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This multi-scale and multi-technique work investigates the adsorption of phosphated species on the TiO2 anatase surface. Our original approach declines for the first time the progressive ethyl substitution of phosphates to identify the structure of complexes formed upon adsorption of these molecules on anatase in aqueous dispersions, under various pH conditions. To quantify the adsorbed amount of these molecules on TiO2, adsorption isotherms were recorded as a function of pH. In parallel, zeta potential measurements were performed to screen the evolution of the TiO2 surface charge in the presence of the phosphated compounds. Lastly, surface complexes structure was characterized using spectroscopic methods: solid-state 31 P Nuclear Magnetic Resonance, Attenuated Total Reflectance Fourier Transform Infrared, and Diffuse Reflectance Infrared Fourier Transform Spectroscopy in the near infrared spectral range. Upon decreasing pH, the amount of adsorbed species increases, reaching a maximum of 1.5 phosphorus atom per nm 2 at pH 2. Monoethylphosphate remains adsorbed in similar amounts to orthophosphate, but di-and tri-ethyl substitutions lead to a sharp decrease of adsorption. Spectroscopic analyses reveal the affinity of othophosphate and monoethylphosphate for the anatase surface, with formation of bridging or chelating bidentate complexes, more or less protonated according to pH values.

INTRODUCTION

Titanium dioxide (TiO2) is a metal oxide commonly used as a white pigment in various applications such as paints [START_REF] Farrokhpay | A review of polymeric dispersant stabilisation of titania pigment[END_REF], cosmetics and food products [START_REF] Weir | Titanium Dioxide Nanoparticles in Food and Personal Care Products[END_REF]. In this last application, TiO2 appears in the well-known foodgrade additive named E171 in the Europe Union (EU) and INS171 in North America. This has been used for many years in the preparation of sweets, sauces, and cheeses for its coloring and brightening properties. Several studies [START_REF] Weir | Titanium Dioxide Nanoparticles in Food and Personal Care Products[END_REF][START_REF] Dudefoi | Evaluation of the content of TiO2 nanoparticles in the coatings of chewing gums, Food additives & contaminants[END_REF][START_REF] Dudefoi | Criteria to define a more relevant reference sample of titanium dioxide in the context of food: a multiscale approach, Food Additives and Contaminants[END_REF][START_REF] Peters | Characterization of Titanium Dioxide Nanoparticles in Food Products: Analytical Methods To Define Nanoparticles[END_REF][START_REF] Yang | Characterization of Food-Grade Titanium Dioxide: The Presence of Nanosized Particles[END_REF][START_REF] Verleysen | Physicochemical Characterization of the Pristine E171 Food Additive by Standardized and Validated Methods[END_REF][START_REF] Lim | Titanium Dioxide in Food Products: Quantitative Analysis Using ICP-MS and Raman Spectroscopy[END_REF][START_REF] Geiss | Characterisation of food grade titania with respect to nanoparticle content in pristine additives and in their related food products, Food additives & contaminants[END_REF] have revealed that a significant fraction of E171 particles are nanoparticles, and as a consequence, the question of their potential toxicity against living organisms was raised. Numerous studies have addressed the issue of hazards and risks caused by E171 [START_REF] Prasad | Effect of Treatment Media on the Agglomeration of Titanium Dioxide Nanoparticles: Impact on Genotoxicity, Cellular Interaction, and Cell Cycle[END_REF][START_REF] Falck | Genotoxic effects of nanosized and fine TiO2[END_REF][START_REF] Bettini | Food-grade TiO2 impairs intestinal and systemic immune homeostasis, initiates preneoplastic lesions and promotes aberrant crypt development in the rat colon[END_REF][START_REF] Gurr | Ultrafine titanium dioxide particles in the absence of photoactivation can induce oxidative damage to human bronchial epithelial cells[END_REF][START_REF] Hackenberg | Intracellular distribution, geno-and cytotoxic effects of nanosized titanium dioxide particles in the anatase crystal phase on human nasal mucosa cells[END_REF][START_REF] Kang | Cytotoxicity and genotoxicity of titanium dioxide nanoparticles in UVAirradiated normal peripheral blood lymphocytes[END_REF][START_REF] Kang | Titanium dioxide nanoparticles induce apoptosis through the JNK/p38caspase-8-Bid pathway in phytohemagglutinin-stimulated human lymphocytes[END_REF][START_REF] Rahman | Evidence that ultrafine titanium dioxide induces micronuclei and apoptosis in Syrian hamster embryo fibroblasts[END_REF][START_REF] Wang | Potential neurological lesion after nasal instillation of TiO2 nanoparticles in the anatase and rutile crystal phases[END_REF][START_REF] Wang | Cyto-and genotoxicity of ultrafine TiO2 particles in cultured human lymphoblastoid cells[END_REF][START_REF] Wang | Acute toxicity and biodistribution of different sized titanium dioxide particles in mice after oral administration[END_REF][START_REF] Trouiller | Titanium Dioxide Nanoparticles Induce DNA Damage and Genetic Instability In vivo in Mice[END_REF][START_REF] Skocaj | Titanium dioxide in our everyday life; is it safe?[END_REF][START_REF] Shi | Titanium dioxide nanoparticles: a review of current toxicological data[END_REF][START_REF] Schanen | Exposure to Titanium Dioxide Nanomaterials Provokes Inflammation of an in Vitro Human Immune Construct[END_REF][START_REF] Gerloff | Distinctive Toxicity of TiO2 Rutile/Anatase Mixed Phase Nanoparticles on Caco-2 Cells[END_REF][START_REF] Faust | Food grade titanium dioxide disrupts intestinal brush border microvilli in vitro independent of sedimentation[END_REF], and among them, a work on the oral toxicity of E171 showed potential carcinogenesis-promoting effects in rats [START_REF] Bettini | Food-grade TiO2 impairs intestinal and systemic immune homeostasis, initiates preneoplastic lesions and promotes aberrant crypt development in the rat colon[END_REF]. This finding recently led to the prohibition of titanium dioxide in food in EU 3 . However, due to their intensive use in industrial and personal care products, TiO2 nanoparticles are released in large amount in the natural environment, especially aquatic, and they may have significant impact on environmental and public health, as highlighted in a recent review which pointed out the toxicological effects of titanium dioxide on exposed bivalve molluscs [START_REF] Abdel-Latif | Environmental transformation of n-TiO2 in the aquatic systems and their ecotoxicity in bivalve mollusks: A systematic review[END_REF]. Moreover, use of titanium dioxide in food remains possible in the US and other countries, thus the question of its toxicity for human beings remains a current issue. Therefore, it appears that new studies should be conducted in order to explore the interactions between biological tissues (especially cell membranes) and titanium oxide nanoparticles. Fundamental studies have targeted the nature of the interactions involved between TiO2 NPs and biological molecules present in cell membranes, such as phospholipids [START_REF] Le | Interactions between phospholipids and titanium dioxide particles[END_REF][START_REF] Aranha | An Atomistic Molecular Dynamics Study of Titanium Dioxide Adhesion to Lipid Bilayers[END_REF][START_REF] Fortunelli | Simulations of lipid adsorption on TiO2 surfaces in solution[END_REF][START_REF] Golub | X-ray and neutron investigation of self-assembled lipid layers on a titanium surface[END_REF][START_REF] Guzman | Effect of the Incorporation of Nanosized Titanium Dioxide on the Interfacial Properties of 1,2-Dipalmitoyl-sn-glycerol-3-phosphocholine Langmuir Monolayers[END_REF][START_REF] Jackman | Contribution of the Hydration Force to Vesicle Adhesion on Titanium Oxide[END_REF][START_REF] Jiang | Identification of lipid aggregate structures on TiO2 surface using headgroup IR bands[END_REF][START_REF] Reviakine | Investigating the properties of supported vesicular layers on titanium dioxide by quartz crystal microbalance with dissipation measurements[END_REF][START_REF] Rossetti | Asymmetric distribution of phosphatidyl serine in supported phospholipid bilayers on titanium dioxide[END_REF][START_REF] Tosatti | Self-assembled monolayers of dodecyl and hydroxy-dodecyl phosphates on both smooth and rough titanium and titanium oxide surfaces[END_REF][START_REF] Wang | A Stable Lipid/TiO2 Interface with Headgroup-Inversed Phosphocholine and a Comparison with SiO2[END_REF][START_REF] Wang | Charge and Coordination Directed Liposome Fusion onto SiO2 and TiO2 Nanoparticles[END_REF][START_REF] Zhang | Insight into the formation mechanism of durable hexadecylphosphonic acid bilayers on titanium alloy through interfacial analysis[END_REF]. These studies suggest that the polar head group of phospholipids plays a major role in the binding with TiO2 surface groups, which may be of a chemical nature [START_REF] Le | Interactions between phospholipids and titanium dioxide particles[END_REF][START_REF] Tosatti | Self-assembled monolayers of dodecyl and hydroxy-dodecyl phosphates on both smooth and rough titanium and titanium oxide surfaces[END_REF][START_REF] Wang | A Stable Lipid/TiO2 Interface with Headgroup-Inversed Phosphocholine and a Comparison with SiO2[END_REF][START_REF] Wang | Charge and Coordination Directed Liposome Fusion onto SiO2 and TiO2 Nanoparticles[END_REF]. Moreover, various studies suggested that phosphate groups could form covalent bonds with the surface hydroxyl groups of TiO2 [START_REF] Connor | Phosphate adsorption onto TiO2 from aqueous solutions: An in situ internal reflection infrared spectroscopic study[END_REF][START_REF] Gong | A real time in situ ATR-FTIR spectroscopic study of linear phosphate adsorption on titania surfaces[END_REF][START_REF] Hadjiivanov | Study of phosphate-modified TiO2 (anatase)[END_REF][START_REF] Myller | Preparation of aminofunctionalized TiO2 surfaces by binding of organophosphates[END_REF][START_REF] Zhao | Surface modification of TiO2 by phosphate: Effect on photocatalytic activity and mechanism implication[END_REF]. However, literature data on this subject remains poor, and currently the binding modes of phosphates or phosphate-based molecules on the surface of titanium dioxide are not clearly identified. This information would be of great interest, not only in the context of food to evaluate the potential affinity of TiO2 NPs towards cellular membranes, but also in the field of separation between lipids or peptides performed through columns filled with TiO2 particles, which are able to specifically retain phosphated lipids or peptides thanks to their high affinity for these molecules [START_REF] Calvano | Selective extraction of phospholipids from dairy products by micro-solid phase extraction based on titanium dioxide microcolumns followed by MALDI-TOF-MS analysis[END_REF][START_REF] Engholm-Keller | Titanium dioxide as chemo-affinity chromatographic sorbent of biomolecular compounds -Applications in acidic modification-specific proteomics[END_REF][START_REF] Thingholm | Highly selective enrichment of phosphorylated peptides using titanium dioxide[END_REF][START_REF] Larsen | Highly selective enrichment of phosphorylated peptides from peptide mixtures using titanium dioxide microcolumns[END_REF][START_REF] Leitner | Tools for analyzing the phosphoproteome and other phosphorylated biomolecules: A review[END_REF][START_REF] Shen | Lipidomic fingerprint of Almonds (Prunus dulcis L. cv Nonpareil) using TiO2 nanoparticle based matrix solid-phase dispersion and MALDI-TOF/MS and its potential in geographical origin verification[END_REF][START_REF] Tero | Anomalous diffusion in supported lipid bilayers induced by oxide surface nanostructures[END_REF].

