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Phosphate adsorption on γ-alumina: a surface complex model based on surface characterization and zeta potential measurements

An innovative approach using solid/liquid interface characterization (zetametry measurements, ATR-IR), coupled with ex situ FTIR has been used to build a phosphate complexation model at the alumina surface via the PHREEQC software. According to the phosphorus coverage impregnated on the alumina surface, two mechanisms of adsorption have been identified: a specific surface complex adsorbed on the predominant alumina facet and a surface precipitation process. At low phosphorus coverage (P coverage<1.2 at/nm²), the adsorption proceeds mainly through a monodentate complex adsorbed on µ 1 -Al IV -OH sites located on the (110) facet, a bidentate involving µ 1 -Al V -OH (110) is also discussed. However, the surface concentration of these particular sites is limited. Thus, above the threshold of 1.2 at/nm², a surface precipitation occurs with the formation of an amorphous AlPO 4 phase, experimentally observed by FTIR and zetametry measurements.

Introduction

γ-Al 2 O 3 is an oxide of major importance in both industrial and environmental fields. γ-Al 2 O 3 is involved in numerous catalytic processes as an active catalyst (Claus Process) but mainly as a catalytic support in petroleum refining, cleaner fuel production from fossil and biomass resources (hydrotreatment field) or in exhaust gas catalytic converters.

In the large number of applications or systems mentioned, phosphorus appears to be a key element. It could enter in the composition of heterogeneous catalysts used in different processes linked to fuel or energy production and storage (hydrotreatment [START_REF] Iwamoto | Influence of Phosphorus on the Properties of Alumina-Based Hydrotreating Catalysts[END_REF] , biomass transformation 2 , zinc-air battery [START_REF] Li | Phosphorus doped Co 9 S 8 @CS as an excellent airelectrode catalyst for zinc-air batteries[END_REF] , …). Thus, by modifying the support acidity or the interaction between the active phase precursors and the support of heterogeneous catalyst, phosphorus helps to enhance the catalytic activity. For instance, in the case of hydrotreatment, phosphorus can lead to a better dispersion of the active phase [START_REF] Atanasova | Effect of phosphorus on the surface concentration of molybdenum and nickel in the oxide form of nickel-molybdenum/alumina catalysts and on their hydrodesulphurization activity[END_REF] , to less deactivation [START_REF] Fltz | Effects of Phosphorus on Nickel-Molybdenum Hydrodesulfurization/Hydrodenitrogenation Catalysts of Varying Metals Content[END_REF] , to a lower amount of inactive promoter species [START_REF] Morales | Adsorption Mechanism of Phosphorus on Alumina[END_REF] , and to the formation of a more easily reducible active phase [START_REF] Atanasova | Temperature programmed reduction of the oxide form of PNiMo/Al 2 O 3 catalysts before and after water extraction[END_REF] . The determination of the interaction between phosphate and the catalyst t is a great concern to understand its impact on the catalytic performance and design better catalysts.

Consequently, understanding phosphate interaction with oxides surfaces at the solid/liquid interface (support/impregnation solution) is of great interest. The interface is usually described by the Triple Layer model. The first layer situated between the surface and the Inner Helmholtz plane (IHP) contains the ions adsorbed specifically onto the surface mainly by covalent bonding. The second one situated between the IHP and the Outer Helmholtz plane (OHP) is composed by ions retained by electrostatic adsorption or hydrogen bonding. The last region, beyond the OHP is called the diffuse layer and is mainly composed by counter-ions. In order to study their interaction and their surface speciation, three methodologies are mainly used in the literature. Two mainly experimental techniques have been applied in order to describe the adsorption mechanisms. On the one hand, spectroscopic studies were performed to determine the geometry of the adsorbed surface complex at a molecular scale, mainly using infrared spectroscopy [START_REF] Zheng | f m γ-alumina studied with in-situ ATR-FTIR spectroscopy[END_REF][START_REF] Arai | ATR-FTIR spectroscopic investigation on phosphate adsorption mechanisms at the ferrihydrite-water interface[END_REF][START_REF] N M G B H M B | f f α-Al 2 O 3 and mechanisms of phosphate sorption: In situ ATR-T ζ[END_REF] , X-ray absorption spectroscopies as XANES [START_REF] Hesterberg | Changes in Phosphate Bonding as Affected by Level of Adsorption on Oxide Minerals[END_REF] or more recently solid state Nuclear Magnetic Resonance (NMR) [START_REF] Li | Solid-State NMR Spectroscopic Study of Phosphate Sorption Mechanisms on Aluminum (Hydr)oxides[END_REF] . On the other hand, macroscopic studies (adsorption isotherms, electrokinetic measurements, pH edges, …) [START_REF] Iwamoto | Influence of Phosphorus on the Properties of Alumina-Based Hydrotreating Catalysts[END_REF][START_REF] Cordero | Surface changes of alumina induced by phosphoric acid impregnation[END_REF] were used to build surface complexation models consistent with adsorption equilibria. The last approach concerns the development of Density Functional Theory (DFT) models and calculations which help to gain information on surface [START_REF]G γ -A m f : A DFT Study[END_REF] and stability of adsorbed species, and lead to build more accurate [START_REF] Kubicki | AT -T T f Structures, Energetics, and Vibrational Spectra of Phosphate Adsorbed onto Goethite[END_REF] surface complexation models.

