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INTRODUCTION

After closure, decommissioning of uranium mining sites often involves treating mine drainage waters to limit their environmental footprint. Mine drainage waters from these sites can have uranium concentrations in the ppb range and become a potential source of contamination for the environment [START_REF] Ballini | A multi-scalar study of the long-term reactivity of uranium mill tailings from Bellezane site (France)[END_REF]. The use of ion-exchange resins is generally not developed for mining waters.

Indeed as the U aqueous concentrations are too low, such a process is rarely economically interesting and leads to the use of flocculation/decantation processes. Both processes are also used for decontamination of uranium from water intended for public consumption [START_REF] Baeza | Determining factors in the elimination of uranium and radium from groundwaters during a standard potabilization process[END_REF][START_REF] Gäfvert | Removal of radionuclides at a waterworks[END_REF][4].

Although these processes are really efficient in removing uranium, they do not sufficiently concentrate the uranium species for recovery. As detailed in the review of Xie et al., solid-phase extraction, such as adsorption, is a simple and reliable process [START_REF] Xie | Emerging natural and tailored materials for uranium-contaminated water treatment and environmental remediation[END_REF]. A high enrichment factor in the sorbent can be achieved, the process is energy efficient (ambient temperature and atmospheric pressure) and regeneration is often possible.

The aqueous U(VI) speciation leads to numerous bulky hydrated and hydroxylated uranyl complexes, which can explain the U(VI) limited adsorption capacity in microporous materials including zeolites commonly used in adsorption processes [START_REF] Bühl | Coordination environment of aqueous uranyl(VI) ion[END_REF][START_REF] Berto | Advances in the investigation of dioxouranium(VI) complexes of interest for natural fluids[END_REF]. U(VI) species adsorption mostly occurs through a complexation mechanism [START_REF] Geckeis | Mineral water interface reactions of actinides[END_REF]. So, the density and accessibility of adsorption surface sites remain critical parameters to achieve high-capacity adsorbents [START_REF] Payne | Assessment of surface area normalisation for interpreting distribution coefficients (Kd) for uranium sorption[END_REF].