In this study, through a multi-scale and multi-technique approach, we aim at investigating more precisely the nature of the interactions involved between phosphate head groups and TiO2 surface. As E171 is mainly constituted of anatase crystallographic phase [START_REF] Dudefoi | Criteria to define a more relevant reference sample of titanium dioxide in the context of food: a multiscale approach, Food Additives and Contaminants[END_REF], we used a commercialized anatase powder (named PC100), chosen with a significantly high specific surface area, in order to enhance adsorption and thus to facilitate the quantification and spectroscopic characterization of adsorbed molecules. This TiO2 powder was first characterized in terms of structure, morphology, particle size and specific surface area. Phospholipids being difficult to solubilize in water, we chose to work on small phosphated molecules, first to mimic the behavior of the head groups of phospholipids, and second to reach an extensive understanding of phosphate binding modes with the hydroxyl groups of the anatase surface. This second purpose could be achieved by progressively substituting protons of the phosphoric acid molecule by ethyl groups, which provides less anchoring possibilities for these molecules.

Adsorption isotherms were conducted for each phosphated molecule, and the quantification of adsorbed species was performed through UV-Visible absorption measurements, for various pH values. The as-obtained powders of TiO2, covered with adsorbed phosphated molecules, were characterized by 31 P solid-state NMR and infrared spectroscopies, in order to elucidate the binding modes of phosphate groups on TiO2. In addition, zeta potential measurements were performed to evaluate the modifications of surface charge through adsorption on the anatase surface, according to pH, which enables to get complementary information about the adsorption mechanisms involved.

This constitutes an original work, which combines spectroscopic features with macroscopic data to elucidate the binding modes of molecular species on an oxide surface, through a systematic investigation approach with close molecular structures, enabling a fine understanding of the involved mechanisms.

MATERIALS AND METHODS

TiO2 sample

TiO2-PC100 was purchased from Millennium Inorganic Chemicals. The powder was first washed in nitric acid 1 mol/L (1M) for one day. Then it was rinsed several times with deionized ultrapure Milli-Q water (Millipore, 18.2 MΩ.cm) and dried one week in a desiccator before use. This preliminary preparation ensures a clean surface before the adsorption of phosphated molecules. Infrared measurements confirmed the absence of nitrate species (expected around 1300 cm -1 ) adsorbed on the TiO2 surface (Figure S1).

X-ray diffraction (XRD, Bruker AXS D8 Advance, Bruker, Germany) data showed that the as-prepared PC100 is only composed of the anatase crystallographic phase of TiO2 (Figure S2). The shape and size of PC100 particles were characterized using transmission electron microscopy (TEM, Hitachi H-9000 NAR (300 kV, Scherzer resolution 0.18 nm)). Most particles are ellipsoidal with an average size of around 20 nm. Some images also show some agglomerates of very small particles (below 5 nm), indicating that this commercial sample is not really homogeneous (Figure S3).

The specific surface area of the cleaned PC100 sample was evaluated to 76.8 ± 0.2 m 2 /g, from the volumetric adsorption isotherms at 77 K of nitrogen gas followed by the Brunauer-Emmett-Teller (BET) adsorption treatment (Micromeritics TriStar II 3020 Physisorption Analyzer (Norcross, Georgia, U.S.A.)). Assuming that the nanoparticles are spherical, this method leads to a diameter of NPs close to 20 nm, in agreement with the images obtained by TEM.

Phosphated molecules

The Na2HPO4 (sodium hydrogenophosphate, Alfa Aesar, 99%) reagent was used to prepare phosphate solutions at various pH values. The monoethyl-phosphate compound was synthesized by following the method described by Dueymes et al. [START_REF] Dueymes | Facile synthesis of simple mono-alkyl phosphates from phosphoric acid and alcohols[END_REF]. This synthesis leads to the cyclohexylammonium monoethyl-phosphate salt, where the cyclohexylammonium cation is the counter-ion of the once-deprotonated monoethyl-phosphate anion, and which was used directly. Diethyl phosphate (purchased as the 1-ethyl-3-methylimidazolium diethyl phosphate compound, > 98.0% purity) and triethyl phosphate (> 99.8% purity) were obtained from Sigma Aldrich and used without any further purification.

In the following, these compounds will be referred to as "P" for the non-substituted phosphate ion, and "MEP", "DEP" and "TEP" for the monoethyl, diethyl and triethyl substituted phosphates respectively (see Figure 1). 

Adsorption isotherms protocol

PC100 aqueous suspensions (150 mg of solid for a liquid volume of 25 mL) were prepared in 50 mL plastic tubes for centrifugation. Sodium chloride (NaCl powder, Acros Organics, 99%), hydrochloric acid (HCl, 1M solution, Carlo Erba) and sodium hydroxide (NaOH pellets, Acros Organics) solutions were used to fix pH and ionic strength values of the suspensions. These suspensions were stirred at 25 rpm during 12h in the absence of light to hydrate the particles surface and then promote phosphated molecule fixation. Except for pH 2, the suspensions were prepared in a glove box (Plas-Labs, USA) under argon and with previously boiled ultrapure water (Millipore, 18.2 MΩ.cm) to avoid the presence of carbonates, known to adsorb on TiO2 surface [START_REF] Cao | CO2 adsorption on anatase TiO2(101) surfaces: a combination of UHV-FTIRS and first-principles studies[END_REF][START_REF] Cueto | Thin-film TiO2 electrode surface characterization upon CO2 reduction processes[END_REF][START_REF] Mino | CO2 capture by TiO2 anatase surfaces: a combined DFT and FTIR study[END_REF][START_REF] Mishra | Quantum-mechanical process of carbonate complex formation and large-scale anisotropy in the adsorption energy of CO2 on anatase TiO2 (001) surface[END_REF][START_REF] Tumuluri | Effect of surface structure of TiO2 nanoparticles on CO2 adsorption and SO2 resistance[END_REF]. In the same time, a phosphated molecule stock solution (50 mmol/L) was prepared from P, MEP, DEP or TEP compound, in a volumetric flask of 25 mL (completed with an aqueous solution with the same fixed pH and ionic strength as the initial PC100 suspension). Increasing volumes of this stock solution were added to PC100 suspensions (from 100 to 1500 µL), then suspensions were completed to 40 mL by weighing, with a solution with fixed pH and ionic strength. Tubes were again stirred at 25 rpm during 24h in an oven (Memmert IPP500 108L, +5/+60°C) at 25°C. We verified that this duration was sufficient to reach equilibrium, confirming that no more variation of the phosphated molecules concentration in the solution could be observed. The pH of the suspensions was measured and adjusted to the set value all along this adsorption process. Then tubes were centrifuged a first time at 7800 rpm during 20 min. Supernatants were centrifuged a second time in the same conditions, while the solid was set in a desiccator under vacuum for 3 days to obtain dried powders. Once dried, solids were then analysed by IR and solid state 31 P NMR spectroscopies (see corresponding section). At the end of centrifugation, supernatants were filtered on microporous membranes with a pore mean diameter of 0.2 µm (Fisherbrand, syringe filters PES). This step could be insufficient to eliminate all particles in solution, thus in this case 50 to 200 mg of NaCl were added

P MEP DEP TEP
in the supernatant before a second filtration. Increasing the ionic strength in solution leads to particle agglomeration, which facilitates filtration. In each case of fixed pH/ionic strength, a control sample was set up without phosphated molecules, which was used as a blank for IR measurements.

Supernatants were analysed by DLS (Dynamic Light Scattering, Zetasizer Nano-ZS, Malvern Instruments), in order to verify the lack of nanoparticles, and then the residual concentration of phosphated molecules was measured by UV-visible spectrophotometry (protocol described in the next section). Adsorption isotherms are plotted as the representation of the adsorbed phosphated molecules amount (reported in number of P atoms for one nm² area) according to the residual phosphated molecules molar concentration in the solution at equilibrium. For each condition of pH and ionic strength, a large panel of samples were prepared with various initial concentrations of phosphated molecules. Repeatability and reproducibility were checked with several experimenters. No error bars are indicated on the graphs since the estimation of uncertainty is quite complex for such measurements, given the number of steps. Instead, all experimental points are represented, in order to visualize the general tendency of these adsorption isotherms.