The usefulness of the combination of these three approaches is well illustrated by the determination of the phosphate adsorption mode onto an iron oxyhydroxide, goethite. Indeed, first using thermodynamic and spectroscopic data, Parfitt et al. [START_REF] Parfitt | Phosphate reactions with natural allophane , ferrihydrite and goethite[END_REF] interpreted the phosphate adsorption on synthetic goethite by a bidentate bridging complex, while Tejedor-Tejedor et al. [START_REF] Tejedor-Tejedor | Protonation of Phosphate on the Surface of Goethite As Studied by CIR-FTIR and Electrophoretic Mobility[END_REF] used both bidentate and monodentate complexes. These first assumptions on the adsorption modes were in contradiction with the work of Persson et al. [START_REF] Persson | Structure and Bonding of Orthophosphate Ions at the Iron Oxide-Aqueous Interface[END_REF] who used spectroscopic information, complex symmetry and thermodynamic data to explain the adsorption by a monodentate complex with three degrees of protonation along the pH changes. Finally, the studies were reconciled using spectroscopic experiments (IR, XANES), DFT calculation and surface complexation modelling to indicate the presence of both mono and bidentate species with different degrees of protonation [START_REF] Rahnemaie | Geometry , Charge Distribution , and Surface Speciation of Phosphate on Goethite[END_REF] . A DFT study went even further and explained the presence of both bi/monodentate inner sphere complex and outer sphere complex depending on the pH as well as on the face exposed by goethite particles [START_REF] Kubicki | AT -T T f Structures, Energetics, and Vibrational Spectra of Phosphate Adsorbed onto Goethite[END_REF] . This approach combining spectroscopic, macroscopic and theoretical studies proved to be efficient for iron (hydr)oxides and especially for goethite. Nevertheless, regarding γ-Al 2 O 3 , the determination of the adsorption mode is not straightforward, due to the heterogeneity of the poorly crystalline γ-Al 2 O 3 surface, the possible hydration reaction at the solid/solution interface and the partial overlap of infrared signals between alumina and adsorbed phosphate. Several studies have been performed at macroscopic level including adsorption isotherms and electrokinetic measurements [START_REF] Cordero | Surface changes of alumina induced by phosphoric acid impregnation[END_REF][START_REF] Morales | Adsorption mechanism of phosphorus on alumina[END_REF][START_REF] Mikaml | Kinetics of the Adsorption-Desorption of Phosphate on the y-Al 2 O 3 Surface Using the Pressure-Jump Technique[END_REF] to study the adsorption capacity of aluminum (hydr)oxides towards phosphate reporting the strong influence of the impregnation pH and phosphorus coverage. Other authors using mainly spectroscopic information proposed different adsorption modes and phosphate complex geometry: Zheng et al. [START_REF] Zheng | f m γ-alumina studied with in-situ ATR-FTIR spectroscopy[END_REF] using ATR-IR in situ and Li et al. [START_REF] Li | Solid-State NMR Spectroscopic Study of Phosphate Sorption Mechanisms on Aluminum (Hydr)oxides[END_REF] by NMR have concluded on the presence of bidentate binuclear complex without ruling out the presence of monodentate species with different degrees of protonation. Recently, considerable progress has been made with DFT calculations [START_REF]G γ -A m f : A DFT Study[END_REF][START_REF] Digne | Use of DFT to achieve a rational understanding of acid -b f γ-alumina surfaces[END_REF] to describe the surface as well as DFT-based ab initio molecular dynamics (AIMD) simulation [START_REF] Réocreux | Structuration and Dynamics of Interfacial Liquid Water at Hydrated -Alumina Determined by ab Initio Molecular Simulations: Implications for Nanoparticle Stability[END_REF][START_REF] Ngouana-Wakou | An Atomistic f γ-Alumina/Water Interface Revealed by Ab Initio Molecular Dynamics[END_REF] and MUSIC model [START_REF] V M B L Fè | MU f γ-Al 2 O 3 at the Solid Liquid Interface: How DFT Calculations Can Help with Amorphous and Poorly Crystalline Materials[END_REF] to perform speciation calculations of surface sites at the solid/solution interface.

Nevertheless, no consensus appears in the literature on the inner-sphere complex geometry, denticity or protonation state of phosphate adsorbates on γ-Al 2 O 3 , whereas phosphate adsorption clearly leads to an important surface modification.

In this study, a multi-technique approach has been developed in order to improve the description of the adsorbed phosphate species onto the γ-Al 2 O 3 surface by describing the complex geometry as well as the adsorption sites at the surface. Dried samples are prepared by incipient wetness impregnation at different phosphorus coverage (from 0.5 to 4.5 at/nm²) to study its impact on the surface speciation. FTIR and ATR-IR spectroscopic measurements have been performed to probe both phosphate surface complexes and hydroxyl surface sites involved at both hydrated and dehydrated surface state. On the basis of zetametry measurements, a surface complexation model at solid/liquid interface involving a DFT description of the alumina surface combined with MUSIC model has been built to include the complex denticity, protonation state and the adsorption sites at the γ-Al 2 O 3 surface.

Experimental Section

Sample preparation by incipient wetness impregnation

All samples were prepared by aqueous incipient wetness impregnation technique [START_REF] Park | A Simple, Accurate Dtermination of Oxide PZC and the Strong Buffering Effect of Oxide Surfaces at Incipient Wetness[END_REF] . Boehmite Pural SB3 (purchased from Sasol) calcined under vacuum at 540°C for 4 hours with extrudate shape was used as a support. These extrudates were crushed to obtain particles between 400 and 800 µm in order to avoid diffusion limitation. The support had a surface area of 209 m² g -1 and a pore volume of 0.88 cm 3 g -1 determined by nitrogen physisorption and mercury porosimetry. Phosphoric acid (85 wt%) and ammonia (28 wt%) (from Alfa Aesar) were used as starting chemicals. All products were used as received. The starting pH of the phosphoric acid impregnating solution was adjusted to 4 by ammonia. P/Al 2 O 3 samples showed in Table 1 were prepared by impregnation followed by a maturation step under saturated water vapour atmosphere for 16 hours and a drying stage at 120°C for 6 hours. The phosphorus loadings were determined by X-ray fluorescence (XRF) spectroscopy (Table 1). The FTIR spectra were collected using a Vertex 70 spectrometer in the 4000-400 cm -1 range. Spectral resolution was 4 cm -1 and spectra were averaged with 32 scans. The samples were activated at room temperature or 450°C under high vacuum (< 10 -5 mbar). The powdered samples of approximately 20 mg were pressed into self-supporting pellets of 16 mm in diameter. Data processing was carried out using OMNIC and Origin software.