In the past few decades, numerous adsorbent materials such as magnetic metal oxides, chelating resins, polymers, activated carbons, graphene, clay minerals, mesoporous silica, layered double hydroxides (LDHs) and modified hydroxyapatite… [START_REF] Xie | Emerging natural and tailored materials for uranium-contaminated water treatment and environmental remediation[END_REF][START_REF] Dong | Construction of oxidized millimeter-sized hierarchically porous carbonspheres for U(VI) adsorption[END_REF][START_REF] Yu | Three-dimensional graphene/titanium dioxide composite for enhanced U(VI) capture: Insights from batch experiments, XPS spectroscopy and DFT calculation[END_REF][START_REF] Wu | Magnetic metal-organic frameworks (Fe3O4@ZIF-8) composites for U(VI) and Eu(III) elimination: simultaneously achieve favorable stability and functionality[END_REF][START_REF] Yu | Efficient removal of uranium(VI) by layered double hydroxides supported nanoscale zero-valent iron: A combined experimental and spectroscopic studies[END_REF][START_REF] Gao | A review: adsorption materials for the removal and recovery of uranium from aqueous solutions[END_REF][START_REF] Song | Copolymer-templated synthesis of nitrogen-doped mesoporous carbons for enhanced adsorption of hexavalent chromium and uranium[END_REF][START_REF] Ma | Functional fibrous materials-based adsorbents for uranium adsorption and environmental remediation[END_REF][START_REF] Skwarek | Adsorption of uranium ions on nano-hydroxyapatite and modified by Ca and Ag ions[END_REF][START_REF] Skwarek | Adsorption of Uranyl Ions at the Nanohydroxyapatite and Its Modification[END_REF] were synthetized and their uranium sorption capacities in aqueous media evaluated. Given their atypical textural properties (periodic porosity characterized by regular and tunable mesopore size, high pore volume above 1 cm 3 /g, and high surface area exceeding in some cases 1000 m 2 /g) as well as their easily functionalized surface, ordered mesoporous silica have proven to be very promising materials for several adsorption applications [START_REF] Walcarius | Mesoporous organosilica adsorbents: nanoengineered materials for removal of organic and inorganic pollutants[END_REF]. While the mesoporous silica present consequent sorption capacities by themselves, sorption ability and selectivity can be significantly improved by chemical modification of their surface, by grafting specific organic functional groups onto their inner and outer surfaces. Therefore, over the last five years, functionalized mesoporous silica with amino [START_REF] Ren | The removal of aqueous uranium by SBA-15 modified with phosphoramide: a combined experimental and DFT study[END_REF][START_REF] Huynh | Adsorption of uranium over NH2functionalized ordered silica in aqueous solutions[END_REF][START_REF] Dolatyari | Removal of uranium(VI) ions from aqueous solutions using Schiff base functionalized SBA-15 mesoporous silica materials[END_REF][START_REF] Wei | Amino-functionalized urea-formaldehyde framework mesoporous silica for U(VI) adsorption in wastewater treatment[END_REF][START_REF] Zheng | Functionalization of mesoporous Fe3O4@SiO2 nanospheres for highly efficient U(VI) adsorption[END_REF][START_REF] Liu | A high efficient sorption of U(VI) from aqueous solution using amino-functionalized SBA-15[END_REF][START_REF] Gdula | Amine-functionalized magnetite-silica nanoparticles as effective adsorbent for removal of uranium(VI) ions[END_REF], imidazole [START_REF] Li | Sequestration of U(VI) from acidic, alkaline, and high ionic-strength aqueous media by functionalized magnetic mesoporous silica nanoparticles: Capacity and binding mechanisms[END_REF][START_REF] Budnyak | Imidazole-2yl-phosphonic acid derivative grafted onto mesoporous silica surface as a novel highly effective sorbent for uranium(VI) ion extraction[END_REF], amidoxime [START_REF] Li | Sequestration of U(VI) from acidic, alkaline, and high ionic-strength aqueous media by functionalized magnetic mesoporous silica nanoparticles: Capacity and binding mechanisms[END_REF][START_REF] Zhao | Amidoxime functionalization of mesoporous silica and its high removal of U(VI)[END_REF][START_REF] Xiao | Synthesis of amidoxime-decorated 3D cubic mesoporous silica via self-assembly co-condensation as a superior uranium (VI) adsorbent[END_REF], phosphorous [START_REF] Ren | The removal of aqueous uranium by SBA-15 modified with phosphoramide: a combined experimental and DFT study[END_REF][START_REF] Li | Sequestration of U(VI) from acidic, alkaline, and high ionic-strength aqueous media by functionalized magnetic mesoporous silica nanoparticles: Capacity and binding mechanisms[END_REF][START_REF] Budnyak | Imidazole-2yl-phosphonic acid derivative grafted onto mesoporous silica surface as a novel highly effective sorbent for uranium(VI) ion extraction[END_REF][START_REF] Xue | Phosphoryl functionalized mesoporous silica for uranium adsorption[END_REF][START_REF] Zhang | New insights into the uranium adsorption behavior of mesoporous SBA-15 silicas decorated with alkylphosphine oxide ligands[END_REF] groups have gained great attention for uranyl species removal from aqueous media.

Batch adsorption experiments were preferred in most academic studies. For the experiments, high concentration levels of pollutant within pure water were used. In this way, the adsorption properties of materials in the aqueous phase (optimal pH, maximum adsorption capacity, adsorption isotherm and kinetics...) can be easily determined. In our previous work, we demonstrated the high efficacy of amine functionalized mesostructured silica in batch experiments to remove U(VI) at ppm level in aqueous solution [START_REF] Dong | Construction of oxidized millimeter-sized hierarchically porous carbonspheres for U(VI) adsorption[END_REF]. These results were obtained at ambient temperature and pH = 6 (optimum pH for adsorption). By combining the modelling of U(VI) aqueous speciation and various spectroscopic techniques, we also demonstrated that the interaction between U(VI) species and our adsorbent occurred via a complexation mechanism involving the amine function and that the adsorption was totally reversible, confirming the high potential of these materials for application in real conditions. However, in the case of large-scale depollution applications with real wastewater, the removal of pollutant present at trace level requires the use of dynamic fixed-bed adsorption mode. Some studies in the literature report the use of such dynamic adsorption method for uranium removal in aqueous phase [START_REF] Zhang | Effect of flow rate on the sorption breakthrough behaviors of uranium (VI), phosphate, and fulvic acid onto a silica column[END_REF][START_REF] Zou | Adsorption of uranium(VI) by grapefruit peel in a fixed-bed column: experiments and prediction of breakthrough curves[END_REF][START_REF] Li | Bioassembly of fungal hyphae/graphene oxide composite as high performance adsorbents for U(VI) removal[END_REF][START_REF] Saad | Column adsorption studies for the removal of U by phosphonated cross-linked polyethylenimine: modelling and optimization[END_REF].