Dosage of phosphated molecules through UV-Visible spectrophotometry

For non-substituted phosphates (P)

First, a standard range was prepared with increasing phosphate concentrations in ultrapure water (from 50 to 2500 µmol/L). Then, in 15 mL plastic tubes for centrifugation, 40 µL of phosphate solution (either the supernatant to dose or the standard) were introduced with 600 µL of 1 mol/L hydrochloride acid, and the mixture was heated in a thermal bath (Memmert, 10L WNB10) at 90°C during 15 min. At last, 1.4 mL of a combined reactive, which was constituted of one volume of a L-ascorbic acid solution at 10% w/w (prepared from C6H8O6 powder, Alfa Aesar) for six volumes of a tetrahydrate ammonium molybdate solution at 0.42% w/w in 0.5 mol/L sulphuric acid (prepared from (NH4)6Mo7O24 powder, Sigma Aldrich), was introduced and tubes were heated again at 70°C during 20 min. In these conditions, a blue complex formulated as PMo4 V Mo8 VI O40 7-formed in solution [START_REF] Barrows | Structure of a heteropoly blue -The four-electron reduced beta-12molybdophosphate anion[END_REF]. Spectrophotometric measurement of the 824 nm absorbance (Perkin Elmer spectrophotometer equipped of 3D WB Det module) was then performed to determine the residual phosphate amount in the supernatants, by external calibration with the prepared standard solutions. Ultrapure water was used as a reference for these measurements. The amount of adsorbed phosphates on the PC100 surface was calculated by subtracting the residual concentration in the supernatants from the initially introduced phosphate concentration, and the result was expressed in P/nm 2 , taking into account the solid weight in the solution volume, as well as the specific surface area of PC100 sample.

For substituted phosphates (MEP, DEP, TEP)

A standard range was prepared for each molecule, with the MEP, DEP or TEP species respectively, at increasing concentrations (from 500 to 2500 µmol/L). There is one more step in this protocol than the previous one used for non-substituted phosphates. Indeed, the O -C bond between the ethyl groups and the phosphorus atom has to be broken, before the blue complex can be obtained. For this purpose, in a quartz tube (Technical Glass Products, USA), 40 µL of substituted phosphate solution (either the standard or the supernatant to dose) and 60 µL of a nitrate magnesium solution, prepared from Mg(NO3)2.6H2O powder (Sigma Aldrich, ≥ 99.0%), at 10% w/w dissolved in a solvent mixture composed of 95% absolute ethanol (Carlo Erba, ESR quality, 99.9%) and 5% ultrapure water, were introduced. Tubes were warmed with a torch (Castolin soldering lamp, ESC 768171) until orange vapours disappeared. Then, 600 µL of 1 mol/L hydrochloric acid were added after tubes have been cooled at room temperature. Tubes were then heated at 90°C in a thermal bath for 15 min. Lastly, 1.4 mL of the combined reactive was added (same composition as before), and tubes were heated again at 70 °C for 20 min. The rest of the protocol is similar to the previous one.

Zeta potential analyses

Suspensions constituted of around 5 mg of PC100 powder in 35 mL of aqueous solutions at fixed pH and ionic strength values, also containing a known concentration of one of the studied phosphated molecules, were prepared in a glove box under argon. After equilibrium, the zeta potential measurements of these suspensions were performed at 25°C with the Zetasizer Nano-ZS from Malvern Instruments. The analysis method relies on the electrophoretic mobility measurement at the shear plane and its conversion in a zeta potential value with the Smoluchowski model. Mean zeta potential values are obtained after 6 successive measurements on the same aliquot of each sample. The repeatability of the analyses was assessed on at least two different samples for each experimental condition. For each sample, pH was measured right before the zeta potential analysis, in order to get the best fit between the pH and the mean zeta value determined. The error bars indicated on the graphs correspond to uncertainty calculated from the zeta potential values resulting from the 6 successive measurements performed on the various samples (at least two) prepared in the same conditions.

Infrared absorption measurements

The infrared spectra, recorded by Attenuated Total Reflection (ATR) and Diffuse Reflectance Infrared Fourier Transform Spectroscopy (DRIFTS), were measured on a Bruker Vertex 70 spectrometer. For medium infrared range (MIR) we used an ATR accessory (Specac Quest ATR (single-reflection on monolithic diamond ATR crystal)). The Praying Mantis™ setup (Harrick Scientific Products Inc.) was used for the DRIFTS measurements, in the near infrared range (NIR). This system allows a highly efficient diffuse collection and minimizes the detection of the specular component. The powder sample was placed in an air purified sample compartment (CO2/H2O free). All the spectra were recorded at 4 cm -1 as spectral resolution and with 400 scans for DRIFTS and 100 scans for ATR (OPUS software 7.0). The reference subtraction from some ATR spectra was made with the OPUS software 7.0. The DRIFTS spectra were collected during 3h in the sample compartment, for an optimal dehydration of the samples (see Figure S4).

NMR spectroscopy

{ 1 H}-31 P CP-MAS (Cross-Polarization and Magic Angle Spinning) spectra were acquired on a Bruker spectrometer (11.7 T). The powders were introduced in a ZrO2 rotor of 4 mm outer diameter. The contact time for CP was 0.5 ms and MAS speed was 10 kHz. 1 H spinal decoupling (60 kHz) was used during acquisition. Figure 2 shows the adsorption isotherms of phosphates (P) for pH 2, 3, 4, 6, 8, 9, and 10, with the same ionic strength (0.01 mol/L fixed with NaCl salt). All isotherms present an increase of the adsorbed amount for low concentrations in solution, followed by a more or less visible saturation "plateau", which depends on the pH value. The maximum adsorbed amount is obtained at pH 2, with a "plateau" corresponding approximately to 1.3 ion per nm 2 at the TiO2 surface.

Globally, when pH increases, the amount of phosphate ions adsorbed on the surface decreases, reaching 0.4 ion per nm 2 for pH 9. At pH 10, almost no adsorption could be detected. This is due to the respective charges of the anatase surface and phosphate species in solution. Indeed, for pH lower than 6, the anatase surface is positively charged, as revealed by zeta potential measurements (see further corresponding section), whereas phosphate ions present negative charges (the first pKa of phosphoric acid being 2.1). For pH upper than 6, the anatase surface becomes negatively charged, which repels phosphate ions from the surface. A particular behavior must be highlighted for pH 6, where the adsorbed amount exceeds that observed for pH 4, and even for pH 3 at high concentration in phosphates. Moreover, for this pH the adsorbed amount seems to increase continually, without reaching a maximum value even at high concentration. This may be related to the isoelectric point of anatase, located at pH 6, for which the solid surface is globally neutral. However, no further explanation could be brought to this particular behavior.

These results are in agreement with the study performed by Kang et al. [START_REF] Kang | Phosphate uptake by TiO2: Batch studies and NMR spectroscopic evidence for multisite adsorption[END_REF] about the adsorption of phosphates on P25 particles (constituted of a mixture of 80% anatase and 20% rutile). Even if the maximum adsorbed amount at pH 4 we obtained is a little below theirs (around 0.8 at pH 4 in our study against 1.2 P/nm 2 at pH 4.5 in the study of Kang et al.), for pH 9 the results are in total agreement between both works (maximum adsorbed amount around 0.3 P/nm 2 ). The small difference observed at low pH may be due to the crystalline phase of TiO2, since we worked on pure anatase, contrary to Kang et al.

The adsorption of phosphates on the anatase surface is thus partly governed by electrostatic forces. However, a non-negligible amount of phosphate ions remains adsorbed on the anatase surface despite repulsive electrostatic interactions, as observed at pH 9, which is the sign of chemical adsorption. As seen in Figure 3, ionic strength significantly influences the amount of adsorbed phosphates for a fixed pH value, even if phosphate adsorption remains high after multiplying by ten the ionic strength (adsorption is reduced by around 20%). This behavior confirms that electrostatic forces are involved in the adsorption mechanism. Indeed, sodium and chloride ions screen the surface charge of anatase, lowering the attractive interactions with phosphate ions in acidic medium, which results in a decrease of the adsorbed amount. Hence, even if chemical adsorption is present, electrostatics could be significant in the adsorption mechanisms [START_REF] Barrow | Describing the effects of electrolyte on adsorption of phosphate by a variable charge surface[END_REF]. Physical bonding may thus also be involved in the interactions between phosphate species and the anatase surface.

b) Non-substituted phosphates: evolution versus ionic strength at pH 2

c) Substituted phosphates: influence of pH and substitution on adsorption

Substitution on phosphate molecules modulates the adsorption. Adsorption isotherms of MEP on the PC100 surface could be established on the whole investigated pH range, similarly as P. For DEP, adsorption could be monitored only at pH 2. Indeed, at higher tested pH (6 and 9), adsorption of DEP could not be quantified on the TiO2 surface: as the residual DEP concentration was very close to the initial introduced one, the difference was too low to be precisely measured. For the same reasons, no adsorption isotherms could be achieved for TEP molecules, whatever the pH value. In these conditions, the results for MEP are presented at all pH values, while results for DEP are presented only at pH 2 and discussed at this pH with MEP and P.

Adsorption isotherms of MEP on PC100 obtained at pH 2, 4, 6 and 9, for an ionic strength of 0.01 mol/L (fixed with NaCl salt) are presented in Figure 4. The same tendency is observed as for P adsorption, with a global decrease of the adsorbed amount when pH increases (the maximum value drops from 1.5 molecule per nm 2 at pH 2 to 0.5 molecule per nm 2 at pH 9). At pH 2, the isotherm obtained with MEP does not present any well-defined saturation "plateau", contrary to that obtained with P. The maximum adsorbed amount (1.5 molecule per nm 2 ) is slightly higher than that observed for P in the same conditions (1.3 ion per nm 2 ). As a general trend, for each pH value the adsorbed amount of MEP seems to be a little larger than that of P (the difference varies between 5 and 25%). For DEP (see Figure 5) at pH 2, the "plateau" corresponds to an adsorbed amount between 0.4 and 0.6 molecule per nm², which shows that this species is much less easily adsorbed on the TiO2 surface than P and MEP, despite the low pH, which should promote the adsorption. Indeed, for this pH, the anatase surface is positively charged, whereas DEP is once deprotonated (pKa = 1.39) and thus carries a negative charge. 