ATR-IR Spectroscopy

The ATR-IR spectra were collected in the range 4000-650 cm -1 with a dry-air-purged Thermo Scientific Nicolet IS50 FT-IR equipped with a MCT-B detector. Spectral resolution was 4 cm -1 and spectra were averaged from 256 scans. The crystal used was a single reflection diamond/ZnSe crystal. The angle of incidence is 45°C (Smart PIKE). In order to maximize the contact between the sample and the crystal, the sample was crushed to powder before deposition on the crystal and then pressed onto the crystal during the analysis. Data processing was carried out using OMNIC software. All spectra were retreated using the same procedure: atmospheric correction, an advanced ATR correction and auto baseline correction between 900 and 1700 cm -1 .

The in situ ATR-IR spectra were collected with the same dry-air-purged Thermo Scientific Nicolet IS50 FT-IR, equipped with a MCT-B detector. Spectral resolution was 4 cm -1 and spectra were averaged from 256 scans. T m /Z w w 1 μL f γ-Al 2 O 3 suspension (1 g L -1 ) which was dried under a flow of N 2 . This procedure was repeated twice. A flow cell was clamped on the ATR accessory and a background was recorded. In order to stabilize the coating, distilled water adjusted at pH 4 with HNO 3 (1 M) was flushed on the oxide film with a constant flow rate of 1 mL min -1 using a peristaltic pump (Ismatec S. A.) at room temperature. After 30 minutes of stabilization of the coating observed by the absence of difference between two consecutive spectra, the background spectrum was recorded and a phosphate solution adjusted at pH 4 was used as the circulating solution. For data processing, OMNIC software was used.

Zetametry

The zeta potential measurements were performed using a Malvern Nano ZS Zetasizer. Zeta potentials were calculated from measured electrophoretic velocity rates using the Smoluchowski equation. Measurements were carried out using 100 mg of powdered samples suspended in 100 mL of aqueous solutions under stirring. The pH of the suspension was adjusted with 0.1 M HNO 3 and 0.1 M (or 0.01 M) NaOH solutions prepared from VWR commercial solution. The starting pH was adjusted around 3. After a few minutes of equilibration, an aliquot was withdrawn and analysed using the Zetasizer. It was then poured back in the reactor. After the pH adjustment with NaOH, a new aliquot was withdrawn when the pH value was stable. The protocol was repeated until pH reached a value of approximately 10. These measurements were also used to obtain the isoelectric point (IEP, i.e. the pH value at which ζ=0 V).

PHREEQC Modelling

PHREEQC2 speciation software was used to model the variation of the samples IEP with increasing P loading. The acido-basic equilibria at the alumina surface determined by Corral Valero et al. [START_REF] V M B L Fè | MU f γ-Al 2 O 3 at the Solid Liquid Interface: How DFT Calculations Can Help with Amorphous and Poorly Crystalline Materials[END_REF] have been used. The electrostatic model was the basic Stern model and the capacitance C 1 selected is 1.39 F/m², as used by Mayordormo et al. [START_REF] Lü | m( V) O γ-Al 2 O 3 : A Consistent Description of the Surface Speciation by Spectroscopy and Thermodynamic Modeling[END_REF] to model the bidentate adsorption of selenium ion on alumina surface.

Experimentally, the IEP is determined by taking the pH value at which the zeta potential is zero. Its value cannot be determined directly in surface speciation calculations, since only the value of the potential at the Stern plane (ψ 1 ) is calculated in this approach while the shear plane, measured in zeta potential measurements, is located further away in the diffuse layer [START_REF] Hiemstra | Interfacial Charging Phenomena of Aluminum (Hydr) oxides[END_REF] . Nevertheless, Stern and shear plane potentials coincide when their value is close to zero. Thus, the theoretical IEP has been determined as the pH where ψ 1 is equal to zero.

The modelling has been performed on phosphate-treated γ-Al 2 O 3 . It has been observed that once sorbed, the phosphate species are not released in solution, i.e. the adsorption equilibrium does not take place after rehydration of the surface. Thus, the sorption equilibrium have not been implemented in PHREEQC code, as usually done in model solid/solution reactions. The protocol which has been developed was to replace in the description of the surface a given fraction of hydroxyl sites by a surface complex, following the stoichiometry of the assumed adsorption reaction and the surface density of adsorbed phosphate.

The surface precipitation of AlPO 4 has been implemented by replacing a given fraction of hydroxyl surface groups by a surface site with a pKa equal to the IEP of this compound, determined experimentally, following 1-pK approach [START_REF] Lützenkirchen | Comparison of 1-pK and 2-pK versions of surface complexation theory by the goodness of fit in describing surface charge data of (hydr)oxides[END_REF] .

Results and discussion

Characterization of the surface γ-Al 2 O 3 presents a large variety of surface hydroxyl groups which differ from the number of aluminum atoms they are bounded to, the coordination number of the(se) latter(s) and the surface orientations of γ-alumina. Indeed, surface hydroxyls are distributed along the γ-alumina planes (110), (100) and (111). However, according to Beaufils and Barbaux [START_REF] Beaufils | Détermination, par diffraction differentielle de neutrons, des faces cristallines exposées par des supports de catalyseurs en poudre[END_REF] , the surfaces (110) and (100) represent more than 90% of the specific surface area, which has led Digne et al. [START_REF]G γ -A m f : A DFT Study[END_REF] to develop a model in which the (100) and (110) orientations account for 20 and 80% of the specific area, respectively. The diversity of surface hydroxyls has been detailed in the model developed by Digne [START_REF] Digne | Use of DFT to achieve a rational understanding of acid -b f γ-alumina surfaces[END_REF] which is summed up in the Table 2 where the different OH types are associated to its experimental and calculated infrared signals on the three alumina planes. The spectra of dried samples have been recorded for phosphorus coverage from 0 to 4.5 at/nm² after an activation at room temperature under vacuum (<10 -5 mbar) (Figure 1.A). By the room temperature pretreatment, we aimed to remove only physisorbed water so as to make the vibrations of surface hydroxyl groups visible, without modifying the surface speciation. The H-bonding of the surface hydroxyl groups with residual water leads to large and poorly resolved bands. That is why we also recorded spectra after dehydration at 450°C (Figure 1.B). The general tendency of the bands evolution with P coverage is conserved in Figure 1.A and B, but the trends discussed below are more visible in the spectra after dehydration at 450°C.