Nevertheless, few studies examined uranium elimination from real mine waters [START_REF] Szenknect | Uranium removal from mining water using Cu substituted hydroxyapatite[END_REF]. The uranium concentrations used in these studies were generally relatively high (> 10 ppm) compared to uranium concentration usually found in mine drainage waters (< 1 ppm). Also, the impact of the other anions and cations in the mine drainage waters that can compete with uranyl species on adsorption sites was generally not studied In this paper, the possibility to remove U(VI) at trace level (~300 ppbU) from a mine water was investigated using dynamic adsorption method on a fixed bed column. Such realistic conditions are rarely applied in academic studies, studying adsorbent properties over simplified synthetic solutions. The U(VI) species adsorption selectivity was discussed in terms of competitive adsorption with calcium and hydrogen carbonate ions which were also present in large proportion in mine water. The performances of three potential adsorbents were compared: commercial resin (industrial reference), commercial silica and mesostructured silica SBA-15 both modified by aminopropyl moieties. Column regeneration conditions were also presented and discussed.

EXPERIMENTAL SECTION

Chemicals.

All chemicals were used as received. This temperature is high enough to ensure a complete removal of the P123 and the obtaining of a carbon free SBA-15 [START_REF] Berubé | Calcination and thermal degradation mechanisms of triblock copolymer template in SBA-15 materials[END_REF], while retaining a sufficient concentration of surface silanol for further functionalization [START_REF] Ojeda-Lopez | SBA-15 materials: calcination temperature influence on textural properties and total silanol ratio[END_REF]. The calcined sample was thereafter denoted SBA-15 in the study.

Preparation of Amine-Grafted Adsorbents (SBA-15-N2C1 and SiO2-N2C1).

Functionalization of silica materials with amine groups was performed under conventional anhydrous grafting conditions [START_REF] Shiraishi | Separation of transition metals using inorganic adsorbents modified with chelating ligands[END_REF]. For SBA-15 functionalization with 3-(2aminoethylamino)propyltrimethoxysilane (N2C1), 1.0 g of calcined silica (SBA-15 or commercial SiO2) were heat-treated at 423 K under vacuum for 12 h. After cooled down to 393 K, the powder was flushed under dry N2. The solid was thereafter immersed in a solution containing 1 mL of N2C1 precursor in 50 mL of dry toluene. The solution was heated under N2 atmosphere at 393 K for 4 h. Then, the powder was recovered by filtration, absolute ethanol washing, and drying at 373 K for 12 h.

Resin-type reference adsorbent. The reference resin was provided by Orano under the name AR6200. This resin is a DOWEX 2×8 400 anion exchange resin based on crosslinked polystyrene matrix having dimethylethanol ammonium groups. This resin has been successfully used in a previous study to remove uranyl species in river water [START_REF] Li | Diffusive gradients in thin films technique for uranium measurements in river water[END_REF]. The exchange capacity of the resin was evaluated at 1 meq/mL by the supplier.

Samples Characterization. Pore network periodicity in samples was analyzed. Transmission Electronic Microscopy (TEM) image was performed using a JEOL 2100 instrument (operated at 200 kV with a LaB6 source and equipped with a Gatan Ultra scan camera). Textural properties were determined by N2 physisorption at 77 K, using a Micromeritics TRISTAR 3000 instrument.

Before analysis, all samples were degassed under secondary vacuum for 4 h at 423 K (functionalized samples) or 4 h at 623 K (SBA-15). Surface area was obtained by applying the Brunauer-Emmett-Teller (BET) equation in the linear zone of the BET plot. Pore diameter was obtained using the Barrett-Joyner-Halenda (BJH) modified algorithm (JKS method) applied to desorption branch values of the isotherm [START_REF] Kruk | Application of large pore MCM-41 molecular sieves to improve pore size analysis using nitrogen adsorption measurements[END_REF]. Finally, pore volume was evaluated at P/P0 value of 0.98, on the adsorption branch of the isotherm. Elemental C-H-N analyses were performed on a Thermoquest NA 2100 Protein analyzer in order to calculate the number of grafted amino functions. X-ray Photoelectron Spectroscopy (XPS) was performed on SBA-15-N2C1 before and after adsorption and after regeneration. The spectra were recorded on a KRATOS Analytical AXIS UltraDLD spectrometer equipped with a charge neutralizer. The analysis was made under an ultrahigh vacuum of ∼5×10 -9 Torr. X-rays were produced by an aluminum anode operating with Al Kα source (1486.6 eV) at 15 kV. The binding energy (BE) values were reported using the binding energy peak of C 1s at 284.8 eV as a reference.