2) Zeta potential measurements a) Influence of non-substituted phosphate adsorption on the zeta potential of anatase

Figure 6 shows the zeta potential evolution versus pH for PC100 samples, in a solution without phosphates, and in phosphate solutions at two different concentrations (2.5 × 10 -6 and 1.0 × 10 -5 mol/L). These low concentrations were chosen in order to reach almost total phosphate adsorption at the PC100 surface whatever the pH value, such as the phosphate concentrations in solution at equilibrium were negligible. The ionic strength was fixed at 0.01 mol/L with NaCl. The isoelectric point (IEP) of pristine PC100 sample is obtained for pH 6. When phosphate ions are present in solution, the IEP decreases, from pH 6 to pH 5 for a phosphate concentration of 2.5 × 10 -6 mol/L, and to pH 4 for a concentration of 1.0 × 10 -5 mol/L. This trend can be related both to the adsorbed phosphate amount and to the deprotonation of phosphate ions, according to pH. In acidic medium (pH 2), even if phosphates are adsorbed in large amount, they present a low negative charge, thus the zeta potential of anatase slightly decreases. When pH increases, the negative charge carried by phosphates raises, which leads to a significant decrease of the zeta potential (up to pH 6), since the adsorbed amount remains large in this pH range. Above pH 6, the adsorbed amount strongly decreases, however the negative charge carried by phosphates keeps growing, which can explain that the zeta potential remains more negative in the presence of adsorbed species than in their absence. This behavior was already evidenced in literature [START_REF] Nelson | Control of surface and zeta potentials on nanoporous TiO2 films by potential-determining and specifically adsorbed ions[END_REF]: for a phosphate concentration of 1 mmol/L, the IEP of TiO2 was found to shift down by 3 pH units. This IEP shift, as well as the charge reversal observed in the presence of phosphates, mean that strong specific adsorption of phosphate anions occurs on the TiO2 surface: they are bonded to the solid surface through nonelectrostatic interactions, probably forming inner-sphere complexes with the surface groups of TiO2 [START_REF] Arai | ATR-FTIR spectroscopic investigation on phosphate adsorption mechanisms at the ferrihydrite-water interface[END_REF][START_REF] Hunter | Zeta potential in colloid science : principles and applications[END_REF]. This result is in agreement with adsorption isotherms, which showed a significant amount of adsorbed phosphates at pH 9, even against repulsive forces. Moreover, the IEP value found for a phosphate concentration of 1.0 × 10 -5 mol/L is in accordance with that obtained for E171 samples in our previous study [START_REF] Dudefoi | Criteria to define a more relevant reference sample of titanium dioxide in the context of food: a multiscale approach, Food Additives and Contaminants[END_REF], which was drastically lower than that of the P25 reference powder (80% anatase and 20% rutile mixture):

this behavior was explained by the presence of phosphate groups at the surface of the food additive (evidenced by XPS and IR characterization), which can be confirmed by the present study. 

b) Zeta potential of anatase in the presence of various phosphated molecules

Figure 7 presents the zeta potential evolution versus pH for PC100 samples in contact with the various phosphated molecules, at the same concentration (1.0 × 10 -5 mol/L), in comparison with pristine PC100, with a fixed ionic strength of 0.01 mol/L (NaCl). When the substitution of protons by ethyl groups on the phosphated molecules increases, the IEP, initially at pH 4 for P, tends towards that of pristine anatase (pH 6). This result firstly lies in the lower negative charge (coming from deprotonation of the hydroxyl groups) carried by the phosphated molecules when the number of ethyl groups increases (except for TEP, which is a neutral molecule), and secondly in the decrease of adsorbed amount when the number of ethyl groups increases, as shown by the adsorption isotherm results. In the case of MEP molecules, despite a similar adsorbed amount, the displacement of the anatase IEP is lower than for P ions, because of the smaller deprotonation ability of MEP compared to P, due to ethyl substitution. This IEP displacement in their presence suggests the formation of inner-sphere complexes with the TiO2 surface [START_REF] Arai | ATR-FTIR spectroscopic investigation on phosphate adsorption mechanisms at the ferrihydrite-water interface[END_REF][START_REF] Hunter | Zeta potential in colloid science : principles and applications[END_REF]. For DEP, although the IEP seems the same as that of pristine anatase, a less positive zeta potential is observed in acidic medium and a more negative one in basic medium, against repulsive forces, which reveals non-electrostatic interactions between these molecules and the anatase surface. However, the zeta potential evolution is very close to that of pristine PC100, given the low adsorbed amount of DEP molecules on the anatase surface, especially for pH higher than 6. Finally, TEP also seems to confer a more negative surface charge to anatase in basic medium, despite its neutral character, whereas for other pH values no significant modification of the zeta potential can be noticed compared to pristine anatase, in agreement with the negligible adsorbed amount for all the pH range. To briefly summarize these results, obtained on one hand through adsorption isotherms, and on the other hand by zeta potential measurements, they give macroscopic information about the phosphated species adsorption on the anatase surface: P ions and MEP molecules are adsorbed in significant amount on the solid surface, especially at low pH, which leads to a strong decrease of the anatase IEP. In contrast, DEP and TEP molecules are adsorbed in much lower amounts; thus they poorly disturb the solid-liquid interface, which leads to a very slight evolution of the zeta potential of anatase, with no displacement of the IEP.

3) Spectroscopic characterizations of phosphated molecules adsorption on PC100 anatase TiO2 particles

For a fixed pH, the TiO2 powders obtained through the adsorption isotherm protocol after drying of the solid phase, and for an adsorbed amount corresponding to the "plateau" of the adsorption isotherm, were characterized by 31 P solid-state NMR and infrared spectroscopies. These results provide information about the nature of the binding modes, considering the effects of the substitution degree and the pH values. These solid samples are referred to as Pads, MEPads, DEPads and TEPads in this spectroscopic part.

a) Infrared measurements

Despite samples were dried before infrared analyses, a small fraction of water is still present at their surface, which leads to the presence of hydrogen bond network. The latter may vary the infrared transition moment, thus complicating quantitative analysis of the obtained results. Moreover, this hydrogen bond network is affected both by the ethyl substitution on phosphated compounds and by the pH. As a consequence, the results presented in this part will be mostly qualitative, or semi-quantitative for some of them.

• Effect of substitution level

In Figure 8A are presented the NIR-DRIFTS spectra of PC100 powders obtained after equilibration at pH 2, in aqueous solutions with an ionic strength of 0.01 mol/L (NaCl) and containing one of the four phosphated compounds (P, MEP, DEP and TEP). The broad absorption band at 2500-3500 cm -1 is due to the stretching of OH groups involved in hydrogen bonds, and the narrower bands between 3600-3800 cm -1 correspond especially to the TiO-H [START_REF] Minella | Effect of fluorination on the surface properties of titania P25 powder: an FTIR study[END_REF][START_REF] Deiana | Surface structure of TiO2 P25 nanoparticles: infrared study of hydroxy groups on coordinative defect sites[END_REF] or PO-H [START_REF] Hadjiivanov | Study of phosphate-modified TiO2 (anatase)[END_REF][START_REF] Low | Infrared study of the surface properties of phosphoric acid impregnated silica[END_REF][START_REF] Tan | Effect of phosphoric acid on the properties of magnesium oxychloride cement as a biomaterial[END_REF] stretching, with weaker intermolecular interactions ("isolated" groups). The modes of PO-H group are clearly separated in the NIR range from the modes involving other O-H groups. Indeed, the combination modes give a much better possibility to observe infrared absorptions that are spectrally separated from the other absorptions than in the middle infrared, which only involves the fundamental modes. Thus, the band at 4663 cm -1 , assigned to the combination of stretching modes (νP-O+νO-H) of P-O-H [START_REF] Kolmas | Near-infrared (NIR) spectroscopy of synthetic hydroxyapatites and human dental tissues[END_REF][START_REF] Campos | FTIR spectral signatures of amazon inorganic phosphates: Igneous, weathering, and biogenetic origin[END_REF][START_REF] Ishikawa | Surface characterization of calcium hydroxylapatite by Fourier transform infrared spectroscopy[END_REF], is the signature of adsorbed phosphated molecules on the TiO2 surface, when possessing a P-O-H group. These main features are more visible in Figure 8B and Figure 8C for the range 3500-3800 cm -1 and 4500-4750 cm -1 respectively. Three bands (at 3635, 3660 and 3685 cm -1 ) are displayed in Figure 8B for the reference surface of PC100. These bands correspond to stretching modes of TiO-H in various environments, i.e. TiOH, TiOH2 or Ti2OH. On the basis of previous results [START_REF] Minella | Effect of fluorination on the surface properties of titania P25 powder: an FTIR study[END_REF][START_REF] Deiana | Surface structure of TiO2 P25 nanoparticles: infrared study of hydroxy groups on coordinative defect sites[END_REF], the bands with lower frequency (< 3680 cm -1 ) are assigned to bridging hydroxyl groups Ti2-OH and the band at higher one (> 3680 cm -1 ) to terminal hydroxyl groups Ti-OH or Ti-OH2. On one hand, these three bands are still observed after adsorption of TEP (Figure 8B, spectrum b), confirming a very weak adsorption of these molecules on the anatase surface. On the other hand, the profile of this massif is considerably modified after adsorption of the other phosphated species (Figure 8B, spectra c, d and e). Both absorption signals at 3635 and 3660 cm -1 decrease drastically, moreover we can notice that one new component (around 3673 cm -1 ) appears after adsorption of MEP, which is even more visible for Pads sample. This component is associated to PO-H groups present at the surface [START_REF] Low | Infrared study of the surface properties of phosphoric acid impregnated silica[END_REF].
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Lastly, at the same time, the intensity of the band at 3685 cm -1 seems to decrease, when passing from TEPads, to DEPads, to MEPads and then to Pads sample.

In Figure 8C, the 4663 cm -1 band, related specifically to surface P-O-H group (combination of νP-O+νO-H) is clearly displayed for Pads and MEPads samples but very less intense for DEPads, and finally absent for TEPads as for the PC100 surface reference. These displayed spectra are obtained upon dehydration of the samples, at room temperature under a stream of air dry, for three hours inside the spectrometer chamber, in order to eliminate water molecules physically adsorbed at the interface. Thus, the elimination of the H-bond interactions between water and O-H groups allows us to clearly characterize the P-O-H groups (Figure S4). The bands at 4663 and 3673 cm -1 show parallel behavior.

The area of this component centered at 4663 cm -1 is directly related to the amount of the adsorbed phosphated molecules possessing a PO-H group: its value decreases from Pads (0.5 a.u.) to MEPads (0.2 a.u.) then to DEPads (<<0.1 a.u.) powders, and is equal to zero for TEPads and for the reference. These values give only a tendency because the H-bond environment differs for P, MEP and DEP, and then disturbs the infrared transition moment. These results confirm that adsorption of phosphated species occurred in the case of P, MEP and DEP molecules. In the case of TEP, since no PO-H group is displayed on this compound, no information concerning a possible adsorption of this molecule on the anatase surface can be extracted from this peak. Let us notice that this band at 4663 cm -1 shows a shoulder at higher wavenumber (around 4673 cm -1 ), especially for MEPads and DEPads samples. Another combination is also displayed in this wavenumber range, at a lower value around 4574 cm -1 , clearly visible for Pads and MEPads samples. In Figure 9A are presented the ATR spectra in the 1500-850 cm -1 range where main differences are observed between the various studied samples. Under 850 cm -1 , the strong absorption due to TiO2 anatase does not enable to see the lower modes of phosphate groups. Comparing to the spectrum of PC100, new bands appear for the Pads, MEPads and DEPads samples, in the same wavenumber range, while the TEPads sample is very close to the reference.

Let us note that the MIR-ATR bands observed on all spectra correspond undoubtedly to adsorbed phosphate species, since their wavenumbers are different from those of phosphate ions in solution, whatever the pH, as already observed by 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]. Furthermore, these wavenumbers are comparable to those reported in several works about the adsorption of orthophosphates on titanium oxide [START_REF] Gong | A real time in situ ATR-FTIR spectroscopic study of linear phosphate adsorption on titania surfaces[END_REF][START_REF] Hadjiivanov | Study of phosphate-modified TiO2 (anatase)[END_REF][START_REF] Connor | Phosphate adsorption onto TiO2 from aqueous solutions: An in situ internal reflection infrared spectroscopic study[END_REF][START_REF] Wan | Surface speciation of myo-inositol hexakisphosphate adsorbed on TiO2 nanoparticles and its impact on their colloidal stability in aqueous suspension: A comparative study with orthophosphate[END_REF][START_REF] Li | Competitive arsenate and phosphate adsorption on alpha-FeOOH, LaOOH, and nano-TiO2: Two-dimensional correlation spectroscopy study[END_REF] and on other metal oxides [START_REF] Arai | ATR-FTIR spectroscopic investigation on phosphate adsorption mechanisms at the ferrihydrite-water interface[END_REF][START_REF] Tejedor-Tejedor | Protonation of phosphate on the surface of goethite as studied by CIR-FTIR and electrophoretic mobility[END_REF][START_REF] Luengo | Kinetics of phosphate adsorption on goethite: Comparing batch adsorption and ATR-IR measurements[END_REF], where they have been attributed to overlapping P-O vibrations.
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In order to distinguish the bands more clearly, the reference PC100 spectrum was subtracted from the other spectra (Figure 9B). Between 900 and 1200 cm -1 , P-O and P-O-C stretching vibrations are expected [START_REF] Chapman | Spectra of phosphorus compounds -I the infrared spectra of orthophosphates[END_REF][START_REF] Daasch | Infrared Spectra of Phosphorus Compounds[END_REF]. A broad band is observed for Pads, MEPads and DEPads, with several components pointed around 1055, 1135 cm -1 for Pads and 1055, 1109, 1135, 1168 cm -1 for MEPads and DEPads. No significant IR absorption is displayed in this range for the TEPads sample, confirming that the adsorption of this molecule on PC100 might be very weak. The bands at 1447 and 1397 cm -1 are only observed for the MEPads and DEPads powders, and can be assigned to the ethyl groups (CH2/CH3 bending) [START_REF] Mortimer | Vibrational assignment and rotational isomerism in some simple organic phosphates[END_REF][START_REF] Taga | Vibrational-spectra and normal coordinate analysis of barium dimethyl, diethyl and ethyl methyl phosphates[END_REF]. A band at 1266 cm -1 , present for Pads, MEPads and DEPads, decreases in intensity from P to MEP and then to DEP. The assignment of this band can be related to a PO-H bending mode [START_REF] Tejedor-Tejedor | Protonation of phosphate on the surface of goethite as studied by CIR-FTIR and electrophoretic mobility[END_REF][START_REF] Chapman | Spectra of phosphorus compounds -I the infrared spectra of orthophosphates[END_REF][START_REF] Ramakrishnan | Vibrational studies of two phosphotellurates: Te(OH)62(NH4)2HPO4 and Te(OH)6Na2HPO4• H2O[END_REF] or a P=O one [START_REF] Espinosa | Infrared vibrational spectra of Lhistidinium dihydrogen orthophosphate orthophosphoric acid (LHP)[END_REF].

• Effect of pH The DRIFTS spectra obtained for Pads samples at pH 2, pH 6 and pH 9 are presented on Figure 10A and10B, with the same two frequency ranges as for pH 2 (see Figure 8). The P-O-H combination band at 4663 cm -1 is observed for Pads at the three pH values, with a lower intensity at pH 9. The integrated areas for pH 2 and pH 9 are in a similar ratio as the maximum amounts of adsorbed phosphates in isotherms. The shoulder at 4673 cm -1 is more distinguishable as the pH increases. Concerning the MIR-ATR spectra (Figure 10C and10D), the bands related to the P-O stretching modes, expected in the 900-1200 cm -1 range, are much less intense for pH 6 and pH 9 than for pH 2. The main broad components are peaked at 1055 and 1135 cm -1 for pH 2 and pH 6, while at 1073 and 1120 cm -1 for pH 9. The band at 1266 cm -1 , observed for pH 2, is absent for pH 6 and pH 9. These results confirm that the phosphate adsorption decreases as the pH increases, as it has been shown via adsorption isotherm measurements. Thus, in agreement with the adsorption isotherms results, the phosphate adsorption decreases from Pads to DEPads and is very low for TEPads. While Pads and MEPads show similar MIR and NIR infrared profiles at pH 2 and pH 6, the P-O-H band at 4663 cm -1 is strongly less intense in MEPads than in Pads. This feature partly reveals a similar binding mode for both compounds, with the presence of less P-OH groups in MEPads, as expected due to ethyl substitution in MEP molecules, but also maybe another different adsorption "complex". Moreover, at higher pH value (pH 9), MEPads spectra are closer to DEPads than to Pads spectra.
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b) Solid-state CP-MAS 31 P NMR measurements

• Effect of substitution level

The samples previously analyzed by infrared spectroscopy were also characterized by { 1 H}-31 P CP-MAS NMR. This technique is not quantitative, as the resonance intensities depend on the polarization transfer efficiency between protons and phosphorus atoms, which can differ according to the chemical environment of each nucleus. However, relative intensities of each resonance can be compared between the various phosphated molecules adsorbed on the TiO2 surface.

The spectra presented in Figure 12 were recorded on PC100 samples in contact with the various phosphated molecules at pH 2. Except in the case of TEPads, several bands are clearly visible on these spectra, with at least 6 different chemical environments for phosphorus atoms. For each sample, the more intense band appears at 1 ppm appear at exactly the same position for Pads, MEPads and DEPads samples. However, their relative intensities differ notably, especially for the band at -9.1 ppm, which is largely more intense for MEPads and DEPads than for Pads. This may be due to a better polarization transfer from 1 H nuclei, since MEP and DEP molecules present ethyl groups which can enhance crosspolarization compared to simple phosphate ions. Moreover, the bands at -1.3 and -6.4 ppm appear more clearly for DEPads sample, while for Pads and MEPads ones the more intense band at -3.4 ppm only shows a slight asymmetry in both sides, suggesting the presence of the same bands as for DEPads but in lower proportions. For TEPads sample, the signal on noise ratio is very low in this range of chemical shifts (-10 to +5 ppm), and no resonance can be clearly distinguished, confirming the results obtained through infrared spectroscopy, showing very weak adsorption for TEP molecules. Hence, phosphorus atoms seem to present the same chemical environments, whatever the phosphated molecule except TEP, with similar bands located between 3.2 et -9.1 ppm, but the relative proportion of each environment differs from one molecule to the other. The last band observed on the spectra is rather large and located between -12.8 and -17.2 ppm (maximum at -15 ppm). This band presents the same form and position for Pads and MEPads, while for DEPads it appears narrower and more intense, with a lower chemical shift (maximum at -17 ppm). For TEPads, it is the only band of the spectrum getting out from the background noise, and it presents a similar chemical shift as Pads and MEPads, with a just slightly greater intensity. The results obtained on phosphate anions adsorbed on TiO2 are similar to those presented by Kang et al. [START_REF] Kang | Phosphate uptake by TiO2: Batch studies and NMR spectroscopic evidence for multisite adsorption[END_REF], with bands located in the same range of chemical shifts (they observed four peaks at 1.0, -2.4, -8.3 and -15.0 ppm).

• Effect of pH

As seen in Figure 13, where the CP-MAS NMR spectra of PC100 after adsorption of phosphate ions at three different pH values are presented, a decrease of the global spectrum intensity is observed when the pH increases, related to the lower adsorbed amount evidenced by isotherms. Moreover, there is a chemical shift evolution of the main band (centered on -3.4 ppm at pH 2) towards higher values (close to 0 ppm at pH 9). Kang et al. already noted this chemical shift evolution, which could be explained by changes in surface charge and hydrogen bonding environment [START_REF] Kang | Phosphate uptake by TiO2: Batch studies and NMR spectroscopic evidence for multisite adsorption[END_REF]. The band at -9.1 ppm seems to remain at the same position when the pH increases, while the large band between -12.8 and -17.2 ppm tends to vanish. When comparing the CP-MAS NMR spectra of various phosphated molecules adsorbed on PC100 at pH 6 (Figure 14A), it appears that the same bands are detected for Pads, MEPads and DEPads, such as pH 2, whereas TEPads gives a very poor signal. The intensity of the main band, centered around -2 ppm, decreases when ethyl substitution increases in phosphated molecules. In contrast, for the three samples (Pads, MEPads and DEPads), the intensity of the band at -8 ppm decreases less than that of the band at -2 ppm. The large band observed at pH 2 with a lower chemical shift (between -13 and -17 ppm) seems to be present with a very weak intensity on the spectra recorded at pH 6. However, increasing the acquisition time allows this band rising from the background noise (see Figure S5 for DEPads and TEPads samples). 

4) Discussion about the binding modes of phosphated molecules on the anatase surface

At the beginning of this discussion, it seems important to underline that spectroscopic characterizations were performed on powders which were extracted from their equilibrium aqueous medium, and then dried. In these conditions, the adsorbed phosphated species remain anchored on the anatase surface, but their environment may have changed from their initial one, when the solid was in equilibrium with the aqueous phase. Nevertheless, these spectroscopic characterizations should give relevant information about the nature of surface complexes formed upon adsorption, even if the protonation state can differ from that of the hydrated solid.

Furthermore, we verified whether phosphate ions desorption was possible or not, by washing the obtained Pads powders by aqueous solutions at the same pH and ionic strength (results not shown): these experiments let us know that adsorption was mainly irreversible, since a large amount of phosphates (between 80 and 85% at pH 2) remained adsorbed after washing. Moreover, NMR data showed that the remaining adsorbed phosphates presented the same chemical environments as before, the unique difference lying in a slightly lower relative intensity of the main band centered at -3.4 ppm at pH 2, indicating that this large band probably includes physisorbed species. The shoulder at 4673 cm -1 of the P-O-H combination band observed in NIR-DRIFTS measurements (Figure 10) may be associated to these species. Indeed, the shift of this band towards lower wavenumbers was observed after phosphate desorption.

Table 1 summarizes the main features of adsorbed phosphated molecules at the anatase surface, extracted from all characterizations previously described, and gives information about attributions of the IR and 31 P NMR bands, which are discussed in this section.

Table 1: Main characteristics of phosphated molecules adsorption at the PC100 anatase surface, including maximum adsorbed amount at three pH values, IEP of PC100 in the presence of phosphated molecules for [P] = 10 -5 mol/L, main infrared bands with their qualitative intensities and their attributions, estimated relative adsorbed amounts at pH 2 extracted from IR spectra, and 31 P NMR chemical shifts with their proposed assignment. IR and NMR data are only given at pH 2, where the adsorbed amount reaches its maximum for each phosphated molecule. Band intensity is categorized as (+) low, (++) medium and (+++) high. 

a) Discussion about the different binding modes, through NMR and IR results

NMR experiments on the various phosphated molecules can help identifying their binding mode on the TiO2 surface. Indeed, DEP molecules cannot form tridentate complexes with the surface groups, due to their structure. Since the bands observed on the NMR spectra of DEP adsorbed on PC100 particles are similar as those present on the NMR spectra of adsorbed P and MEP, which could form tridentate species, we can eliminate this binding mode. This result seems in contradiction with those of Tielens et al., who determined through calculations a good thermodynamic stability of tridentate complexes on the anatase (101) face [START_REF] Tielens | Characterization of Phosphate Species on Hydrated Anatase TiO2 Surfaces[END_REF]. However, their simulations show that this tridentate structure seems to be less favorable that monodentate and bidentate ones, and that its occurrence depends both on the exposed crystalline face and the work temperature. Thus, our results support the very low probability for phosphates to form three Ti-O-P bonds with the anatase surface in aqueous suspension. Moreover, for TEP at pH 2, the large band between -12.8 and -17.2 ppm dominates the NMR spectrum. The unique possibility for TEP to adsorb on the anatase surface is through the formation of monodentate species, by the P=O double bond (maybe owing to hydrogen bonds). Hence, we may assign this large band at low chemical shift to monodentate binding on the TiO2 surface. This large band at low chemical shift is also particularly intense in the case of DEP, for which the probability to form monodentate complexes is higher than for P and MEP, due to its only one P-OH bond free for anchoring to the anatase surface. Some authors also observed a large band between -15 and -20 ppm, and suggested that it could arise from minor phosphate polymerization on the anatase surface, due to solution concentration upon drying [START_REF] Tielens | Characterization of Phosphate Species on Hydrated Anatase TiO2 Surfaces[END_REF]. This hypothesis cannot be excluded in our study for phosphate ions, but a polymerization of TEP molecules seems to be less likely.

Consequently, we can suppose that the other bands appearing from 3.2 to -9.1 ppm mainly correspond to bidentate complexes, either by release of two protons of the hydroxyl groups (bridging complexes), or by release of only one proton, and thus involving delocalization of electrons between one deprotonated hydroxyl group and the P=O double-bond (chelate complexes). However, as they are also slightly visible for adsorbed TEP, especially at pH 6, it can be suggested that these bands, which are not really symmetrical, can contain a monodentate contribution (but probably less favorable than the bidentate anchoring), or may be partly assigned to physisorption through hydrogen bonding (which could explain the decrease of the intensity of this band after washing the powder). Thus, these conclusions suggest that P, MEP and DEP compounds may form in majority bidentate complexes on the anatase surface, in addition to monodentate ones which seem to be less favorable. This conclusion is in agreement with a recent computational work [START_REF] Soria | Binding group of oligonucleotides on TiO2 surfaces: Phosphate anions or nucleobases?[END_REF], where the authors observed a better stability of bidentate complexes than monodentate ones in the case of phosphate anions adsorbed on the (101) anatase surface, through adsorption energy considerations. Figure 15 presents our propositions of binding modes for the various phosphated molecules, on the basis of spectroscopic results and literature data [START_REF] Connor | Phosphate adsorption onto TiO2 from aqueous solutions: An in situ internal reflection infrared spectroscopic study[END_REF][START_REF] Gong | A real time in situ ATR-FTIR spectroscopic study of linear phosphate adsorption on titania surfaces[END_REF][START_REF] Tielens | Characterization of Phosphate Species on Hydrated Anatase TiO2 Surfaces[END_REF][START_REF] Myller | Preparation of aminofunctionalized TiO2 surfaces by binding of organophosphates[END_REF]. For all structures containing one or more hydroxyl groups, the latter may be more or less deprotonated when pH increases.

Very few studies are reported on the interaction of phosphated compounds with titanium oxide using infrared spectroscopy, and they were mainly performed via in situ ATR measurements, which is different from our setup. Several authors mentioned that bidentate complexes should be the most probable species for orthophosphates adsorbed on TiO2 [START_REF] Connor | Phosphate adsorption onto TiO2 from aqueous solutions: An in situ internal reflection infrared spectroscopic study[END_REF][START_REF] Gong | A real time in situ ATR-FTIR spectroscopic study of linear phosphate adsorption on titania surfaces[END_REF][START_REF] Wan | Surface speciation of myo-inositol hexakisphosphate adsorbed on TiO2 nanoparticles and its impact on their colloidal stability in aqueous suspension: A comparative study with orthophosphate[END_REF][START_REF] Li | Competitive arsenate and phosphate adsorption on alpha-FeOOH, LaOOH, and nano-TiO2: Two-dimensional correlation spectroscopy study[END_REF], especially for P and MEP compounds, which is in agreement with the previous conclusions we deducted from NMR results. Indeed, the main bands we observed at 1055 cm -1 and 1135 cm -1 (for pH 2), related to P-O stretching, are in good agreement with proposed bidentate assignment in literature data. IR spectra show that these bidentate species are more protonated at low pH, through the presence of the combination mode of νP-O+νO-H at 4663 cm -1 . This P-O-H bond is more intense for P than for MEP, at pH 2 and pH 6 (see Figure 11), in agreement with the number of P-OH bonds of each compound. Moreover, the fact that the amount of hydroxyl groups attached to the phosphorus atoms is approximately double, considering the surface of this peak in IR spectra, for the adsorbed P species compared to the MEP species (0.5 versus 0.2 a.u.), goes qualitatively in the direction of a chelating bidentate structure of the adsorbed phosphate species, since for P the bidentate species exhibits two OH versus only one for MEP (see Figure 15). Thus, these IR results are consistent with the NMR conclusions concerning the preferential formation of bidentate complexes. The presence of the P-O-H combination band in the case of DEP confirms that monodentate binding is viable for this molecule, in agreement with NMR deductions (and in contradiction with previous results of Connor et al. [START_REF] Connor | Phosphate adsorption onto TiO2 from aqueous solutions: An in situ internal reflection infrared spectroscopic study[END_REF]). Besides, the band at 4574 cm -1 (Figure 10) may also be related to monodentate anchoring: even if it is visible for all samples, its proportion relatively to the band at 4663 cm -1 is especially great for DEP. At high pH, the presence of the P-O-H combination band seems to indicate that a protonation is still possible, which may be surprising since P, MEP and DEP molecules should deprotonate for pH higher than their pKa. As said previously, the powders with adsorbed phosphated compounds are extracted from the aqueous medium. Moreover, IR recording is performed through air pumping during at least three hours, in order to eliminate adsorbed water which gives rise to IR bands overlapping with those of interest. This dehydration of the samples may disturb interface equilibrium, forcing the oxygen of adsorbed molecules to protonate back thanks to co-adsorbed water molecules or Ti-OH local groups. Hence, the P-OH bonds observed on IR spectra may not be representative of the protonation state in solution at the studied pH. However, IR gives a real image of the bonds involved in the molecules binding at the TiO2 surface, and preserves information relative to the pH, such as the amount of adsorbed species. Nevertheless, dehydration of the samples may potentially force the bidentate complexes formation on the anatase surface. 

b) Impact of MEP versus P on the zeta potential of anatase

Adsorption isotherms and spectroscopic measurements showed a similar behavior for P and MEP compounds, with comparable adsorbed amounts and same chemical environments in NMR spectra. However, the zeta potential analyses revealed great differences of surface charge between anatase particles in the presence of P and MEP, especially at low pH, below the IEP of TiO2. This could be due to the difference of counter ion for both compounds: Na + for P ions, and cyclohexylammonium for MEP. The latter is larger than sodium ion and could bring a more positive charge at the solid-liquid interface, by laying inside the compact part of the electrical double layer. This could explain the more positive zeta potential in the presence of MEP for pH below 6, than for P in the same pH range. Another explanation could rely on the partly hydrophobic character of MEP molecules, through their ethyl group, which may modify the dielectric properties of the solid-liquid interface. On one hand, MEP molecules would be more strongly bound to the surface than phosphates, and on the other hand, the ionic pair formed by the MEP anion and its cyclohexylammonium cation would be less dissociated.

c) Comparison of the 31 P chemical shifts for the various binding modes with literature data

A study performed in 1994 [START_REF] Schmutz | EXAFS, Raman and P-31 NMRstudy of amorphous titanium phosphates[END_REF] assigned the 31 P NMR bands observed in bulk titanium phosphates to the connectivity of phosphorus tetrahedra with titanium atoms, and suggested that the 31 P chemical shift decreased from -5 ppm to -22 ppm when the number of titanium atoms binding the phosphorus center increased between 1 and 3. This implies that, in bulk titanium phosphate compounds, tridentate species would have a lower chemical shift than bidentate one, and that monodentate species would present the highest chemical shift. Lots of more recent studies on titanium phosphates based their assignment of 31 P NMR bands on this attribution [START_REF] Fei | Facile template-free synthesis of meso-macroporous titanium phosphate with hierarchical pore structure[END_REF][START_REF] Maslova | Extended study on the synthesis of amorphous titanium phosphates with tailored sorption properties[END_REF][START_REF] Ren | Tailoring the porous hierarchy of titanium phosphates[END_REF][START_REF] Takahashi | Characterization of semicrystalline titanium(IV) phosphates and their selectivity of cations and lithium isotopes[END_REF]. Otherwise, several authors working on phosphate adsorption or grafting (involving calcination of the compounds after contact with phosphate solution) on titanium dioxide interpreted their spectra on the basis of this evolution, suggesting thus that 31 P chemical shift decreased from monodentate surface complexes to tridentate ones [START_REF] Kang | Phosphate uptake by TiO2: Batch studies and NMR spectroscopic evidence for multisite adsorption[END_REF][START_REF] Kovalchuk | Synthesis, structure, and acidic properties of MCM-41 functionalized with phosphate and titanium phosphate groups[END_REF][START_REF] Elghniji | Chemical modification of TiO2 by H2PO4-/HPO42anions using the sol-gel route with controlled precipitation and hydrolysis: enhancing thermal stability[END_REF]. However, theoretical calculations showed that the chemical shifts of chemisorbed orthophosphates on the surface of TiO2 is quite different from those determined in bulk titanium phosphates [START_REF] Tielens | Characterization of Phosphate Species on Hydrated Anatase TiO2 Surfaces[END_REF]. In that study of Tielens et al., physisorbed phosphates give rise to a 31 P NMR band at 4.9 ppm, monodentate complexes to a band at -9.5 ppm, bidentate ones at 2.0 ppm, and tridentate ones at -6.2 ppm. Thus, the trend observed in bulk titanium phosphates seems not to be followed for adsorbed phosphated species at the TiO2 surface. Even if we excluded the possibility of tridentate species formation in the case of our study, the attribution of the 31 P NMR bands we propose is in agreement with that of Tielens et al. work, bidentate species presenting a higher chemical shift that monodentate ones, with similar numerical values.

CONCLUSION AND PROSPECTS

The interactions between phosphated compounds and the surface of anatase were examined by infrared and 31 P solid-state NMR spectroscopic characterization, coupled with adsorption isotherms and zeta potential measurements. This multi-scale and multi-technique study, proposing an original and systematic investigation process, enabled us to propose possible binding modes of these species on the solid surface of TiO2. Hence, the main binding mode for phosphates and MEP molecules is undoubtedly bidentate, even if some monodentate species could also be present on the surface, whereas no tridentate complexes formation could be evidenced. DEP is likely to adsorb both through monodentate and bidentate complexes, while TEP is only adsorbed in very few amount, with formation of possible monodentate structures. These assignments were mainly proposed on the basis of NMR results, which revealed discrepancies with previous publications about 31 P NMR chemical shifts of adsorbed phosphated compounds on the TiO2 surface: bidentate species seem to present higher chemical shifts than monodentate ones, in contrast with the 31 P chemical shift behavior observed in the bulk titanium phosphates compounds.

This study completes our previous work [START_REF] Le | Interactions between phospholipids and titanium dioxide particles[END_REF], where we suggested that the hydroxyl groups of either the terminal glycerol unit or the carboxylate unit of phospholipid molecules could be involved in the interaction with the TiO2 surface. Indeed, as for DEP molecules in this paper, the observed interaction may be due to the formation of bidentate complexes through both free oxygen atoms available on the phosphorus center. Further analyses by spectroscopic methods are needed to confirm this hypothesis. The results presented here also bring a better understanding of the surface state of E171 additive, since this compound is possibly modified with phosphate groups adsorbed or grafted on its surface, as shown by Dudefoi et al. [START_REF] Dudefoi | Criteria to define a more relevant reference sample of titanium dioxide in the context of food: a multiscale approach, Food Additives and Contaminants[END_REF]. Preliminary 31 P NMR results (data not shown) revealed that the chemical environment of phosphorus atoms on the E171 surface may be similar to that of phosphated species adsorbed on anatase. An accurate analysis of 31 P NMR spectra of E171 powders, compared to those obtained in this study, should bring interesting information on the kind of complexes formed on the surface of E171 additives. This would be of key interest in the understanding of the reactivity of these additives in biological environments. Such a study could also be useful to understand how phosphorylated peptides or proteins are specifically retained at the surface of TiO2 particles in titanium dioxide-based affinity chromatography, and to analyse more finely the mechanisms of retention according to pH and to the molecular structure of the studied compounds.

To complete this study and get more precise information on the kind of complexes really formed between phosphated compounds and the anatase surface, theoretical calculations will be performed, firstly to determine the energetically more favorable binding modes for each phosphated molecule, and secondly to calculate both corresponding IR wavenumbers and 31 P NMR chemical shifts. A comparison with the experimental results presented here will enable more accurate assignment of each spectroscopic band to the involved bonds or chemical environments. To reach quantitative data from infrared measurements, we are developing a statistical approach to correlate infrared signals to the amount of phosphated species adsorbed all along the adsorption isotherms. In parallel, performing NMR experiments on higher magnetic field spectrometers, maybe coupled with DNP, would also help us to determine more precisely the chemical environment of phosphorus atoms for each observed band (for example through the evolution of the cross-polarization signal according to the contact time, or by 1 H-31 P 2D correlations). Experiments of 17 O NMR could also be considered, after isotopic enrichment of the compounds. Finally, deuteration experiments for IR measurements could be interesting, both to distinguish better the contributions of P-OH and P=O bonds, which overlap in our spectra, and to evidence the possible presence of hydrogen bonds between the adsorbed phosphated compounds and the anatase surface.
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TABLES

Table 1: Main characteristics of phosphated molecules adsorption at the PC100 anatase surface, including maximum adsorbed amount at three pH values, IEP of PC100 in the presence of phosphated molecules for [P] = 10 -5 mol/L, main infrared bands with their qualitative intensities and their attributions, estimated relative adsorbed amounts at pH 2 extracted from IR spectra, and 31 P NMR chemical shifts with their proposed assignment. IR and NMR data are only given at pH 2, where the adsorbed amount reaches its maximum for each phosphated molecule. Band intensity is categorized as (+) low, (++) medium and (+++) high. 

Figure 1 :

 1 Figure 1: Chemical formulation of phosphated compounds used in the present study. "P" was purchased as the Na2HPO4 salt, "MEP" was synthesized under the [CyNH3](EtO)PO3H] compound (Cy = cyclohexyl; Et = ethyl), and "DEP" was purchased as the [EMIM-(EtO)2PO2] salt (EMIM = 1-ethyl-3-methylimidazolium).
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 3112 Figure 2: Adsorption isotherms of phosphates for different pH values at an ionic strength of 0.01 mol/L (fixed with NaCl salt), obtained at 25°C. These data were recorded with 11.5 m 2 of TiO2 (150 mg of solid with a specific surface area of 76.8 m 2 /g) in 40 mL of aqueous solution. The lines have been added as a guide for the eye.

Figure 3 :

 3 Figure 3: Adsorption isotherms of phosphates at pH 2 for two ionic strengths fixed with NaCl, 0.1 and 0.01 mol/L, at 25°C. These data were recorded with 11.5 m 2 of TiO2 in 40 mL of aqueous solution. Data at an ionic strength of 0.01 mol/L correspond to Figure 2.
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 4 Figure 4: Adsorption isotherms of MEP for different pH values at an ionic strength of 0.01 mol/L (fixed with NaCl salt), at 25°C. These data were recorded with 11.5 m 2 of TiO2 in 40 mL of aqueous solution.
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 5 Figure 5: Adsorption isotherms of MEP, DEP and P at pH 2, for an ionic strength of 0.01 mol/L (fixed with NaCl salt) at 25°C. These data were recorded with 11.5 m 2 of TiO2 in 40 mL of aqueous solution.
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 6 Figure6: Evolution of zeta potential versus pH for PC100 in contact with phosphate ions at two concentrations 2.5 10 -6 and 1.0 10 -5 mol/L), compared with PC100 alone, at a constant ionic strength (0.01 mol/L fixed with NaCl salt). The solid concentration is 0.14 g/L.The lines have been added as a guide for the eye.

Figure 7 :

 7 Figure 7: Comparative zeta potential versus pH evolution, for PC100 alone and in contact with phosphate ions (P) and substituted phosphate molecules (MEP, DEP, TEP) at the same concentration ([P] = 10 -5 mol/L), with a constant ionic strength fixed with NaCl (0.01 mol/L). The solid concentration is 0.14 g/L. The lines have been added as a guide for the eye.
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 8 Figure 8: DRIFTS spectra of PC100 powder after adsorption of phosphated species, at pH 2 and with an ionic strength of 0.01 mol/L: A) 5000-2500 cm -1 ; B) 3800-3500 cm -1 ; C) Near infrared range, 4750-4500 cm -1 . a) reference PC100; b) TEPads; c) DEPads; d) MEPads; e) Pads (the spectra are offset for visibility, and the combination modes involving P-O-H are evidenced by band coloring).

Figure 9 :

 9 Figure 9: MIR-ATR spectra of PC100 after adsorption of phosphated molecules, at pH 2 and with an ionic strength of 0.01 mol/L: A) as-recorded spectra; B) spectra after subtraction of the PC100 surface reference. a) reference PC100; b) TEPads; c) DEPads; d) MEPads; e) Pads (the spectra are offset for visibility; the as-recorded spectra are not labelled to avoid the perturbation coming from the strong absorption of TiO2).

Figure 10 :

 10 Figure 10: A and B) DRIFTS and C and D) MIR-ATR spectra of PC100 after adsorption of non-substituted phosphate ions with an ionic strength of 0.01 mol/L (C: as-recorded spectra, D: spectra after subtraction of the reference PC100 at the same pH). a) pH 2, b) pH 6, c) pH 9 (the as-recorded spectra are not labelled to avoid the perturbation coming from the strong absorption of TiO2).
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 11 Figure 11: NIR-DRIFTS (4500-4750 cm -1 ) and MIR-ATR (850-1500 cm -1 ) spectra of PC100 after adsorption of phosphated molecules, with an ionic strength of 0.01 mol/L; A and B) pH 6; C and D) pH 9. a) Reference PC100; b) TEPads; c) DEPads; d) MEPads; e) Pads.

  ppm. The bands observed at 3.2, -3.4, and -9.
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 12 Figure 12: { 1 H}-31 P CP-MAS NMR spectra of PC100 after adsorption of phosphated molecules, at pH 2 and with an ionic strength of 0.01 mol/L.
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 13 Figure 13: { 1 H}-31 P CP-MAS NMR spectra of PC100 after adsorption of phosphate ions, for various pH values (2, 6 and 9), with an ionic strength of 0.01 mol/L.
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 14 Figure 14: { 1 H}-31 P CP-MAS NMR spectra of PC100 after adsorption of phosphated molecules at pH 6 (A) and pH 9 (B), for an ionic strength of 0.01 mol/L.
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  bands are observed, with very close chemical shifts. As for the other pH values, it suggests that P and MEP present similar phosphorus chemical environments, once adsorbed on the anatase surface.

• 2 • 2 •• 1 →•

 221 pH 2 → 1.34 P/nm 2 • pH 6 → 1.15 P/nm 2 • pH 9 → 0.45 P/nm pH 2 → 1.50 P/nm 2 • pH 6 → 1.33 P/nm 2 • pH 9 → 0.60 P/nm pH 2 → 0.54 P/nm 2 • pH 6 → non detected • pH 9 → non detected • pH 2 → non detected • pH 6 → non detected • pH 9 → non detected 4663 and 3673 cm -1 → P-O-H • 1266 cm -1 → P-OH or P=O • 1055 and 1135 cm -From -9 to 3 ppm (several contributions) → bidentate (+++), possibly monodentate and physisorption • -15 ppm → monodentate (+) • From -9 to 3 ppm (several contributions) → bidentate (+++), possibly monodentate and physisorption • -15 ppm → monodentate (+) • From -9 to 3 ppm (several contributions) → bidentate (++), possibly monodentate and physisorption • -17 ppm → monodentate (++) • -15 ppm → monodentate (+) * Calculated from IR absorptions (DRIFTS and ATR spectra), and normalized on the amount of adsorbed P compound.

Figure 15 :

 15 Figure 15: Propositions of binding modes for the various phosphated molecules on anatase surface. For simplification, water molecules are not included in these schemes.
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 1 Figure 1: Chemical formulation of phosphated compounds used in the present study. "P" was purchased as the Na2HPO4 salt, "MEP" was synthesized under the [CyNH3](EtO)PO3H] compound (Cy = cyclohexyl; Et = ethyl), and "DEP" was purchased as the [EMIM-(EtO)2PO2] salt (EMIM = 1-ethyl-3-methylimidazolium).
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 2 Figure 2:Adsorption isotherms of phosphates for different pH values at an ionic strength of 0.01 mol/L (fixed with NaCl salt), obtained at 25°C. These data were recorded with 11.5 m 2 of TiO2 (150 mg of solid with a specific surface area of 76.8 m 2 /g) in 40 mL of aqueous solution. The lines have been added as a guide for the eye.
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 3 Figure 3: Adsorption isotherms of phosphates at pH 2 for two ionic strengths fixed with NaCl, 0.1 and 0.01 mol/L, at 25°C. These data were recorded with 11.5 m 2 of TiO2 in 40 mL of aqueous solution. Data at an ionic strength of 0.01 mol/L correspond to Figure 2.
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 4 Figure 4: Adsorption isotherms of MEP for different pH values at an ionic strength of 0.01 mol/L (fixed with NaCl salt), at 25°C. These data were recorded with 11.5 m 2 of TiO2 in 40 mL of aqueous solution.
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 5 Figure 5: Adsorption isotherms of MEP, DEP and P at pH 2, for an ionic strength of 0.01 mol/L (fixed with NaCl salt) at 25°C. These data were recorded with 11.5 m 2 of TiO2 in 40 mL of aqueous solution.
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 7 Figure7: Comparative zeta potential versus pH evolution, for PC100 alone and in contact with phosphate ions (P) and substituted phosphate molecules (MEP, DEP, TEP) at the same concentration ([P] = 10 -5 mol/L), with a constant ionic strength fixed with NaCl (0.01 mol/L). The solid concentration is 0.14 g/L. The lines have been added as a guide for the eye.
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 8 Figure 8: DRIFTS spectra of PC100 powder after adsorption of phosphated species, at pH 2 and with an ionic strength of 0.01 mol/L: A) 5000-2500 cm -1 ; B) 3800-3500 cm -1 ; C) Near infrared range, 4750-4500 cm -1 . a) reference PC100; b) TEPads; c) DEPads; d) MEPads; e) Pads (the spectra are offset for visibility, and the combination modes involving P-O-H are evidenced by band coloring).
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 9 Figure9: MIR-ATR spectra of PC100 after adsorption of phosphated molecules, at pH 2 and with an ionic strength of 0.01 mol/L: A) as-recorded spectra; B) spectra after subtraction of the PC100 surface reference. a) reference PC100; b) TEPads; c) DEPads; d) MEPads; e) Pads (the spectra are offset for visibility; the as-recorded spectra are not labelled to avoid the perturbation coming from the strong absorption of TiO2).
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 10 Figure 10: A and B) DRIFTS and C and D) MIR-ATR spectra of PC100 after adsorption of non-substituted phosphate ions with an ionic strength of 0.01 mol/L (C: as-recorded spectra, D: spectra after subtraction of the reference PC100 at the same pH). a) pH 2, b) pH 6, c) pH 9 (the as-recorded spectra are not labelled to avoid the perturbation coming from the strong absorption of TiO2).
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 11 Figure 11: NIR-DRIFTS (4500-4750 cm -1 ) and MIR-ATR (850-1500 cm -1 ) spectra of PC100 after adsorption of phosphated molecules, with an ionic strength of 0.01 mol/L; A and B) pH 6; C and D) pH 9. a) Reference PC100; b) TEPads; c) DEPads; d) MEPads; e) Pads.
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 12 Figure 12: { 1 H}-31 P CP-MAS NMR spectra of PC100 after adsorption of phosphated molecules, at pH 2 and with an ionic strength of 0.01 mol/L.
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 13 Figure 13: { 1 H}-31 P CP-MAS NMR spectra of PC100 after adsorption of phosphate ions, for various pH values (2, 6 and 9), with an ionic strength of 0.01 mol/L.
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 14 Figure 14: { 1 H}-31 P CP-MAS NMR spectra of PC100 after adsorption of phosphated molecules at pH 6 (A) and pH 9 (B), for an ionic strength of 0.01 mol/L.

Figure 15 :

 15 Figure 15: Propositions of binding modes for the various phosphated molecules on anatase surface. For simplification, water molecules are not included in these schemes.

Figure S4 :

 S4 Figure S4: NIR-DRIFTS spectra upon dehydration during 3 hours (examples of pristine PC100 at left, and PC100 with adsorbed P at pH 2 at right). The arrow indicates the evolution in time. Blue spectra are at the beginning, red ones at the end of the 3 hours. Spectra were taken every 10 minutes.
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