Spectra present up to nine bands at 3794, 3770, ~3755, 3730, 3690, 3680, 3670, 3640 and 3580 cm -1 , and most of them can be attributed to the surface OH groups from the model developed by Digne et al. [START_REF] Digne | Use of DFT to achieve a rational understanding of acid -b f γ-alumina surfaces[END_REF] as summed up in Table 2. Bands at 3770, ~3755 and 3730 cm -1 are assigned to µ 1 -Al VI -OH (100), µ 3 -Al VI -OH (111), µ 1 -Al V -OH (110), respectively. The broad band at 3580 cm -1 in the room temperature spectrum can be attributed to an H-bonding network [START_REF] Digne | Use of DFT to achieve a rational understanding of acid -b f γ-alumina surfaces[END_REF] . All these bands become weaker with phosphate loading (see also the difference spectra in the supporting information, Figure S1) and thus seem to be consumed by the phosphorus adsorption. Upon phosphate adsorption, only two bands increase with the phosphorus coverage, i.e. the 3680 cm -1 and the 3794 cm -1 bands (discussed later). The band at 3680 cm -1 progressively grows as function of P coverage and is ascribed to the formation of P-OH groups.

Note that a band of bare alumina, attributed to µ 2 -Al V -OH groups on the (110) facet, vibrates at the same frequency. It is, therefore, impossible to judge from the IR spectra whether these µ 2 -Al V -OH groups are also consumed by phosphate adsorption. However, the µ 2 -Al V -OH groups are linked to same surface Al sites as the µ 1 -Al V -OH (110) groups, the difference being only the degree of hydration, leading either to two individual OH groups or one OH group bridging the two Al atoms [START_REF]G γ -A m f : A DFT Study[END_REF] .

One can, therefore, expect them to be affected by the phosphate adsorption in the same way.

Based on the existing literature [START_REF] Iwamoto | Influence of Phosphorus on the Properties of Alumina-Based Hydrotreating Catalysts[END_REF][START_REF]M -ctivity Relationships for Olefin Metathesis by Al 2 O 3 Supported Surface MoO x Sites[END_REF] , we would have expected the most basic alumina surface site, µ 1 -Al IV -OH (110) [START_REF]G γ -A m f : A DFT Study[END_REF] , vibrating at 3790 cm -1 to be very reactive towards phosphate species. However, Figure 1 show that the band at 3794 cm -1 is very weak on bare alumina and actually grows with increasing phosphate loading. This band at 3794 cm -1 formed upon phosphorous coverage also be explained by the presence of an AlPO 4 phase. Indeed, Peri 32 assigned a very intense band at 3800 cm - 1 to hydroxyl groups bonded to tetrahedral aluminum for an AlPO 4 aerogel dried at 600°C. At high P loadings, these OH groups could contribute to the 3794 cm -1 signal. At the highest phosphorus coverage of 4.5 at/nm 2 all alumina OH groups were consumed and only the two bands typical of high surface area AlPO 4 , i.e. at 3794 and 3680 cm -1 were remaining.

The spectra are globally in agreement with the trends described by DeCanio et al. [START_REF] Decanio | FT-IR and solid-state NMR investigation of phosphorus promoted hydrotreating catalyst precursors[END_REF] By plotting the area of the well-resolved bands of samples activated at 450°C versus the P coverage, the evolution of the different sites can be analysed in more detail (Figure 2). For example, the intensity of the band at 3730 cm -1 (µ 1 -Al V -OH on (110)) dropped significantly from 0 to 0.5 P/nm 2 , then stagnated; finally the band was progressively consumed. The band at 3770 cm -1 (µ 1 -Al VI -OH (100)) was partially consumed at low P loading and then followed the trend of the 3730 cm -1 band (although the corresponding OH groups are located on different facets). The band at 3794 cm -1 rises in intensity above a phosphate loading of 1 at/nm 2 , suggesting that an AlPO 4 might be formed above this phosphorus coverage. On the other hand, the P-OH band at 3680 cm -1 increased in intensity as soon as phosphorus was deposited (the offset is due to the Al-OH group at the same frequency) and even decreased at the highest phosphorus content (possibly due to condensation of phosphate groups).

van Eck et al. [START_REF] Van Eck | A Solid State Double Resonance NMR Investigation of Phosphorus-m γ-Al 2 O 3[END_REF] , using [START_REF] Lü | m( V) O γ-Al 2 O 3 : A Consistent Description of the Surface Speciation by Spectroscopy and Thermodynamic Modeling[END_REF] Al REDOR NMR, observed signals that mainly correspond to AlPO 4 already at a loading corresponding to 1.7 at/nm². Thus, it could be consistent with the presence of amorphous AlPO 4 surface precipitate evocated for high phosphorus coverage in numerous previous studies [START_REF] Iwamoto | Influence of Phosphorus on the Properties of Alumina-Based Hydrotreating Catalysts[END_REF][START_REF] Van Veen | Chemlstry of Phosphomolybdate Adsorption on Alumina Surfaces. 1. The Molybdate/Alumlna System[END_REF][START_REF] Mangnus | Structure of phosphorus containing CoOMoO 3 /Al 2 O 3 catalysts[END_REF] .