Uranium speciation in aqueous media. Aqueous speciation of U(VI) and saturation indexes for phases containing U(VI) were calculated by using the Phreeqc software associated to the Japan Atomic Energy Agency database [START_REF] Parkhurst | User's Guide to PHREEQC (version 2): A computer program for speciation, batch-reaction, one-dimensional transport, and inverse geochemical calculations[END_REF][START_REF] Jaea | The JNC-TDB, web-based thermodynamic data base[END_REF]. Aqueous U(VI) speciation was calculated by using physical and chemical conditions representative of the experimental adsorption conditions.

For calculation, pH was adjusted by adding HNO3(aq) or NaOH(aq) as performed during adsorption experiments.

Adsorption Experiments.

Adsorption experiments were carried out on a home-made adsorption setup, consisting of a double-walled glass column. The temperature was maintained at 293±0.5 K during experiment by circulation of thermostated water in the double wall. Adsorbent powder sieved between 0.2 and 0.4 mm was packed in the glass column (0.7 cm inner diameter and 20 cm height). The bed depth varied from 4.0 to 8.5 cm depending on the mass of adsorbent introduced in the column. Since these three materials present significant differences in terms of surface area, density and chemical composition, different masses of adsorbents were used in order to obtain similar breakthrough volumes for all samples. Under such conditions, the empty bed residence times were different for each sample tested. The experimental conditions were summarized in Table 1. were determined by ion chromatography using a Dionex Ion Chromatography System ICS-3000 equipped with a Dionex IonPac AS19-4µm column for anions and a Dionex IonPac CS12A-4µm column for cations. Alkalinity, expressed in mg/L HCO3 -, was determined by acid titration using 0.04 M HCl. The breakthrough curve was built by plotting the ratio (Ct/C0) to the eluted volume.

Ct was the U(VI) outlet concentration at time t and C0 was the inlet U(VI) concentration. The uranyl adsorption capacity qt at time t was calculated from the integration of adsorption breakthrough curve using the Equation ( 1):

= 1 - (1) 
The relative error was about 5% for each experimental point. For clarity, the error bars were not shown on the graphs.

Mine water composition.

Mine water used for the study was issued from the mining site of Bellezane, in France. U concentration in the mine water vary seasonally within the ppm range.

Nevertheless, the concentrations of the other ions remain almost the same. The composition of the mine water is given in Table 2. 

RESULTS AND DISCUSSION

Adsorbent characterizations

The nitrogen physisorption isotherms of the two amine-modified silica materials are displayed in Figure 1a. The two materials exhibited a type IV isotherm typical of mesoporous materials. For SBA-15-N2C1 sample, isotherm shape and hysteresis loop indicated that the organic grafting has not affected the SBA-15 pore ordering, and narrow mesopore distribution was retained. This result was also verified by XRD and TEM in our previous paper [START_REF] Huynh | Adsorption of uranium over NH2functionalized ordered silica in aqueous solutions[END_REF]. For SiO2-N2C1 sample the capillary condensation occurred for higher relative pressure range and over a larger interval of P/P0 indicating a larger distribution of wider mesopores as shown in Figure 1b. According to the literature [START_REF] Ikeda | Comparative study of uranyl(VI) and -(V) carbonato complexes in an aqueous solution[END_REF][START_REF] Tsushima | Stoichiometry and structure of uranyl(VI) hydroxo dimer and trimer complexes in aqueous solution[END_REF] and our previous results [START_REF] Huynh | Adsorption of uranium over NH2functionalized ordered silica in aqueous solutions[END_REF] uranyl species are able to diffuse in material porosity without diffusional limitation due to steric effect, when the material exhibits large mesopores. The textural parameters derived from isotherm and elemental analysis are listed on Table 3. The values of textural characterization presented in Table 3 show that functionalization step to prepare the NH2-containing adsorbents led to decreases in specific surface area and pore volume for both supports.

The lower surface area of SiO2-N2C1 sample was explained by its wider mesopores compared to the mesostructured SBA-15-N2C1 silica. However, textural properties (surface areas and pore volumes obtained after functionalization, mesopore sizes remaining in the mesopore domain) are compatible with the use of these materials as U adsorbent. Furthermore, the surface density of the amino groups was calculated from nitrogen elemental analysis. The amount of amino groups grafted to the mesoporous surface was also lower for SiO2-N2C1 due to the six-fold lower number of silanol in the parent commercial silica. Nevertheless, the amino group surface density normalized to the BET specific surface area, was almost the same for the two materials. The removal of U(VI) species from mine water (composition given on table 2) was tested at 293 K on both hybrid silica materials in dynamic conditions (experimental conditions summarized in Table 1), and the results were compared with those obtained with an industrial resin (AR6200) also suitable for U(VI) adsorption [START_REF] Drozdzak | Novel speciation method based on Diffusive Gradients in Thin-Films for in situ measurement of Uranium in the vicinity of the former uranium mining sites[END_REF]. Different representations of the U(VI) species breakthrough curves for SiO2-N2C1, SBA-15-N2C1 and AR6200 samples are shown in Figures 3a-b. The experimental points were fitted by a cumulative Gaussian distribution curve E(t) =f( ) given by Equation 2. µ1 and σ 2 are respectively the mean and the standard deviation of the distribution. These parameters were calculated from the experimental dataset using the 
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Furthermore, µ1 value corresponds to the retention time tR for which Ct/C0 value is equal to 0.5. The breakthrough volume was defined for an outlet concentration corresponding to 0.015 mgU/L which was the ICP-OES quantification limit in our work. According to the results in Figure 3a, the breakthrough occurred after the elution of 6.35 L, 6.10 L and 5.5 L for SiO2-N2C1, industrial AR6200 resin and SBA-15-N2C1 respectively. Despite appearances, SBA-15-N2C1 showed the best performances for U(VI) removal in mine water since its adsorbent mass was almost two times lower than for the other materials (see Table 3). In order to take into account variations of adsorbent mass, the breakthrough curves were normalized using the bed volume (Figure 3b). 1.76 mgU/g for SiO2-N2C1 and the commercial resin, respectively. These capacities are lower than the maximum material capacities obtained in batch experiments in pure water. This is due to the low U(VI) species concentration and to the presence of numerous other ions in mine water which are also adsorbed on the materials. However, the breakthrough occurs after very high bed volumes indicating that these materials are suitable to U(VI) species removal at trace level in mine water. The performances of the two grafted silica were better than that of the commercial resin on a mass basis. Based on these results, SBA-15-N2C1 was also more efficient than SiO2-N2C1. Nevertheless, considering the surface area of the materials, the capacities in terms of U atom by square nanometer were respectively 3.72•10 -2 and 3.25•10 -2 U atom/nm². The difference between both materials was then considerably reduced as the number of U atom found per unit surface area was very close. This result can be explained by the similar density of amine group which would be the limiting parameter for U species adsorption in our conditions (Table 3). This result illustrates as yet demonstrated in our previous work, that silica surface area is a key parameter for U(VI) species adsorption [START_REF] Huynh | Adsorption of uranium over NH2functionalized ordered silica in aqueous solutions[END_REF].

Figures 4a and4b show major cations and anions (except hydrogen carbonate ions) behavior during mine water breakthrough on SBA-15-N2C1 sample (experimental conditions are given in Tables 1 andTable 2). The breakthrough of major ions occurs very early compared to that of uranium. The initial concentrations of major cations and anions were quickly reached after 60 bed volumes (insets of Figure 4(a-b)). After the 60 bed volumes have passed, the variations observed on C/C0 values for major ions are within the experimental error interval, ±5%, confirming the absence of further adsorption of these species on the adsorbent surface. However, U species breakthrough occurred after 3420 bed volumes, which can be explained by the very different initial concentrations between major ions and uranium and also by the high selectivity of uranium for amine functional groups. However, the capacities for major ions were far from negligible because their initial concentration was several orders of magnitude higher than that of the U species. The total column capacities for major cations and anions calculated from breakthrough curves in inset of Figure 4 were approximately 0.046 mmol/g and 0.064 mmol/g for cations and anions respectively. As expected, divalent cations Ca 2+ and Mg 2+ were better In our previous paper, it was demonstrated that U(VI) species could be desorbed during batch experiments by a simple decrease of the pH value. The adsorbent could then be reused for several adsorption and desorption cycles in batch conditions [START_REF] Huynh | Adsorption of uranium over NH2functionalized ordered silica in aqueous solutions[END_REF]. After four cycles of adsorption-desorption in batch conditions, material characterization demonstrated the stability of the support texture, as well as the retaining of excellent adsorption capacities reflecting the stability of the -NH2 functional groups during adsorption and desorption cycles. In fixed bed column experiments performed in this study, adsorbent regeneration was evaluated by using 1 M nitric acid as elution solution. Eluted fractions of 4 mL were collected and analyzed by ICP-OES in order to determine their uranium concentration, and then calculated the efficacy of the regeneration process. The proportion of desorbed U(VI) species versus the eluted volume of acid solution is shown in Figure 5. U(VI) species desorption was very effective since 75% of the adsorbed uranium amount was eluted in the first 4 mL (i.e. less than 3 bed volumes). The U(VI) concentrations in the different fractions decreased very quickly and for elution volumes higher than 48 mL, the U(VI) concentration in the fraction was lower than the instrumental quantification limit. The total uranium recovery rate was 90 % for 48 mL of 1 M nitric acid. The reusability of the material was tested in batch conditions in our previous study [START_REF] Huynh | Adsorption of uranium over NH2functionalized ordered silica in aqueous solutions[END_REF]. In addition, the preservation of the physical and chemical properties of the SBA-15-N2C1 material was verified in the present work. The material stability is a very important parameter since material will be used for long filtration times and will have to be regenerated. TEM images presented in Figure 6 shows that the pore ordering of the SBA-15-N2C1 adsorbent was preserved not only after fixed bed adsorption experiment i.e. after the elution of an important volume of mine water (3420 bed volumes, Figure 6a) but also after subsequent desorption by acid washing (Figure 6b). The retaining of excellent pore ordering in the support confirms the maintaining of textural properties (surface area and pore volume) comparable to the initial ones, in accordance with our previously obtained results [START_REF] Huynh | Adsorption of uranium over NH2functionalized ordered silica in aqueous solutions[END_REF]. Furthermore, N-content analysis of the sample after uranium desorption confirmed the absence of amino group leaching during the desorption step, indicating a strong anchoring of the organic moieties. Whole these results demonstrates that NH2-functionalized silica are stable and reusable adsorbents. The surface organic functional groups, N2C1 groups, potentially involved in the U(VI)

adsorption was characterized by XPS on the SBA-15-N2C1 sample before and after U adsorption, and finally after column regeneration (Figure 7). N 1s peak detected at a binding energy of 399.8 eV was characteristic of NH2 groups grafted onto the bare silica (Figure 7a) [START_REF] Calco | Mesoporous aminopropyl-functionalized hybrid thin films with modulable surface and environment-responsive behavior[END_REF].

After U(VI) adsorption from mine water, small contributions appeared at 392 eV and 382.4 eV whereas the N 1s peak decreased in intensity and enlarged due to the appearance of a shoulder centered at higher binding energy of 402.4 eV (Figure 7b). The two small contributions at 392 eV and 382.4 eV were respectively attributed to U 4f5/2 and U 4f7/2 binding energies [START_REF] Schindler | XPS spectra of uranyl minerals and synthetic uranyl compounds. I: The U 4f spectrum[END_REF]. The decrease in amino group contribution was not only ascribed to uranyl species adsorption but also to the protonation of the -NH2 moieties. The shoulder in the N 1s peak was attributed to C-NH3 + groups resulting from acid base reactions between the aminopropyl moieties and hydrogen carbonate ions at pH 5.8 [START_REF] Chang | In-situ infrared study of CO2 adsorption on SBA-15 grafted with (aminopropyl)triethoxysilane[END_REF][START_REF] Serna-Guerrero | New insights into the interactions of CO2 with amine-functionalized silica[END_REF]. This contribution was not negligible since its surface area represents 56% of the N 1s peak area indicating that hydrogen carbonate ions might significantly hinder uranyl species sorption. These results were consistent with those obtained previously with experiments performed at higher concentrations of U(VI) and in batch conditions [START_REF] Huynh | Adsorption of uranium over NH2functionalized ordered silica in aqueous solutions[END_REF]. U(VI) species adsorption occurs mainly via an inner sphere complexation mechanism, as we already demonstrated on the basis of an in situ ATR-FTIR study [START_REF] Huynh | Adsorption of uranium over NH2functionalized ordered silica in aqueous solutions[END_REF], a mechanism which was also proposed in other studies on similar materials [START_REF] Ren | The removal of aqueous uranium by SBA-15 modified with phosphoramide: a combined experimental and DFT study[END_REF][START_REF] Wei | Amino-functionalized urea-formaldehyde framework mesoporous silica for U(VI) adsorption in wastewater treatment[END_REF][START_REF] Liu | A high efficient sorption of U(VI) from aqueous solution using amino-functionalized SBA-15[END_REF][START_REF] Zhong | Highly efficient enrichment mechanism of U(VI) and Eu(III) by covalent organic frameworks with intramolecular hydrogen-bonding from solutions[END_REF]. After desorption by nitric acid solution followed by rinsing with water, U was no longer detected (Figure 7c) at binding energy of 392 eV and 382.4 eV. The major proportion of neutral amine functional group was recovered but the contribution of protonated species decreased to 21 %. The new contribution at a binding energy of 406.9 eV was ascribed to nitrate species, originating from nitric acid washing. Finally, analysis of the O 1s core level for the three materials allows to only observe one signal at 532.9±0.2 eV, associated to O 2-species from silica framework.

Hydrogen carbonate effect on U(VI) adsorption

Carbonate and hydrogen carbonate are ions largely found in natural water. These species form strong soluble complexes with uranyl ions and play an important role in radioactive species transport [START_REF] Majumdar | Theoretical study of aqueous uranyl carbonate (UO2CO3) and its hydrated complexes: UO2CO3•nH2O (n=1-3)[END_REF]. The effect of hydrogen carbonate upon U(VI) adsorption behavior was studied using synthetic waters prepared with ultrapure water. The composition of the two synthetic solutions are summarized in Table 4. Solution A contained U(VI) species, calcium, sodium, sulfate and nitrate ions but did not contain hydrogen carbonate. Solution B contained U(VI), nitrate and sodium hydrogen carbonate. The distribution of U(VI) species in each solution is shown in Figure 8.

In solution A, the U(VI) speciation was quite complex at pH = 6.0 (pH of our column experiment). The UO2OH + and (UO2)2(CO3) (OH)3 -species predominated and represented around 32 % and 25 % of the total soluble U(VI) species, respectively. UO2(SO4) and UO2 2+

were also present in comparable proportions around 20 %. In solution B, soluble U(VI) at pH = 6.0 was mainly found as carbonate species: UO2(CO3) (55%) and (UO2)2(CO3)(OH)3 -(25%). The U(VI) breakthrough curves obtained with solutions A and B are plotted in Figure 9 and are compared with results obtained for the mine water. The breakthrough defined at Ct/C0 = 0.05 (i.e.

for U outlet concentration of 0.015 mg/L) was obtained after elution of 3570, 4800 and 14150 bed volumes of mine water, solution B and solution A, respectively. The high alkali metal and sulfate contents present in the solution A did not affect U(VI) adsorption as the breakthrough volume was almost four times higher than that measured with the mine water. On the contrary, experiments with mine water and solution B, both solutions containing comparable hydrogen carbonate concentrations (whereas in solution A hydrogen carbonate amount was very low), present same range of order of breakthrough volumes. Consequently, the differences observed on the breakthrough curves between solution A and B can be correlated to the presence of hydrogen carbonate anions, which limits U(VI) adsorption on amine functional groups of materials. The negative impact of carbonate ions upon U(VI) species breakthrough experiments had also been evidenced by Zhang et al. [START_REF] Zhang | Comparison of U(VI) adsorption onto nanoscale zero-valent iron and red soil in the presence of U(VI)-CO3/Ca-U(VI)-CO3 complexes[END_REF]. In aqueous solution at pH around 6, positively charged amine functions can interact with hydrogen carbonate ions to give monodendate or bidendate adsorbed species [START_REF] Chang | In-situ infrared study of CO2 adsorption on SBA-15 grafted with (aminopropyl)triethoxysilane[END_REF]. Hence, the amount of amine sites available for U(VI) adsorption was decreased significantly. As presented in Figure 8b, the presence of hydrogen carbonate significantly impacted the U(VI) species speciation leading to the formation of bulky carbonate species. Such modification in the speciation could also negatively impact adsorption affinity of U(VI) species with amine functions due to steric hindrance. Then, these two phenomena can account for the decrease in performance of the adsorbent.

CONCLUSIONS

The uranium removal from a mine water using dynamic adsorption experiments was studied with different adsorbents: commercial resin and hybrid organic-inorganic silica materials. Amine functionalized silica materials demonstrated a very good ability to remove traces of uranium (~300 ppb). Fixed-bed column experiments showed that the amount of amino-grafted groups on the material surface was the most important parameter; capacity of the mesostructured silica (4.38 mgU/g) being 2 times higher than the capacity of the commercial resin. Uranium removal by NH2-containing adsorbents was very effective and selective, even in the presence of other ions usually found in natural water. Our results also revealed that hydrogen carbonate ions had a negative effect on the uranium sorption at pH = 5.8 resulting from (i) their specific interaction with the surface amino groups and (ii) to the aqueous complexation of uranium with carbonates leading to neutral or negative charged bulky species. Furthermore, the study also demonstrated that uranium adsorbed on silica materials can be recovered by using 1 M nitric acid, highlighting the potential reuse of the adsorbent and the possible valorization of the uranium in concentrated uranium from mine water in the final step of water treatment, due to comparable -NH2 surface density obtained over commercial silica than over SBA-15.
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 1 Figure 1: N2 physisorption isotherms at 77 K (a) and pore size distribution (b) for functionalized
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 2 Figure 2. U(VI) species distribution in mine water as a function of pH.
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 3 Figure 3: Breakthrough curves representing U(VI) removal from mine water by different
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 4 Figure 4: Comparison between breakthrough curves for U(VI) and major cations (a) and anions
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 5 Figure 5: U(VI) proportion desorbed on SBA-15-N2C1 versus acid solution eluted volume
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 67 Figure 6: TEM images of SBA-15-N2C1 after uranium adsorption from mine water before (a)
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 8 Figure 8: U (VI) species distribution in solution A (a) and solution B (b). In solution A,

Figure 9 :

 9 Figure 9: Comparison between U(VI) breakthrough curves obtained with solution A (no HCO3 -

Table 1 :

 1 Fixed bed column experimental conditions

	Sample	C0	Adsorbent mass	Bed volume	Empty bed
		(mgU/L)	(mg)	(cm 3 )	residence time
					(min)
	SBA-15-N2C1	0.35	500	1.5	1.9
	SiO2-N2C1	0.34	900	3.3	4.1
	AR6200	0.24	900	2.7	3.4
	Column experiments were carried out by pumping the mine water feedstock solution in

upward flow mode using a peristaltic pump at a flow rate of 0.8 mL/min. Solution samples were collected at the end of the column at different times. The concentrations of U in mine water and at the outlet of the column were determined by ICP-OES using a Perkin Elmer Optima 2000 DV instrument. Concentrations of anions (F -, SO4 2-, Cl -, NO3 -) and cations (Ca 2+ , Mg 2+ , Na + and K + )

Table 2 :

 2 Bellezane water composition (major species and uranium, pH = 5.8)

	Major cationic species (mg/L)	Major anionic species (mg/L)
	Na +	11.70	SO4 2-	232.20
	K +	6.80	Cl -	10.40
	Mg 2+	17.40	F -	7.80
	Ca 2+	93.20	NO3 -	3.50
	U	0.35	HCO3 -	48.80

Table 3 :

 3 Structural and textural properties of functionalized SBA-15 and commercial silica

	materials					
	Adsorbent	SBET	Vp	DBJH	NH2 a	F b
		(m² g -1 )	(cm 3 g -1 )	(nm)	(mmol g -1 )	(NH2 / nm 2 )
	SBA-15	535	1.05	7.5	-	-
	SBA-15-N2C1 298	0.61	6.3	1.3	2.6
	SiO2	250	1.00	12.5	-	-
	SiO2-N2C1	193	0.76	12.2	0.5	2.4

a calculated from CHN elemental analysis b F, is the surface density of amine functions

Table 4 :

 4 Chemical compositions of synthetic solutions

		Concentration (mg/L)
		Solution A	Solution B
	U(VI)	0.35	0.35
	Ca 2+	93.30 < Detection limit
	Na +	17.30	22.00
	NO3 -	21.20	38.90
	SO4 2-	224.00 < Detection limit
	HCO3 -	< Detection limit	29.30
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