calcite surface: an FT-NIR/IRS study and review[END_REF][START_REF] Nixon | Fluorite flotation III: Improvement of selectivity of oleic acid by the use of vitamin D type addition agents[END_REF][START_REF] Finkelstein | Review of Interactions in Flotation of Sparingly Soluble Calcium Minerals with Anionic Collectors[END_REF] between the carboxylate and a mineral surface anion, under vacuum conditions for an octanoate molecule, can be expressed as follows:

+ = - +
For each compound, the methodology described previously was applied, i.e., an AIMD simulation to select the most visited configuration followed by a geometry relaxation on it to calculate the total energy of the system at 0 K. For the CaF-Oct system, during the AIMD simulation, one oxygen atom of the carboxylate anion adsorbs between two surface calcium atoms while the second oxygen atom forms a bond with a third calcium atom. The total reaction energy, calculated at 0 K, is +66.0 kJ.mol -1 , which indicates an endothermic reaction that is unlikely to occur at common flotation conditions. Based on this first equation, we also investigated the AE in aqueous conditions since the flotation process is conducted in water, without including the sodium cation due to the high solubility of NaF in water:

+ = - +
We adopted the same approach to calculate the total energy of products and reagents (CaOl, NaF, NaOl, CaF2). During the AIMD simulation of the Surface-Oct system, three to four water molecules, whose hydrogen atoms are oriented towards the fluoride anion, surround the substituted fluorine atom in solution (Figure 8), which corresponds to the inner solvation shell for the fluoride ion [START_REF] Kemp | Theoretical Study of the Solvation of Fluorine and Chlorine Anions by Water[END_REF]. This reaction is exothermic in hydrated conditions with ΔEr = -106.4

kJ.mol -1 , which indicates that, from a thermodynamic point of view, it is likely to occur and much more stable than the FA adsorption. However, this reaction requires the solubilization of a fluorine atom from the fluorite surface, which probably displays a significant activation energy since three Ca-F bonds must be broken to eject a fluoride ion. Consequently, even if this reaction is thermodynamically possible, it seems kinetically disfavored compared to the simple FA and SC adsorptions, which only require the desorption of a water molecule. Then, the asymmetric stretching vibration of COO -in the simulated spectrum is calculated at 1587 cm -1 (Figure 8), a value not observed in our FTIR experiments and never reported so far in the literature. 

Assignment of FTIR bands to low and high concentrations

A summary of the calculated adsorption energies and IR frequencies for the asymmetric stretching mode of COO -for the different adsorption configurations considered here is reported in Table 2, along with the experimental values. It is worthwhile to stress that, in the flotation process, an adsorption layer is formed on the surface to induce the desorption of as many water molecules as possible and, therefore, to make the mineral surface hydrophobic. AIMD simulations in vacuo can, thus, be used to get insights on the behavior at high fatty acids concentrations, although intramolecular interactions among the adsorbed molecules are neglected. Simulations in water, on the other hand, mimic the low concentration conditions. As is apparent in Table 2, the doublet experimentally observed at medium and high concentrations has to be unequivocally assigned to the mixing of the free anion adsorbed in a bidentate (≈ 1573 cm - 1 ) and monodentate modes (≈ 1535 cm -1 ), as suggested by various authors [START_REF] Mielczarski | Molecular Recognition Effect in Monolayer Formation of Oleate on Fluorite[END_REF][START_REF] Mielczarski | Infrared External Reflection Spectroscopy of Adsorbed Monolayers in a Region of Strong Absorption of Substrate[END_REF][START_REF] Mielczarski | Solution Chemistry in Adsorption Layer Formation of Oleate on Fluorite[END_REF][START_REF] Mielczarski | Influence of solution conditions and mineral surface structure on the formation of oleate adsorption layers on fluorite[END_REF][START_REF] Filippova | Effect of calcium minerals reactivity on fatty acids adsorption and flotation[END_REF]. The small peak corresponding to the asymmetric stretching of COO -in the sodium octanoate is calculated for the adsorption of the sodium carboxylate (≈ 1557 cm -1 ) in water. This structure, in which the carboxylate is anchored onto the fluorite via the adsorption of the Na cation, is predicted to be by far the most stable in water, that is, observed at low concentration regime, in agreement with previous findings [START_REF] Rao | Mechanism of oleate interaction on salt-type minerals[END_REF][START_REF] Rao | Mechanism of oleate interaction on salt-type minerals[END_REF][START_REF] Free | The significance of collector colloid adsorption phenomena in the fluorite/oleate flotation system as revealed by FTIR/IRS and solution chemistry analysis[END_REF][START_REF] Rao | Mechanism of oleate interaction on salt-type minerals, Part II. Adsorption and electrokinetic studies of apatite in the presence of sodium oleate and sodium metasilicate[END_REF][START_REF] Young | Effect of temperature on oleate adsorption at a calcite surface: an FT-NIR/IRS study and review[END_REF]. As a matter of fact, however, the monodentate adsorption of the free anion, responsible of the lowest-frequency peak of the doublet, was not observed in our AIMD simulation in vacuo. We cannot thus justify, solely on the basis of these results, the coexistence of monodentate and bidentate forms within a closely packed surface layer.

Evidently, intramolecular interactions between the adsorbed molecules play a crucial role in stabilizing/destabilizing the two coordination modes.

It is commonly accepted that the adsorption of fatty acids onto mineral surfaces follows a

Langmuir behavior with lateral interactions between the adsorbed molecules [START_REF] Cases | Adsorption et condensation des chlorhydrates d'alkylamine à l'interface solide-liquide[END_REF][START_REF] Cases | Thermodynamic model of ionic and nonionic surfactants adsorption-abstraction on heterogeneous surfaces[END_REF][START_REF] Dobiáš | Surfactant adsorption on minerals related to flotation[END_REF]. These latter are taken into account by resorting to a Frumkin-Fowler isotherm, which includes a term for lateral interactions between the aliphatic chains of the adsorbed molecules [START_REF] Cases | Adsorption et condensation des chlorhydrates d'alkylamine à l'interface solide-liquide[END_REF][START_REF] Cases | Thermodynamic model of ionic and nonionic surfactants adsorption-abstraction on heterogeneous surfaces[END_REF][START_REF] Dobiáš | Surfactant adsorption on minerals related to flotation[END_REF]. The impact of the adsorption of several carboxylate molecules on the adsorption mode is, however, still poorly understood. To tackle this problem, we considered two octanoate molecules in water by using as starting point for our AIMD simulation the most stable monodentate coordination for both of them.

To simulate a closely packed surface layer, the two molecules were adsorbed on adjacent calcium atoms (dCa-Ca = 3.86 Å). It is commonly admitted that an adsorption layer is formed by patches [START_REF] Mielczarski | Molecular Recognition Effect in Monolayer Formation of Oleate on Fluorite[END_REF][START_REF] Mielczarski | Infrared External Reflection Spectroscopy of Adsorbed Monolayers in a Region of Strong Absorption of Substrate[END_REF][START_REF] Mielczarski | Solution Chemistry in Adsorption Layer Formation of Oleate on Fluorite[END_REF][START_REF] Mielczarski | Influence of solution conditions and mineral surface structure on the formation of oleate adsorption layers on fluorite[END_REF], inside which molecules located at the boundaries are still in contact with water.

Therefore, we included water molecules for the simulation of two octanoate molecules. As is apparent in Figure 9, where a random snapshot of the AIMD simulation is shown, one of the FA adopts a bidentate binuclear configuration (dCa1-O1 = 2.82 Å and dCa2-O2 = 2.55 Å), while the other one is stabilized in a monodentate anchoring (dCa-O = 2.64 Å). During the AIMD run, an alternance between monodentate and bidentate binuclear configurations is observed, although, however, always with one molecule in each coordination mode. The stabilization of the bidentate anchoring in water is clearly the result of the interaction between the two molecules since it was found to be stable only in vacuo (Figure 6). In addition, no water molecules are present between the aliphatic chains of the two octanoate molecules, demonstrating significant hydrophobic interactions between them. Four hydrogen atoms of each molecule interact with their equivalent on the other molecule through dispersive forces with H-H distances ranging from 2.07 Å to 2.31 Å. This result demonstrates that, when several molecules are closely adsorbed on the surface, they are adsorbed under mixed monodentate and bidentate binuclear forms, leading to similar intensities for the two corresponding IR bands, peaking at 1535 cm -1 and 1575 cm -1 . 

Conclusive remarks

In this article, we used a combination of density functional theory calculations performed at 0 K and at 300 K, perturbated density functional theory calculations, and Fourier-transform infrared experiments to gain understanding in the adsorption mechanisms of fatty acids on calcium minerals. On the basis of the asymmetric stretching vibration of COO -group, peaking in the 1500-1600 cm -1 region, we showed that:

• The infrared band at 1555-1560 cm -1 observed experimentally for low fatty acids concentrations corresponds to the carboxylate adsorbed bridged on a sodium countercation;

• The infrared doublet peaking at 1535 and 1575 cm -1 , observed experimentally for intermediate to high fatty concentrations, corresponds to the carboxylate adsorbed under its anionic form in a mixed monodentate and bidentate binuclear configurations, respectively;

• Intermolecular interactions between the adsorbed molecules, dictated by the surface concentration, are crucial in stabilizing the monodentate adsorption of the free carboxylate with respect to the adsorption via the sodium counter-ion, thus justifying the presence at intermediate and high surface coverage of the lower frequency peak (1535 cm -1 );

• Although anion exchange appears to be thermodynamically possible, this adsorption mechanism is not evidenced neither experimentally nor theoretically compared to other adsorption forms involving the carboxylate with or without its sodium counterion.

On overall, these results show that the counter-ion plays a crucial role in the adsorption process, which was totally ignored in the literature beforehand. Thus, this suggests that controlling the affinity of the counter-cation for the surface anion(s) could allow the modulation of the adsorption selectivity and, as a consequence, of the flotation performances. This particularly opens the path to the development of innovative strategies to enhance the separation contrast between minerals, which is of uttermost importance for the recovery of critical raw materials.
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Figure 1 .

 1 Figure 1. The (111) fluorite surface used for DFT calculations seen from above (a) and from side (b). The x, y, and z vectors correspond to the axes of the generated cell but not to the Miller crystallographic axes.

Figure 2 .

 2 Figure 2. DRIFT spectra of fluorite conditioned in deionized water (black) and conditioned in a solution of sodium oleate (NaOl) at 1 x 10 -4 mol.L -1 (light blue). The IR spectrum of pure sodium oleate in the solid state is also displayed (red).

Figure 4 .

 4 Figure 4. DRIFT spectra of fluorite conditioned in a solution of sodium oleate at 1 x 10 -4 mol.L -1 during 5 min

Figure 5 :

 5 Figure 5 : DRIFT spectra obtained after conditioning fluorite with fatty acids with different chain lengths, from 12 to 18 carbon atoms, at 1 x 10 -4 mol.L -1 during 24h. The IR spectrum of pure fluorite, presented in Figure 1, has been subtracted from the spectra presented here.

Figure 6 .

 6 Figure 6. Adsorption configurations (left) of a fatty acid in FA form on the (111) fluorite surface in vacuum (top) and water environment (bottom). The corresponding calculated IR spectra, where peak of the asymmetric stretching of the COO -group is indicated, are displayed on the right panels. The dashed lines indicate hydrogen bonds.

Figure 7 .

 7 Figure 7. Adsorption configurations (left) in SC form on the (111) fluorite surface in vacuum (top) and water environment (bottom). The corresponding calculated IR spectra, where the most intense peak ascribed to the asymmetric stretching of the COO -group is indicated, are displayed on the right panels. The dashed lines indicate hydrogen bonds.

Figure 8 .

 8 Figure 8. The substitution of a fluorine surface ion by FA in its anionic form on the (111) fluorite surface and the corresponding IR spectra simulated by DFPT. The most intense peak is ascribed to the asymmetric stretching of the COO -group. The dashed lines indicate hydrogen bonds.

Figure 9 .

 9 Figure 9. Snapshot of a side view (left) and a top view (right) of the (111) fluorite surface with two octanoate anions adsorbed on the surface in water environment. The dashed lines indicate hydrogen bonds.

Table 1 .

 1 Major elements grade in pure CaF2 used in this study (ICP-AES and ISE).

Table 2 .

 2 Calculated adsorption energies (kJ/mol) and COO-asymmetric stretching frequencies (cm -1 ) for the various adsorption configurations considered int his study. The experimental occurrence is also indicated.

						Observed	Observed	Frequency observed
			Adsorption	Adsorption	Calculated		
	System	Environment				frequency	frequency	experimentally
			energy	mode	frequency		
						(this work)	(literature)	for…
							1572-
		Vacuum	-234.9	Bidentate	1573	1572-1574	1577[8,9,23-
	Free anionic						25,29,53-56]	Intermediate to high
	(FA)						1535-	concentrations
		Water	-66.3	Monodentate	1535	1535-1539	1542[8,9,23-
							25,29,53-56]
		Vacuum	-122.3	Bidentate	1517	N/A	N/A	N/A
	Sodium						
							1550-
	carboxylate			Monodentate-			
		Water	-154.2		1557	1560	1560[8,9,23-	Low concentrations
	(SC)			Na-CaF2			
							25,29,53-56]
						N/A	N/A
	Anion						
	exchange	Water	-106.4	Tridentate	1586			N/A
	(AE)						
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