However, the precise structure of the surface AlPO 4 phase is hard to determine as this system has a tendency to form aluminum orthophosphates and does not crystallize easily [START_REF] Kniep | Orthophosphates in the Ternary System Al 2 O 3 -P 2 O 5 -H 2 O[END_REF] . We note that no AlPO 4 phase was detectable in the XRD of our samples.

The use of transmission FTIR on dried samples is essential for obtaining insights in the surface sites involved in adsorption. Nevertheless, the pre-treatment applied before recording the spectrum allowing an easier interpretation of the data could slightly modify the surface and affect the surface hydroxyls and phosphate surface complexes speciation.

Consequently, in order to fully describe this hydrated state, phosphate adsorption process has been followed by in situ ATR-FTIR and by zetametry measurements for the rehydrated samples after drying stage.

Characterization of the solid/liquid interface ATR-FTIR

ATR-FTIR characterization has been performed in order to compare the free dihydrogenophosphate ions in solution to the adsorbed and dried dihydrogenophosphate ions at the alumina surface (Erreur ! Source du renvoi introuvable.). The solution spectrum presents six well-defined bands in the region between 850 cm -1 and 1700 cm - .

The two bands at 1450 cm -1 and 1640 cm -1 are not due to phosphate contribution and can be assigned to ammonium cation and H 2 O bending modes, respectively. The spectroscopic signal of the free dihydrogenophosphate is observed in the region 900-1200 cm -1 , the doublet at 1153 and 1075 cm -1 is assigned to the asymmetric and symmetric vibration of the P-O bond, respectively, while the bands at 941 and 875 cm -1 correspond to the asymmetric and symmetric vibrations of the P-OH bond [START_REF] Klähn | IR spectra of phosphate ions in aqueous solution: Predictions of a DFT/MM approach compared with observations[END_REF] . However, once adsorbed, the phosphate signal presents only one broad band covering the 950-1200 cm -1 region. The difference between the spectra suggests a strong interaction between the adsorbate and the support, which is in agreement with previous studies on aluminum (hydr)oxides [START_REF] N M G B H M B | f f α-Al 2 O 3 and mechanisms of phosphate sorption: In situ ATR-T ζ[END_REF][START_REF] Zheng | f m γ-alumina studied with in-situ ATR-FTIR spectroscopy[END_REF] and with the zetametry study performed in this work. This large band is observed both during the impregnation at the solid/solution interface (Erreur ! Source du renvoi introuvable.(b)) as well as after drying (Erreur ! Source du renvoi introuvable.(c)), thus indicating that solvent evaporation does not induce strong modifications on the adsorbed species. This information indicates the presence of a relatively stable complex already during the impregnation step, which can be related to a multidentate adsorption mode and/or a strong adsorption site. In the literature we find both examples, the presence of a direct bidentate complex at the interface before the solvent removal, observed by Lefèvre et al. [START_REF] Lefèvre | Study of uranyl sorption onto hematite by in situ attenuated total reflection -infrared spectroscopy[END_REF] for the adsorption of uranyl on hematite, whereas Li et al [START_REF] Li | Solid-State NMR Spectroscopic Study of Phosphate Sorption Mechanisms on Aluminum (Hydr)oxides[END_REF] . found a change of the surface complex dentation mode from mono-to bidentate during the drying stage.

The change observed between the signal of the solution and the adsorbed phosphate is characteristic of a strong modification of the geometry of species by the formation of an innersphere complex through covalent bonding. This broad signal was found irrespective of the phosphorus content (Figure S2.A). It could be due to several contributions of phosphate compounds. [START_REF] Zheng | f m γ-alumina studied with in-situ ATR-FTIR spectroscopy[END_REF] also observed a broad band between 950 and 1200 cm -1 due to phosphate adsorption at pH 4 and monitored by in situ ATR-IR. By curve fitting, they found five subbands at 1126, 1080, 1017, 959 and 901 cm -1 . They tentatively explained these bands by the simultaneous detection of inner and outer-sphere complexes and the presence of precipitated aluminum phosphate due to the 1080 cm -1 band associated to this phase. Their attribution is based on the comparison with the adsorption of phosphate onto iron (hydr)oxides. According to DFT [START_REF] Kwon | Molecular orbital theory study on surface complex structures of phosphates to iron hydroxides: Calculation of vibrational frequencies and adsorption energies[END_REF] and experimental studies [START_REF] Tejedor-Tejedor | Protonation of Phosphate on the Surface of Goethite As Studied by CIR-FTIR and Electrophoretic Mobility[END_REF][START_REF] Elzinga | Phosphate adsorption onto hematite: An in situ ATR-FTIR investigation of the effects of pH and loading level on the mode of phosphate surface complexation[END_REF] , they excluded the deprotonated bidentate binuclear (Erreur ! Source du renvoi introuvable.f) complex because of the presence of a band which could correspond to P=O. They concluded that the surface complex between phosphate and γ-Al 2 O 3 surface at low pH is either a monoprotonated bidentate binuclear complex (Erreur ! Source du renvoi introuvable.g) or a deprotonated monodentate complex (Figure 4Erreur ! Source du renvoi introuvable.a). Nevertheless these assignments are not straightforward and they do not mention alumina surface sites involved during phosphate adsorption. The second technique used to characterize the hydrated surface at a solid/liquid interface is the zetametry measurement to assess the surface charge modification induced by the adsorption of phosphate.

Zetametry characterization

The isoelectric point of a solid is characteristic of the oxide composition and structure, and is the result of the surface charge developed by the surface sites. The change in the density of surface hydroxyls by the specific adsorption of an ionic species along with the charge of the surface complex itself leads to a shift of the IEP. In Figure 5.A, the curves describing the evolution of the zeta potential as a function of pH for different phosphorus coverage are plotted. As already seen in the literature [START_REF] Cordero | Surface changes of alumina induced by phosphoric acid impregnation[END_REF] , the IEP stabilization for very high phosphorus coverage (around 4.5 at/nm²) could be explained by the formation of an AlPO 4 layer onto the surface as the IEP reaches the one of AlPO 4 phase, 5.1 (between 4 and 5.6 in the litterature [START_REF] Kosmulski | Surface Charging and Points of Zero Charge (Surfactant Science)[END_REF] ). The latter observation is corroborated by the almost total disappearance of alumina OH signals in FTIR spectra at the highest phosphorus coverage.

Moreover, the slope of the curve IEP vs. P coverage changes at about 1.3 at/nm 2 , which suggests a change of the adsorption mechanism, i.e. of the surface speciation and/or of the adsorption sites involved. This change of slope is also found in the curves of zeta potential versus the phosphorus coverage at different pH (see Supporting Information, Figure S3). The surface modification above 1.3 at/nm 2 is tentatively attributed to the growth of the AlPO 4 layer on the alumina surface. For identifying the processes at low coverage, a modelling approach is needed.

PHREEQC modelling

The information obtained by spectroscopy and zetametry, including knowledge from the existing literature, has been brought together in a surface complexation model using PHREEQC2 software.

The modelling allows corroborating the interpretations of the results, as well as to obtain complementary information about the surface sites involved in the adsorption and on the geometry of the surface complex. Results from zetametry characterization indicate a two steps process with increasing sample P coverage: a first one leading to a sharp decrease of the IEP for low phosphorus coverage, a second one affecting the IEP to a lesser extent leading to its stabilization. The simulation of the evolution of IEP versus phosphate surface coverage of the Figure 5.B has been used to test the different possibilities for the surface speciation of hydrated samples.

The description of -alumina surface is based on the model built by Corral Valero et al. [START_REF] V M B L Fè | MU f γ-Al 2 O 3 at the Solid Liquid Interface: How DFT Calculations Can Help with Amorphous and Poorly Crystalline Materials[END_REF] from the simulation of the acid-base titration curve of the surface. They used DFT information [START_REF]G γ -A m f : A DFT Study[END_REF][START_REF] Digne | Use of DFT to achieve a rational understanding of acid -b f γ-alumina surfaces[END_REF] (density and charge of each site) combined to a MUSIC model [START_REF] Hiemstra | Intrinsic proton affinity of reactive surface groups of metal (hydr)oxides: The Bond valence principle[END_REF][START_REF] Hiemstra | A Surface StructuralAapproach to Ion Adsorption: The Charge Distribution (CD) Model[END_REF] in order to determine the pKa of each hydroxyl sites (Table S1 and S2 in the supporting information). They also used the two most developed faces on the alumina surface (100) and (110) in their respective proportion (20 and 80% respectively). These data implemented into PHREEQC software [START_REF] Aj | U H Q ( 2) -A computer program for speciation, batch reaction, one-dimensional transport, and inverse geochemical calculations[END_REF] were associated with a basic Stern double layer model to described the solid/solution interface.

We have implemented this model with adsorbed phosphate species using four main hypotheses. First, the phosphate adsorption was considered as irreversible, i.e. it was not written as an equilibrium. The absence of desorption was experimentally observed: no phosphorus was released after 3 hours contact with an aqueous solution at pH between 4 and 9 or with a solution at high ionic strength I=0.5 M (data not shown here). The second hypothesis concerns the denticity of the inner sphere complex: only bidentate binuclear and monodentate species are considered. Indeed, in a recent solid-state NMR study [START_REF] Li | Solid-State NMR Spectroscopic Study of Phosphate Sorption Mechanisms on Aluminum (Hydr)oxides[END_REF] of phosphate adsorption on aluminum (hydr)oxides was found to be monodentate (< 3%) or bidentate (> 97%) in a wet environment. For dried samples, the bidentate adsorption mode was the only one detected. The third hypothesis concerns the possible formation of an amorphous AlPO 4 phase, as evocated in numerous studies [START_REF] Iwamoto | Influence of Phosphorus on the Properties of Alumina-Based Hydrotreating Catalysts[END_REF][START_REF] Van Veen | Chemlstry of Phosphomolybdate Adsorption on Alumina Surfaces. 1. The Molybdate/Alumlna System[END_REF][START_REF] Mangnus | Structure of phosphorus containing CoOMoO 3 /Al 2 O 3 catalysts[END_REF] . AlPO 4 is taken into account only for second part of the IEP curve (P coverage >1.3 at/nm²) when all the surface sites explaining the first part of the curve are totally consumed. The last hypothesis is about the possible protonation of surface complexes. For the complex used in the model, only one acidity constant is used to describe its protonation. The pKa selected corresponds to the second pKa of phosphoric acid, i.e. 7. 20. Indeed, the other two pKa (2.15 and 12.32) are too far from the pH range used during the zetametry study (3.5-11).

The simulations performed using this model do not imply any fitting procedure. The main objective is to compare our data to different scenarios, involving different adsorption sites and processes (complex formation and precipitation), in order to simulate the experimental IEP shift observed in Figure 5.B.

In the first scenario, a monodentate adsorption was considered to describe the first part of the curve. Several sites have been tested in order to retrieve the sharp decrease observed experimentally (Figure 6). The presence of µ 1 -Al VI -OH (110), which does not appear in the IR band assignment of Table 2, is due at the solid/liquid interface to the dissociative adsorption of water on Al V during the hydration of alumina Thus the adsorption of an anionic species leads to the replacement of positive charge by negative surface complex involving a strong decrease of the IEP due to an increase in the number of protons needed to compensate the more negative surface charge.

Experimentally, a small consumption of µ 1 -Al VI -OH (100) is observed as the 3770 cm -1 band area weakly decreases (Figure 2) for the lowest phosphorus content which indicates that only a small fraction of this sites are consumed. Moreover, these sites are located on the (100) face which represents only 20% of the whole surface, their consumption would have a very minor impact on the IEP. Consequently, phosphate adsorption on these sites could be consider as negligible.

To describe the first part of the curve, a monodentate adsorption onto the alumina surface site µ 1 -Al IV -OH (110) is the best scenario to retrieve the experimental trend. The µ 1 -Al IV -OH (110) is mainly negatively charged -0.25 and compensated by positive surface sites on the bare surface. Their consumption to form a negative surface complex (equation 1) is then compensated by the positively charged surface sites and the addition of a proton. As a part is already compensated by the positive surface sites, a smaller quantity of protons is needed which explains the smaller decrease of the IEP.

The same behaviour is observed for the µ 3 -Al VI -OH (110) as they are both -0.5 and +0.5 charged on the pH range studied and would need an even lower number of protons to compensate a negative surface complex, expressed by a smaller decrease of the IEP. The µ 3 -Al VI -OH (110) can, thus, not explain behaviour at higher phosphorus coverage.

This µ 1 -Al IV -OH (110) which is known to be the most basic and reactive site on alumina [START_REF]A m m f γ-alumina[END_REF][START_REF] Veen Rja Van | Interaction of Transition-metal Acetylacetonates with y-Al 2 O 3 , Surfaces[END_REF][START_REF] Nicosia | The effect of glycol on phosphate-doped CoMo/Al 2 O 3 hydrotreating catalysts[END_REF] , adsorption on this site models best the zetametry data. Thus, it could be considered as the first reaction site for the phosphate adsorption according to equation 1.

Eq.1

Experimentally, a strong decrease of the band at 3730 cm -1 is observed for the lowest phosphorus content (Figure 2) for the activated sample. This band corresponds to µ 1 -Al V -OH on the (110) facet and can be seen at the solid/liquid interface as an aluminum atom coordinated to a non-dissociated water molecule, thus having no charge (first line on Table S1). Our surface complexation model based on the IEP shift cannot integrate this surface site as its consumption would not impact the surface charge, the zeta potential and consequently the IEP shift. However, its participation could be explained by the formation of a bidentate complex using both µ 1 -Al IV -OH and µ 1 -Al V -OH. The bidentate could be directly formed at the interface, or a during the drying process starting from the monodentate form as illustrated by the equation 2. This hypothesis is strengthened by the proximity of these two sites on the same alumina facet (110) [START_REF]G γ -A m f : A DFT Study[END_REF] . In support of that hypothesis, we also note that Li et al. [START_REF] Li | Solid-State NMR Spectroscopic Study of Phosphate Sorption Mechanisms on Aluminum (Hydr)oxides[END_REF] observed the presence of bidentate binuclear complex after air-drying of samples and a monodentate at wet conditions.

Eq. 2

The scenario described above represents very well representative of the sharp decrease of the IEP value at low phosphorus coverage. However, the maximum quantity of µ 1 -Al IV -OH sites corresponds to 1.2 P/nm², i.e. the reaction with this specific site cannot explain what happens at higher phosphorus loadings. Moreover, the formation of this complex does not explain the concomitant decrease of the 3770 cm -1 and 3730 cm -1 bands corresponding to µ 1 -Al VI -OH (100) and µ 1 -Al V -OH (110) at higher phosphate loadings. Consequently, a second scenario is added to retrieve the whole experimental trend.

The second scenario (Figure 7) differs from the first one by the fact that no complex is added to the model but a precipitation process is implemented. The precipitation of an AlPO 4 phase relies on the observation of DeCanio et al. [START_REF] Decanio | FT-IR and solid-state NMR investigation of phosphorus promoted hydrotreating catalyst precursors[END_REF] of a crystalline phase of AlPO 4 after calcination on a surface containing more than 7.9 at/nm² but also of amorphous AlPO 4 at phosphorus loadings superior to 3.5 at/nm² using 31 P NMR. This phase is evocated at even lower surface coverage (1.7at/nm²) by Van Eck et al. [START_REF] Van Eck | A Solid State Double Resonance NMR Investigation of Phosphorus-m γ-Al 2 O 3[END_REF] using [START_REF] Lü | m( V) O γ-Al 2 O 3 : A Consistent Description of the Surface Speciation by Spectroscopy and Thermodynamic Modeling[END_REF] Al NMR. The scenario is also supported by the evolution trend of the IEP reaching a value around the one of AlPO 4 for the highest phosphorus coverage. Moreover, a strong indicator is the decrease of all infrared bands signals without distinction of γ-Al 2 O 3 facets (Figures 1 and2). Thus, it is thought that the AlPO 4 could progressively cover the entire surface from a threshold value, as soon as all the µ 1 -Al IV -OH are consumed. It has been calculated that to retrieve the IEP value at 1.8 at/nm² the coverage of AlPO 4 should be around 15%, 35% at 3 at/nm² coverage, while for the highest value at 4.5 at/nm² it should be around 75%. After implementing a phase with an IEP of 5.1 at these different percentages, the model is able to reproduce the entire curve of the experimental data (Figure 7). The simulation shows that a threshold at 1.3 P/nm 2 would correspond to the beginning of the precipitation, and the ATR infrared spectra in these two domains have been compared (Figure S2). They follow two trends: up to 1.3 P/nm 2 , the intensity increase without evolution of the shape, while above this threshold, a shift appears in the total signal, what is consistent with a mixture of two components. Unfortunately, this evolution is not pronounced enough to yield satisfactory results in a decomposition approach. The model developed here highlights a two-step process in the adsorption involving one surface complex on a single adsorption site and one precipitation process. The FTIR shows a strong participation of all surface hydroxyls from a threshold value and suggests the formation of an AlPO 4 phase, supported by zetametry measurements. The model goes further in the description by pointing out the role of µ 1 -Al IV -OH in the first complex adsorption, which was not obvious on FTIR spectra and supports the precipitation process. This complex explains the first part of the curve and is formed until the total µ 1 -Al IV -OH density is consumed, explaining the presence of a threshold value. Beyond this coverage, a precipitation process is implemented which explain both the stabilization of the IEP around the one of pure AlPO 4 as well as the formation of a band at 3794 cm -1 on infrared characterization.

Conclusions

The complementarity between characterization of solid/liquid interface and a model approach has proven to be useful in order to understand which complex and γ-Al 2 O 3 surface sites are involved in the phosphate adsorption process. According to our characterization data and PHREEQC modelling, phosphate ions first react with µ 1 -Al IV -OH forming a monodentate complex and/or a bidentate by involving neighbouring µ 1 -Al V -OH on the (110) surface. All these reactive sites are consumed, forming a maximum coverage of the surface complex of 1.2 at P/nm², and explaining at the same time the change of the slope observed experimentally by zetametry measurements. For phosphate loadings higher than this value, the formation of AlPO 4 is invoked to explain both the stabilization of the IEP and the presence of a growing band at 3794 cm -1 on the FTIR spectra.

To our knowledge, this is the first time a two-step mechanism highlighting a threshold value and describing the alumina surface hydroxyls and surface complex involved is proposed. The determination of the mechanism of adsorption and the complex formed by PHREEQC modelling of zetametry measurement presented here represents a novel and original approach from the ones evocated in the literature. This model includes parameters related to the surface groups as well as the surface complex. The charge of the surface groups, the one of the complex, its possible protonation and its density are the key parameters to model the zetametry results and complete the experimental data. Next steps will include the refinement of the PHREEQC model by theoretical verification of the adsorption mode proposed by DFT calculations at wet conditions as well as dry one. This ongoing work is necessary to precise the adsorption mode on a dried surface as the removal of water may result in a change of the dentation mode. 

Figure 1 :

 1 Figure 1 : Transmission FT-IR spectra of γ-Al 2 O 3 samples before and after phosphate sorption after activation (A) at room temperature or (B) 450°C under vacuum (10 -5 mbar), OH stretching region.

Figure 2 :

 2 Figure 2 : Bands area evolution as a function of phosphorus coverage for the samples activated at 450°C

Figure 3 :

 3 Figure 3 : ATR-IR spectra of (a) NH 4 H 2 PO 4 0.1 M, (b) in situ ATR infrared spectra of H 2 PO 4 -at 10 -3 M in contact with γ-Al 2 O 3 at pH 4, with coated γ-Al 2 O 3 crystal as background and (c) H 2 PO 4 -adsorbed on γ-Al 2 O 3 at 1.8 at/nm² coverage and dried at 120°C for 6h subtracted by γ-Al 2 O 3 spectra
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  Some authors have tried to decompose the signal observed after phosphate adsorption onto α-Al 2 O 3 and γ-Al 2 O 3 . On γ-Al 2 O 3 , Zheng et al.

Figure 4 :

 4 Figure 4 : Possible adsorption modes of monophosphate inner-sphere complexes at the γ-Al 2 O 3 surface (at low P coverage).

Figure 5 :

 5 Figure 5 : (A) Zeta potential evolution as a function of pH for Al 2 O 3 , different phosphorus coverage on Al 2 O 3 from 0 to 4.5 at/nm² and AlPO 4 (lines are used as guidance for the reader) and (B) Evolution of the IEP as a function of phosphorus coverage (at/nm²) (lines are used as guidance for the reader). Compared to -alumina, whose IEP is 8.8, a shift towards lower values is observed with the increasing phosphorus coverage, converging towards the one of AlPO 4 measured at 5.1. The shift indicates that the phosphate adsorption proceeds through the formation of an inner sphere complex at the alumina surface. A specific adsorption of anionic species leads to the compensation of positive charge and therefore to a decrease of the zeta potential, shifting the IEP to lower values. The impact of phosphorus coverage on the IEP value can be observed in Figure 5 : (A) Zeta potential evolution as a function of pH for Al 2 O 3 , different phosphorus coverage on Al 2 O 3 from 0 to 4.5 at/nm² and AlPO 4 (lines are used as guidance for the reader) and (B) Evolution of the IEP as a function of phosphorus coverage (at/nm²) (lines are used as guidance for the reader)..B. where it can be seen that the latter becomes smaller with the increasing phosphorus surface concentration.

Figure 6 :

 6 Figure 6 : Calculated IEP as a function of P coverage (at/nm²) for a monodentate surface complex on different alumina surface sites (line is used as guidance for the reader).

  . The too sharp decrease observed for a phosphate adsorption on µ 1 -Al VI -OH (110) and the µ 2 -Al VI-IV -OH (110) is explained by the change of the surface charge during the adsorption. According to their protonation constant, these sites are mainly positively charged (+0.5 and +0.25, respectively).

Figure 7 :

 7 Figure 7 : Calculated IEP as a function of P coverage (at/nm²) for a monodentate on µ 1 -Al IV -OH followed by an AlPO 4 precipitation.
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Table 1 : Phosphorus on alumina samples of the study Sample name Al 2 O 3 0.5 at/nm² 1 at/nm² 1.3 at/nm² 1.8 at/nm² 3 at/nm² 4.5 at/nm²

 1 

	Targeted P coverage (at/nm²)	0	0.5	1	1.3	1.8	3	4.5
	P coverage XRF	0.0	0.4	1.1	1.4	1.6	2.9	4.6
	(at/nm²)							

Table 2 : Overview of assignment of OH bands in FTIR spectra of surface hydroxyls and P-OH groups. µ 1 : terminal OH and µ 2 : bridging OH
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SUPPORTING INFORMATION

The average location of the band (FigureS2.B) has been calculated using the following formula: