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Combination of interfacial reduction of hexavalent chromium and trivalent chromium immobilization on tin-functionalized hydroxyapatite materials

We present an ecofriendly hydroxyapatite (HAP) material functionalized with tin (Sn/HAP) for an efficient interfacial reduction of Cr(VI) to Cr(III).

Tin was deposited on HAP at different concentrations (from 0.2 to 1.2 mmol/g) using colloidal or clear acid solutions of SnCl 2 . The morphological and structural properties of fresh and used Sn/HAP samples were determined (N 2 adsorption-desorption, transmission electron microscopy techniques, XRPD, XPS). Tests were performed under various conditions: at different pH 3-7, inert or oxidant atmosphere, sample aging (up to 15 days).

Sn/HAP samples prepared using colloidal acid solutions revealed the best performances in the reduction of Cr (VI) to Cr(III), carried out under mild conditions (40 • C in acidified solution) with initial concentration of Cr(VI) in the range from 25 to 50 ppm. Best removal of Cr(VI) (10 mg/g) was obtained by using a Sn-concentration of 0.65 mmol/g with complete adsorption of the formed Cr(III) at HAP surface. This finding was associated with higher Sn-dispersion (surface Sn, 9.4 at.%) compared to samples prepared from clear solutions (surface, Sn 7.7 at. %), as evidenced by HAADF-STEM/EDX and XPS analyses. Remarkably, tin was tightly retained on the HAP surface under reaction conditions (0.7% leaching), confirming the occurrence of Cr(VI) reduction at solid-liquid interphase.

Introduction

In the environment matrices chromium typically occurs in two oxidation states: Cr(III) and Cr(VI), which differ in several chemical and physical properties. Cr(III) is a micronutrient, characterized by a low mobility and limited biological uptake, thereby it is considered nontoxic at low concentration. In addition, it can be readily removed from solutions by precipitation as solid (oxy)-hydroxide phase over the pH range of most natural resources. On the contrary, hexavalent chromium, Cr(VI), can form different species in aqueous solutions such as hydrogen chromate (HCrO 4 -), chromate (CrO 4 2-), and dichromate (Cr 2 O 7 2-), whose relative distribution is a function of pH, redox potential and Cr(VI) concentration. All these species have high solubility in water (also in alkaline conditions) and high mobility. Due to these properties, remarkable diffusivity of Cr(VI) through soil and aquatic environments as well as capability to cross biological membranes can occur. The latter factor is probably the basis of the well-documented adverse human health effects both at short-term and long-term exposures [START_REF] Guertin | Chromium(VI) Handbook[END_REF].

Besides biogenic contamination related to naturally occurring Cr(VI) in minerals and sediments, Cr(VI) in the environment originates in large part from anthropogenic activities, because of its wide range of industrial applications, including catalysis, metal plating, tanning, wood treatment, paint production, corrosion inhibition, industrial water cooling, paper pulp production, and petroleum refining. Depending on the specific source, the concentration of Cr(VI) in industrial wastewaters (in the absence of any pre-treatment) can be between 10 and 4000 mg⋅L -1 (1 mg⋅L -1 = 1 ppm) [START_REF] Owlad | Removal of hexavalent chromium-contaminated water and wastewater : a review[END_REF].

Considering the high toxicity of Cr(VI), the maximum allowable limit for total chromium is strictly regulated by governments and regulatory agencies. The legal discharge limits for total Cr vary in different countries and depending on some operative conditions (e.g. water mass flow); limit values between 0.005 and 2 mg⋅L -1 are generally found for industrial wastewaters [START_REF] Tahir | Removal of Cr(III) from tannery wastewater by adsorption onto bentonite clay[END_REF].

Unfortunately, a direct precipitation method cannot be applied for removal of Cr(VI) from water, since all Cr(VI) species do not form insoluble precipitates. Therefore, in order to meet the increasingly stringent emission standard, alternative Cr(VI) remediation technologies [START_REF] Owlad | Removal of hexavalent chromium-contaminated water and wastewater : a review[END_REF][START_REF] Barrera-Díaz | A review of chemical, electrochemical and biological methods for aqueous Cr(VI) reduction[END_REF][START_REF] Pakade | Recent advances in hexavalent chromium removal from aqueous solutions by adsorptive methods[END_REF] have been proposed based on chemical transformations (chemical or photochemical reduction, ion exchange, adsorption), biological transformations (phytoremediation, microbial reduction) or physical processes (membrane filtration, in situ electro-kinetics).

Among these conventional technologies the most practical solution is based on adsorption, which offers significant advantages like low energy consumption, easiness of operation and cost-effectiveness [START_REF] Pakade | Recent advances in hexavalent chromium removal from aqueous solutions by adsorptive methods[END_REF]. However, most effective adsorbents (e.g. activated carbons, zeolites, polymeric resins) often suffer from high production costs and/or difficult regeneration. Furthermore, both natural and synthetic conventional adsorbents are not completely effective in the removal of Cr(VI) and further modification of these materials is necessary to boost the adsorption capacities. From this point of view, a successful Cr removal strategy, based on the synergistic combination of reduction and adsorption processes, has been proposed in the literature in the last decade [START_REF] Pakade | Recent advances in hexavalent chromium removal from aqueous solutions by adsorptive methods[END_REF]. . This approach originated from the evidence that iron-containing minerals, such as magnetite [START_REF] Peterson | Direct XAFS evidence for heterogeneous redox reaction at the aqueous chromium/magnetite interface[END_REF], Fe(II)-rich goethite [START_REF] Bidoglio | X-ray absorption spectroscopy investigation of surface redox transformations of thallium and chromium on colloidal mineral oxides[END_REF] and Fe(II)-rich biotite [START_REF] Ilton | Using X-ray photoelectron spectroscopy to discriminate among different sorption sites of Micas: with implications for heterogeneous reduction of chromate at the mica-water interface[END_REF], could act as solid-phase reductants able to promote, by electron transfer, the heterogeneous reduction of Cr(VI) to strongly-adsorbing Cr(III) at the interphase [START_REF] Peterson | Direct XAFS evidence for heterogeneous redox reaction at the aqueous chromium/magnetite interface[END_REF].

Based on these results several iron-containing solid materials have been successfully employed in simultaneous reductive and sorptive removal of Cr(VI) [START_REF] Jian Pan | Removal of Cr(VI) from aqueous solutions by Na 2 SO 3 /FeSO 4 combined with peanut straw biochar[END_REF][START_REF] Lv | Zero-valent iron nanoparticles embedded into reduced graphene oxide-alginate beads for efficient chromium (VI) removal[END_REF][START_REF] Yang | A new carbon/ferrous sulfide/iron composite prepared by an in situ carbonization reduction method from hemp (cannabis sativa L.) stems and its Cr(VI) removal ability[END_REF][START_REF] Yang | Simultaneous reductive and sorptive removal of Cr(VI) by activated carbon supported β-FeOOH[END_REF][START_REF] Wang | Sandwich-like nanosystem for simultaneous removal of Cr(VI) and Cd(II) from water and soil[END_REF]. Usually, the iron phase was immobilised onto a support, as in the case of Fe(0) nanoparticles (NPs) supported on reduced graphene oxide-alginate beads [START_REF] Lv | Zero-valent iron nanoparticles embedded into reduced graphene oxide-alginate beads for efficient chromium (VI) removal[END_REF], layered double hydroxide (LDH) decorated reduced graphene oxide [START_REF] Lv | Nanoscale zero valent iron supported on MgAl-LDH-decorated reduced graphene oxide: enhanced performance in Cr(VI) removal, mechanism and regeneration[END_REF], polyvinylalcoholalginate beads [START_REF] Lv | Fe0-Fe3O4 nanocomposites embedded polyvinyl alcohol/sodium alginate beads for chromium (VI) removal[END_REF] or β-FeOOH precipitated on a soybean mealderived activated carbon [START_REF] Yang | Simultaneous reductive and sorptive removal of Cr(VI) by activated carbon supported β-FeOOH[END_REF]. More sophisticated systems have been also designed, such as carbon/ferrous sulfide/iron (C/FeS/Fe) composites or sandwich-like nanostructures consisting of two pieces of waste cotton fabrics (CFs) supporting ferrous sulfide (FeS) and carboxylfunctionalized ferroferric oxide (CFFM) respectively [START_REF] Wang | Sandwich-like nanosystem for simultaneous removal of Cr(VI) and Cd(II) from water and soil[END_REF]. In addition, another class of iron-based materials has attracted a great interest, namely functionalized Fe 3 O 4 NPs. This class of organic-inorganic materials combines the reduction and adsorption properties of an organic ligand (e.g. polypyrrole [START_REF] Wang | Facile synthesis of polypyrrole decorated reduced graphene oxide-Fe3O4 magnetic composites and its application for the Cr(VI) removal[END_REF], poly(m-phenylenediamine) [START_REF] Wang | Synthesis of core-shell magnetic Fe3O4@poly(m -phenylenediamine) particles for chromium reduction and adsorption[END_REF], gallic acid [START_REF] Guan | Stepwise deprotonation of magnetite-supported gallic acid modulates oxidation state and adsorption-assisted translocation of hexavalent chromium[END_REF], humic acid [START_REF] Jiang | Cr(VI) adsorption and reduction by humic acid coated on magnetite[END_REF]) and the advantages of easy separation imparted by the magnetic properties of Fe 3 O 4 NPs. Besides ironcontaining materials, the coupled reduction-adsorption process has been demonstrated to occur over several polymeric matrices (e.g. ethyl cellulose-polyethylenimine composites [START_REF] Qiu | Polyethylenimine facilitated ethyl cellulose for hexavalent chromium removal with a wide pH range[END_REF]), inorganic materials (e.g. mesoporous silicas [START_REF] Shevchenko | Bifunctionalized mesoporous silicas for Cr (VI) reduction and concomitant Cr(III) immobilization[END_REF], titanium carbides [START_REF] Ying | Two-dimensional titanium carbide for efficiently reductive removal of highly toxic chromium(VI) from water[END_REF], noble metal NPs [START_REF] Shao | Simple fabrication of AuPd@ Pd core-shell nanocrystals for effective catalytic reduction of hexavalent chromium[END_REF]), biomaterials [START_REF] Daneshvar | Chromium adsorption and Cr(VI) reduction to trivalent chromium in aqueous solutions by soya cake[END_REF][START_REF] Park | Reliable evidences that the removal mechanism of hexavalent chromium by natural biomaterials is adsorption-coupled reduction[END_REF][START_REF] Zhang | Cr(VI) reduction and Cr(III) immobilization by acinetobacter sp. HK-1 with the assistance of a novel quinone/ graphene oxide composite[END_REF] and biocomposites (e.g. triazine assisted microporous covalent organic polymer enfolded alginate biocomposite beads) [START_REF] Periyasamy | Hydrothermal fabrication of triazinefunctionalized covalent organic polymer enfolded alginate biocomposite beads for Cr(vi) removal from water[END_REF]. Furthermore, the combination of adsorption with photocatalytic [START_REF] Zhang | Potential application of novel TiO2/ β-FeOOH composites for photocatalytic reduction of Cr(VI) with an analysis of statistical approach[END_REF][START_REF] Xu | Photocatalytic reduction of Cr(VI) by citric and oxalic acids over biogenetic jarosite[END_REF][START_REF] Djellabi | Cr(VI) photocatalytic reduction under sunlight followed by Cr(III) extraction from TiO2 surface[END_REF][START_REF] Wu | Shape-controlled synthesis of well-dispersed platinum nanocubes supported on graphitic carbon nitride as advanced visible-light-driven catalyst for efficient photoreduction of hexavalent chromium[END_REF][START_REF] Wu | Pd nanocones supported on g-C 3 N 4: an efficient photocatalyst for boosting catalytic reduction of hexavalent chromium under visible-light irradiation[END_REF][START_REF] Li | Advances towards the utilization of Vis-NIR light energy by coating YF3:Yb3+, Er3 + over ZnS microspheres triggering hydrogen production and pollutants disposal[END_REF] or electrochemical [START_REF] Barrera-Díaz | A review of chemical, electrochemical and biological methods for aqueous Cr(VI) reduction[END_REF][START_REF] Tian | Electroreduction of hexavalent chromium using a polypyrrole-modified electrode under potentiostatic and potentiodynamic conditions[END_REF][START_REF] Mo | Combination of cathodic reduction with adsorption for accelerated removal of Cr(VI) through reticulated vitreous carbon electrodes modified with sulfuric acid-glycine co-doped polyaniline[END_REF][START_REF] Wang | Binder-free carbon nanotube electrode for electrochemical removal of chromium[END_REF] reduction has been also explored. Despite the unique performances in Cr(VI) removal by these materials, extensive efforts are also required to develop eco-friendly, effective and reusable materials.

Calcium hydroxyapatite (HAP) is an interesting solid belonging to hydroxyapatite family with formula Ca 10-x (PO 4 ) 6-x (HPO 4 ) x (OH) 2-x (with 0 < x < 1). Because of the unique properties of bioavailability, biocompatibility, low cost, thermal stability, and water insolubility (K ps ≈ 10 -59 at room temperature), HAP represents a cheap and eco-friendly material which can found multiple applications in the field of environmental protection [START_REF] Ibrahim | Hydroxyapatite, a multifunctional material for air, water and soil pollution control: a review[END_REF]. In particular, thanks to its functionalized surface (phosphate and hydroxyl groups, in particular) and the ion exchangeproperties, HAP can act as sorbent towards several heavy metal ions [START_REF] Campisi | Tailoring the structural and morphological properties of hydroxyapatite materials to enhance the capture efficiency towards copper(II) and lead(II) ions[END_REF][START_REF] Ferri | In-depth study of the mechanism of heavy metal trapping on the surface of hydroxyapatite[END_REF][START_REF] Ferri | Nickel and cobalt adsorption on hydroxyapatite: a study for the de-metalation of electronic industrial wastewaters[END_REF].

Although few studies [START_REF] Asgari | Kinetic and isotherm of hexavalent chromium adsorption onto nano hydroxyapatite[END_REF][START_REF] Hokkanen | Calcium hydroxyapatite microfibrillated cellulose composite as a potential adsorbent for the removal of Cr (VI) from aqueous solution[END_REF][START_REF] Periyasamy | Fabrication of magnetic particles imprinted cellulose based biocomposites for chromium(VI) removal[END_REF] reported the uptake of Cr(VI) on HAP, our preliminary capture tests demonstrated that Cr(VI) removal cannot be carried out by a simple contact of water containing chromate/ bichromate species with HAP surface. On the other hand, we proved that hydroxyapatite is able to retain up to 99% of the Cr(III) present in the solution in a large range of pH (4-9) and concentration (15-300 ppm) [START_REF] Ferri | In-depth study of the mechanism of heavy metal trapping on the surface of hydroxyapatite[END_REF].

This remarkable affinity of HAP towards Cr(III) encouraged us to design a novel material encompassing the sorbent feature of HAP in combination with the reducing power of a metal species in order to accomplish the reduction/adsorption process.

Besides ferrous salts, stannous salts (in powder or liquid form) have been extensively employed for the chemical reduction of Cr(VI) to Cr (III) [START_REF] Henrie | Full-scale demonstration testing of hexavalent chromium reduction via stannous chloride application[END_REF], which proceeds according to Eq. ( 1):

3Sn 2+ + Cr 2 O 2- 7 + 14H + →3Sn 4+ + 2Cr 3+ + 7H 2 O E • = 1.18V(25 • C) (1) 
Nevertheless, unlike the iron, only few studies focused on the application of Sn-based materials in the reduction/adsorption of Cr(VI) [START_REF] Papadopoulos | An optimized Cr(VI)-Removal system using Sn-based reducing adsorbents[END_REF][START_REF] Pinakidou | Sn (II) oxy-hydroxides as potential adsorbents for Cr(VI)-uptake from drinking water: an X-ray absorption study[END_REF][START_REF] Zeng | Theoretical and experimental research of novel fluorine doped hierarchical Sn3O4 microspheres with excellent photocatalytic performance for removal of Cr(VI) and organic pollutants[END_REF][START_REF] Yu | The distinct role of boron doping in Sn3O4 microspheres for synergistic removal of phenols and Cr(vi) in simulated wastewater[END_REF].

In this work, the chemical reduction described by Eq. ( 1) has been heterogenized and coupled with an adsorption of the formed Cr 3+ species, by using a novel material consisting of hydroxyapatite (HAP) functionalized with Sn(II). Sn-functionalized HAP samples (Sn/HAP) with different Sn concentration (2.5 wt.% < [Sn] < 10 wt.%) were prepared using different Sn-solutions and surface properties of synthesized materials have been determined before and after use. Numerous tests of Cr(VI) removal were performed varying operating conditions: pH values, initial Cr(VI) concentration, as well as atmosphere to probe the reductive and adsorptive capacity of the samples and to study the influence of Sn loading and its surface concentration on activity. Targeted tests of Sn-leaching from Sn/HAP and characterization analyses by transmission electron microscopy (TEM), high angular annular dark field scanning transmission electron microscopy (HAADF-STEM) along with energy-dispersive X-ray (EDX) analysis, and X-ray photoelectron spectroscopy (XPS) provided evidences for the occurrence of the heterogeneous redox plus adsorption phenomena at the chromium-Sn/HAP aqueous interphase.

Materials and methods

Materials

Hydroxyapatite (calcium phosphate tribasic) powder was provided by Alfa Aesar. Tin chloride dihydrate (SnCl 2 ⋅2H 2 O, ≥98.0% oxidimetric assay), chromium chloride hexahydrate (CrCl 3 ⋅6H 2 O, ≥98.0% oxidimetric assay) and potassium bichromate (K 2 Cr 2 O 7 , ≥99.0% oxidimetric assay) salts of analytical grade were purchased from Carlo Erba (RPE purity). Hydrochloric acid (37 wt.% and 0.5 mol⋅L -1 < 1 ppm of heavy metal content), 2-propanol (purity greater than 99.5%), acetone (purity GC, ≥99.8%) and 1,5-diphenylcarbazide (DPC, purity DSC ≥ 98.0%) were from Merck. MilliQ water previously de-aerated was used in all the experiments, while HPLC-grade Water from Merck was used for all the analyses. Nitrogen, 99.9995% purity from SAPIO was used as inert gas.

Preparation of Sn-functionalized hydroxyapatite

Sn with nominal concentration from 2.5 to 10 wt.% (0.2-1.2 mmol Sn ⋅g -1 ) was deposited on HAP from i) colloidal Sn-solution (pH = 2) and ii) clear Sn-solution (pH = 1) using a technique already validated for deposition of Cu(II) and Fe(III) species on HAP [START_REF] Campisi | Comparative performance of copper and iron functionalized hydroxyapatite catalysts in NH3-SCR[END_REF][START_REF] Campisi | Functionalized iron hydroxyapatite as eco-friendly catalyst for NH3-SCR reaction: activity and role of iron speciation on the surface[END_REF]. Aqueous solutions of SnCl 2 ⋅2H 2 O having proper Sn-concentration were put in a 250 mL 3-neck flask, immersed in a water bath thermostated at 40 • C under nitrogen flow. To prepare the first series of samples (Sn/HAP coll ), HCl (37 wt.%) was added to SnCl 2 ⋅2H 2 O solutions to obtain the pH value of 2; in this case, the observed solutions were slightly opaque. A second series of samples (Sn/HAP sol ) was prepared at pH = 1; in this case the solutions were clear. Then, a proper amount of dried and weighted HAP powder was put into the acidic solutions. The suspensions were kept under stirring at 40 • C for 15 min. The final pH of the solutions was always about 6-7. Then, the solids were recovered by filtration and dried at 120 • C in a static vacuum oven overnight. All the samples have been maintained in capped test tubes under nitrogen atmosphere. Sn loading was verified through ICP-OES analysis on digested solid and in general, the actual Sn-loading values were affected by ±6.5% bias.

Sn-leaching tests at different pH values were performed by dispersing 0.1 g of sample in 10 mL of MilliQ water. The pH was adjusted using hydrochloric acid (pH = 3, pH = 5) or sodium hydroxide solution (pH = 7, pH = 9). After a given contact time (1 h, 2 h, 4 h), the solid was separated by centrifugation and the solution was analysed by inductively coupled plasma optical emission spectroscopy (ICP-OES) to quantify the leached Sn from Sn/HAP.

Physico-chemical characterization

Sn loading was determined by inductively coupled plasma optical emission spectroscopy (ICP-OES) with an ACTIVA spectrometer from Horiba JOBIN YVON.

ZEISS LIBRA 200FE microscope with a 200 kV FEG source, in column second-generation omega filter was used for transmission electron microscopy (TEM). Chemical analysis was performed using HAADF-STEM (high angular annular dark field scanning transmission electron microscopy) facility and Energy-dispersive X-ray (EDX) probe (Oxford INCA Energy TEM 200). EDX spectra and element maps were collected along with HAADF-STEM micrographs.

N 2 -adsorption-desorption isotherms were collected at the liquid nitrogen temperature on a Sorptomatic 1990 (by Thermo Scientific). The analysis was managed by MILES-200 program and the MILEADP software was used for the elaboration.

X-Ray powder diffraction (XRPD) patterns have been collected using a PANalytical XPert PRO powder diffractometer operating with an X-ray source at 40 kV and 25 mA in the range between 5 • -65 • (2θ), step of 0.033 • 2θ and collection time of 50 s.

Fourier Transform Infrared spectra (FT-IR) were collected in the wavenumber interval between 400 cm -1 and 4000 cm -1 at room temperature in a Perkin-Elmer Spectrum Two FT-IR spectrometer. Before the analysis, the samples were dried at 120 • C overnight and then pelletized with dried KBr (sample to KBr weight ratio ca. 1:30).

XPS spectra were acquired by a KRATOS AXIS ULTRA DLD spectrometer (Kratos Analytical) equipped with a magnetic immersion lens, a hemispherical analyzer and a delay line detector.

Chromium reduction-immobilization tests

Stock solutions of Cr(VI) with concentration in the range 20-50 ppm were prepared by dissolving weighed amount of K 2 Cr 2 O 7 in MilliQ water. Then 20 mL of stock Cr(VI) solution were transferred in a 50 mL three-necks round flask and thermostatted at 40 • C. Approximately 0.1 g of weighed dried Sn/HAP powder was added (dosage 4 g⋅L -1 ) to the three-necks round flask and the stirred suspension was maintained under inert (N 2 ) or oxidative (air) fluxing. Finally, the pH = 3 was achieved by dropping 2 mL of 0.1 M hydrochloric acid, except for the tests at natural pH (pH ca. 7), where 2 mL of MilliQ water were added to maintain unaltered the Sn/HAP dosage. After 4 h of reaction, the mixture was then filtered under vacuum. The solution was stored and diluted for analysis while the solid was recovered and dried under vacuum at 120 • C overnight.

Similar procedure was followed for the tests with variable experimental conditions, performed in a home-made parallel tube reaction station (7 positions, 50 mL volume tubes). In this case, at the end of reaction, the solid was separated from the solution by centrifugation at 3500 rpm (15 min).

On a selected sample (Sn/HAP coll with Sn at 7.5 wt.%), tests of reaction rate have been carried out at different temperatures. For the test, the following conditions were used: initial Cr(VI) concentration of 100 ppm, 4 g L -1 dosage, pH = 3, for 2 h under stirring in air atmosphere, at temperature interval from 5 • C to 40 • C by using a thermocriostat (Lauda Model K2R).

In some cases, the recovered and dried solid was re-used in successive runs under the same experimental conditions of the first one ([Cr (VI)] • = 50 ppm, pH = 3, 40 • C, in nitrogen fluxing), to assess the reusability of Sn/HAP materials.

The residual concentration of Cr(VI) in the solution was determined by UV-vis spectrophotometric analysis working at 540 nm by using 5diphenyl carbazide (DPC) method [51] (see paragraph S.1 of S.I. for details).

The total concentration of Cr was measured by ICP-OES. In addition, the total amount of Cr immobilized on the Sn/HAP samples was also determined by ICP-OES after solid digestion in HCl 37 wt.%. To determine the performance of the Sn/HAP samples in the process, double check analyzes were performed, as follows: Cr (VI) removed from the solution was quantified by measuring i) the initial and residual concentrations of Cr(VI) in the solutions and ii) the amount of Cr(III) immobilized on the recovered sample from activity tests, after acid digestion. In any case, the two approaches were in excellent agreement and the material balance for chromium was very satisfactory.

The performances have been evaluated in terms of percent efficiency (%) or removal capacity (mg Cr ⋅g -1 ) from the residual Cr(VI) concentration in solution and from Cr(III) concentration immobilized at hydroxyapatite surface, respectively (equations are reported in paragraph S.1 of S.I.)

All the tests were repeated three times to assess reproducibility. In most cases, percent errors were smaller than 5%.

Results and discussion

Preparation and properties of Sn-HAP samples

Commercial stoichiometric hydroxyapatite (Ca/P ratio = 1.69, as determined by ICP-OES analysis) with needle-shaped nanocrystals and mesoporous structure (Fig. S-1) has been functionalized by deposition of dispersed tin phase. Aqueous acid solutions of SnCl 2 dihydrate in concentration range between 2 and 10 mM were prepared to obtain samples with a final Sn loading between 2.5 and 10 wt.%.

According to Sn speciation curve [START_REF] Sherman | Speciation of tin ž Sn 2 q and Sn 4 q / in aqueous Cl solutions from 25 8 C to 350 8 C: an in situ EXAFS study[END_REF][START_REF] Jackson | Chemical and thermodynamic constraints on the hydrothermal transport and deposition of tin: I. Calculation of the solubility of cassiterite at high pressures and temperatures[END_REF], the pH of Sn-containing solution should preferably be less than 3 to prevent the rapid nucleation and growth of insoluble Sn(OH) 2 in solution. In this study, the results obtained for Sn-solutions at pH = 1 and pH = 2 are presented. A different Sn speciation could be assumed in the resulting solutions: the dissolution of tin chloride at pH = 1 produced clear and colorless solutions, whereas solutions at pH = 2 appeared as milky white colloidal solutions (Fig. 1A).

High-resolution TEM analysis of Sn-colloidal solution showed the presence of nanocrystalline particles with particle sizes ranging between 2 and 3 nm (see Fig. 1B and Fig. S-2). Lattice planes extended to the whole particle, indicating their single crystalline nature. Electron diffraction analysis revealed rings in the FT pattern at 3.5, 2.6 and 1.8 Å (Fig. 1C). The observed signals can be tentatively ascribed to the spacing of (1 1 2), (3 1 0) and (5 1 0) planes, respectively, of monoclinic SnCl 2 [54], obtained by dehydration, under the analysis conditions, of the starting SnCl 2 (OH 2 ) [START_REF] Pirnat | Dehydration of Solid SnCl2(OH2)⋅ H2O to SnCl2[END_REF].

By contacting HAP powder alternatively with colloidal or clear Snsolutions, two series of samples have been obtained, named SnX/HAPcoll and SnX/HAP sol , respectively (where X symbolizes the nominal Sn loading in wt.%). The tin-loading determined by ICP-OES, was in agreement with nominal values with an average discrepancy of 6.5%.

The morphological investigation revealed that in both cases the deposition of Sn caused a decrease of surface area (ca. 40%) in comparison with pristine HAP (76 m 2 ⋅g -1 ) (Fig. 1D and Fig. S-1). The Sn/ HAP samples maintained mesoporosity with a slight pore volume increase (from 0.22 for bare HAP to 0.25 and 0.26 cm 3 ⋅g -1 for Sn7.5/ HAP coll and Sn7.5/HAP sol , respectively, Table S1). The decrease in surface area could be ascribed to a partial aggregation of hydroxyapatite nanocrystals to form secondary agglomerate under the harsh conditions underwent during the preparation of Sn/HAP samples. Although highly acidic environment might also cause partial dissolution or structural changes of HAP, in our case the short contact time allowed to preserve the crystalline structure of HAP even after Sn deposition, as demonstrated by the X-ray powder diffractograms (Fig. 1E) and FT-IR spectra (Fig. S-3). Actually only one crystal phase (indexed as hexagonal hydroxyapatite according to the JCPDS 09-0432) was identified in collected XRPD patterns and no other calcium phosphate phases were present. Infrared spectroscopic analysis of HAP before and after Snfunctionalization (Fig. S-3) showed the fundamental vibrational modes of the hydroxyapatite phase. In particular, three main spectral contributions can be identified: i) vibrational modes of phosphate species (565 cm -1 , 605 cm -1 , 963 cm -1 and 1030-1100 cm -1 ); ii) carbonate bands (1300-1600 cm -1 ) ascribable to partial substitution of apatite anionic groups (PO 4

3-and OH -) with carbonate anions; iii) high-energy region bands associated with adsorbed/constitutive water molecules and hydroxyl groups (3300-3700 cm -1 ). The absence of any significant perturbation of the IR bands of HAP after functionalization with tin phase provided further evidence that any compositional or structural HAP modifications did not occur.

The Sn/HAP samples were investigated by HAADF-STEM microscopy. The Sn7.5/HAP coll sample showed prismatic HAP structures homogeneously decorated by nanoparticles onto their surface (Fig. 2A). The particles sizes were comparable to those observed in the starting colloidal solution (d = 2-3 nm). EDX analysis indicated that these structures included Sn without any chloride species. This unexpected result can be justified considering the occurrence of an anion-exchange process between chloride and phosphate anions. It is well known that HAP is vulnerable in acidic solutions and tends to release phosphate at the interface where the anion exchange can occur without any modification of Sn-morphology. Furthermore, from the HAADF-STEM /EDX map in Fig. 2B (and in more complete feature in Fig. S-4) it is observed that these Sn-containing particles are homogeneously dispersed in the investigated area.

On the other hand, in the Sn7.5/HAP sol sample HAADF-STEM Based on the diffraction pattern (Fig. S-7), this phase might be ascribed to the growth of SnHPO 4 . The formation of SnHPO 4 from the interaction of tin halide and hydroxyapatite at a low pH value is reported in the literature as a consequence of a partial dissolution of HAP in acidic media with release of phosphate ions at the interphase [START_REF] Nelson | SnHPO 4 from the reaction of stannous fluoride and hydroxyapatite at a low pH[END_REF]. The calculated interplanar distances of the detected phase compared well with those of SnHPO 4 even if a clear assignation is not possible. However, this observation indicated that the contact between the acid solution and HAP surface can lead to its dissolution at some extent and to the formation of surface layers of new phases based on tin phosphates.

Ultimately, depending on the initial pH values of the SnCl 2 solution (pH = 1 or pH = 2), different Sn/HAP materials with different structure and aggregation state of the Sn phase have been obtained (Scheme 1).

It is noteworthy, as observed from Sn leaching tests in aqueous solution at different pH values, that for both the Sn/HAP sol series of samples and the Sn/HAP coll series, the Sn phase, once immobilized, remained strongly held on the HAP surface. Sn-leaching from Sn/HAP samples in aqueous solutions was negligible (<3%) in a wide range of pH values (Fig. S-8).

Chromium reduction-immobilization results

Effect of Sn loading and preparation method

The performances of the samples of the Sn/HAP coll and Sn/HAP sol series were studied in batch tests, operating under typical conditions: [Cr(VI)] • =50 mg⋅L -1 , pH = 3, Sn/HAP dosage = 4 g⋅L -1 , inert atmosphere at 40 • C. The concentration Cr(VI) in the wastewaters of most industrial emission sources is estimated to be between 0.1 and 200 mg⋅L -1 ; therefore an initial Cr(VI) concentration of 50 mg⋅L -1 was taken as the well-representative mean value of Cr(VI) content in many industrial wastewaters.

Fig. 4 reports removal efficiency results (mg Cr ⋅g -1 ) as a function of Sn loading for both Sn/HAP sample series. It is worth stressing that under these specific conditions an analogous reduction process in homogeneous conditions would be associated with electric potential values between 1.4 and 1.45 V, depending on Sn loading. Even if important differences can be guessed in the electrochemical potential of Sn(II) species in Sn/HAP, the reduction of Cr(VI) by Sn(II), even when immobilized on HAP, should be a spontaneous process from a thermodynamic point of view.

Two different trends were observed for the Sn/HAP coll and Sn/HAP sol series samples. In the case of Sn/HAP coll , the removal efficiency linearly increased with Sn loading to reach the total Cr removal (ca 10 mg Cr ⋅g -1 ) with Sn7.5/HAP sample. Total efficiency was maintained also for higher Sn loading (i.e, Sn10/HAP coll ). Conversely, in the case of Sn/HAP sol series samples, a volcano-like profile was obtained (with maximum of ca. 7 mg Cr ⋅g -1 ) without attainment of total removal. Such difference of activity between the two series samples may be explained in terms of different Sn morphology and concentration at the surface.

The above-reported HAADF-STEM images (Figs. 2 and3) supported the idea that larger aggregates are present in Sn/HAP sol samples compared to Sn/HAP coll ones, mainly containing small and highly dispersed Sn nanoparticles. This difference in the observed Sn morphologies could become ever more pronounced with the increasing Sn loading. The drop of Cr(VI)-removal capacity observed for Sn7.5/HAP sol to Sn10/HAP sol (Fig. 4) could be then due to different intrinsic activity of the two types of Sn phases.

To verify the Sn dispersion at the surface of each sample and the surface chemical composition, the samples were analyzed by X-ray photoelectron spectroscopy (XPS). Chosen samples were also analyzed after use.

Table 1 reports the surface composition of selected Sn/HAP samples comparing samples obtained with the two procedures of Sn-deposition on HAP.

The Ca/P atomic ratio calculated from XPS data was found to be 1.96 for bare HAP, higher than for stoichiometric HAP, i.e., 1.67. This can be justified considering that bare hydroxyapatite has a higher concentration of calcium at the surface compared to bulk crystal lattice. The Ca/P ratio falls down to 1.46 in the two Sn7.5/HAP samples (Table 1) and to about 1.6 in the Sn5/HAP ones. The Ca/P ratio variation reflected the decrease in the surface concentration of Ca with the added Sn amount. This would suggest the occurrence of surface reconstruction and rearrangements of the first layers of HAP during the Sn-deposition with Ca (II) ion sinking in the deeper layers of the HAP surface. Interestingly, the surface concentration of Sn was similar for Sn5/ HAP coll (6.6%) and Sn5/HAP sol (6.2%), while a marked discrepancy appeared comparing Sn7.5/HAP coll (9.4%) and Sn7.5/HAP sol (7.7%).

The values of Sn dispersion can be quantitatively evaluated from the Sn/ (Ca + P) ratios, whose values in Table 1 confirm a higher Sn dispersion for Sn/HAP coll samples, in particular at higher Sn-concentration (0.42 for Sn7.5/HAP coll ). The important information from XPS corroborated the hypothesis that the unexpected trend observed for the Sn/HAP sol series samples, observed in Fig. 4, can be ascribable to the decrease in Sn dispersion with Sn loading, as a consequence of the formation of large aggregates as evidenced by electron microscopy analysis. Fig. 5A shows the wide-scan spectra of the Sn-richest fresh and used samples in which the presence of O, C, Ca, P, Sn and Cr elements is indicated. The Cr element was observed only for the used samples indicating that the Cr species are undoubtedly adsorbed on the studied solids. The strongest intensity of the Cr 2p peak is observed for Sn7.5/ HAP coll compared to Sn7.5/HAP sol , indicating its highest adsorption capacity towards Cr species, also in agreement with the higher surface concentration of Sn able to reduce a higher amount of Cr(VI) species (Table 1). This is also evident from the surface (Cr + Sn)/(Ca + P) ratio (Table 1) of the used samples (Sn7.5/HAP coll and Sn7.5/HAP sol ), which indicates a higher value for the more active sample in the Cr(VI) reduction-immobilization process (Fig. 4), as expected.

In Fig. 5B-F are reported, respectively, the O 1s, Cr 2p, Sn 3d, Ca 2p, and P 2p regions of the XPS spectrum of Sn7.5/HAP coll used sample.

Two fitted peaks were confirmed in the high-resolution 1s core level of O for all samples, as presented in Fig. 5B, wherein the peaks at around 531 and 533 eV were assigned to the crystal lattice oxygen in HAP and hydroxyl group on adsorbent surface, respectively [START_REF] Zilm | Hydroxyapatite substituted by transition metals: experiment and theory[END_REF]. The binding energies of the Ca 2p 3/2 and P 2p peaks at about 347 and 133 eV, respectively, agree with the values generally reported for HAP [START_REF] Boyd | Control of calcium phosphate thin film stoichiometry using multi-target sputter deposition[END_REF].

Fig. 5E shows the high-resolution Ca 2p XPS spectrum of the used Sn7.5/HAP coll . The peaks of Ca 2p 3/2 and Ca 2p 1/2 located, for the bare HAP at 346.9 and 350.5 eV, slightly shift towards higher binding energies (e.g. 347.1 and 350.7 eV in Sn7.5/HAP coll ) following the addition of tin, while the spin-orbit splitting is maintained of 3.6 eV.

Further, the high-resolution P 2p peak is centered at 133.0 eV for HAP and 133.1-133.2 eV for Sn/HAP fresh and used samples except for the used Sn7.5/HAP coll (Fig. 5F) for which the P 2p peak is detected at 134.8 eV. The shift of binding energy of P 2p component (shift of 1.6 eV compared to bare HAP and Sn/HAP fresh samples), is likely due to decrease of the electronic state density around phosphorus atoms and larger polarization of the P-O bond likely due to Cr(III) presence on HAP surface [START_REF] Alberti | ESCA investigations of amorphous and crystalline zirconium acid phosphates[END_REF].

For the Cr 2p spectra (Fig. 5C), the 2p 3/2 and 2p 1/2 doublet pair of used Sn7.5/HAP coll can be decomposed into two pairs located at 577.58-587.08 eV (main) and 581.02-590.42 eV, with the relative contributions of 1.89 and 0.26 at%, respectively. The main pair with the peak separation between 2p 3/2 and 2p 1/2 of 9.5 eV can be attributed to the Cr(III) oxidation state [START_REF] Maurice | Hydroxylation of ultra-thin films of α-Cr2O3 (0001) formed on Cr(110)[END_REF][START_REF] Maetaki | The preparation of ultra-thin chromium-vanadium oxides on Cu(100) studied by XPS and LEED[END_REF][START_REF] Lippitz | XPS investigations of chromium nitride thin films[END_REF]. Concerning the very weak peaks occurring at higher binding energy (581.02-590.42 eV), they may be assigned to the presence of trace amount of chromium in Cr(VI) oxidation state on the surface of spent Sn7.5/HAP coll [START_REF] Fischer | Soft x-ray band spectra and molecular orbital structure of Cr2O3, CrO3, CrO4-2 and Cr2O7-2[END_REF].

These results suggest that the Cr(VI) reduction process occurs at the interface between Cr(VI) and the surface of Sn/HAP; the Cr(III) formed from the redox process immediately is stabilized on the surface near a Sn-site through the strong coordination interactions with the electronrich HAP surface functionalities (Scheme 2).

To confirm further the nature and mechanism of the reduction and immobilization process, HAADF-STEM microscopy coupled with EDX analysis was carried out on the Sn7.5/HAP coll sample after the reduction-adsorption test (Fig. 6). Interestingly, the nanoparticles of Sn found onto the surface of the fresh sample are still present after use without significant variations in the average dimensions. This important evidence suggests that the reduction and immobilization process does not alter the size of the Sn-based nanoparticles, which have been beneficially anchored and stabilized on the HAP support and encounter neither an agglomeration phenomenon nor leaching phenomena. This evidence supports the absence of leaching observed by leaching tests carried out on Sn/HAP in aqueous solution at different pH.

From the HAADF-STEM/EDX map, it is clear that the immobilized chromium is well dispersed all over the sample (Fig. 6B). This evidence is in agreement with the already discussed reduction-immobilization mechanism, displayed in Scheme 2.

Finally, reduction-immobilization tests were performed under isothermal mode (T = 40 • C) selecting one sample from Sn/HAP coll series (Sn10/HAP coll ). Isothermal curve obtained is reported in Fig. S-9. Among the different equation models used to fit the experimental points, Langmuir model was found the best. This suggested the homogeneous presence of Sn-centers on HAP able to reduce Cr(VI), as observed also by STEM microscopy (Fig. 2).

Effect of some operating conditions, kinetics and reusability

Based on the promising performances of Sn/HAP coll samples, deeper investigation of this series was performed, focusing the study on the effect of some relevant operating conditions of reductionimmobilization process of Cr(VI), with the aim to evaluate the potential practical applications of these samples.

First, the effect of atmosphere and in particular the eventual role of dissolved oxygen was investigated. Temperature, Cr(VI) initial concentration, dosage, and pH were kept constant, and instead in inert atmosphere tests of Cr(VI) removal were carried out under the presence of synthetic air fluxing. Surprisingly, the plot of removal capacity as a function of tin concentration on HAP reproduced the same trend as that obtained under inert atmosphere (Fig. 7A). Thus, under the selected conditions, the O 2 dissolved from air at atmospheric pressure into the aqueous acid solution did not influence the Cr(VI) redox process.

Furthermore, the influence of pH was studied by carrying out tests at natural pH. Hydroxyapatite has an amphoteric surface and in water it generates pH = 7. Cr(VI) reducing activity was maintained also under neutral conditions, although a decrease of the performances of the Sn/ HAP coll samples was observed (Fig. 7B). The decrease of activity of the samples in non-acidic solutions was foreseeable knowing that the reduction of Cr(VI) with Sn(II) requires an acidic environment (Eq. ( 1)). Predictably, when a lower initial concentration of Cr(VI) (25 mg⋅L -1 instead than 50 mg⋅L -1 ) was used, a smaller amount of Sn was required to completely reduce and remove Cr(VI) from solution. Fig. 7C indicates that little more than 50 mg Sn ⋅g -1 was sufficient to completely remove chromium from solution.

Concerning kinetics of the reduction-immobilization process, it seemed very rapid by observing the fast discoloration of the pale yellow bichromate solution. Specifically, reaction rate was evaluated for Sn7.5/ HAP coll at various temperatures in the 5-40 • C interval. It was found that Cr(VI) reduction rate increased of ca. 20% from 5 • C to 40 • C, passing from 0.01 mmol h -1 to 0.012 mmol h -1 .

The performance of Cr(VI) reduction of the Sn/HAP samples was also tested after long exposure to the atmosphere. A decline from 85% to 58% was observed after 15 days (Fig. 7D) likely due to the partial oxidation of Sn(II) to Sn(IV).

In addition, reusability tests (Fig. S-10) were explored using Sn5/ HAP coll following the operative protocol described in the Experimental section. A drastic drop in the efficiency of Cr(VI) removal after the first run was observed. Comparing the cumulative removal efficiency of Sn5/ HAP coll obtained over several runs in independent tests performed at different initial Cr(VI) concentration (25 or 50 mg⋅L -1 ), it appears clear that the sample had worked approaching a given "ceiling value" of Cr (VI) removal (8 mg Cr ⋅g -1 ).

Leaching tests on the used materials revealed that both Sn and Cr species are not released in solution (Fig. S-10, b), therefore the low reusability of Sn/HAP is not ascribable to low stability and loss of Sn. Far more likely, the oxidation of Sn(II) to Sn(IV) and the partial blocking of some surface Sn sites by the adsorbed Cr(III) species could be guessed to be responsible for the lack of reusability.

The regeneration of used materials represents, then, a critical issue since a chemical regeneration process should be developed to reduce formed Sn(IV) to Sn(II) and simultaneously remove adsorbed Cr(III) ions saturating HAP surface. A similar approach would be expensive and difficult to implement. However, to avoid costly disposal of the materials after their use, an alternative to the regeneration could be the valorisation of used materials as catalyst in environmental protection reactions. This strategy is currently under investigation and it will be presented in the next future.

Comparison with other materials

A valid comparison of the performances of our Sn/HAP samples with other competitors proposed in the literature, although not trivial, can help in highlighting the added-value as well as any downsides of our studied materials. The peculiarity of Sn/HAP material lies in the combination of the sorption properties of HAP with the reducing power of Sn (II) species. Most adsorbents, except biochar, exhibit a low adsorption capacity towards Cr(VI) (Table 2, entries 1-7), and a further modification or functionalization of adsorbent surface is necessary to obtain effective materials for Cr(VI) direct adsorption. Hydroxyapatite, as well, possesses a low capability to immobilize Cr(VI). A significant enhancement of adsorption capacity was attained by using cellulose supported magnetic composites, namely iron-oxide coated cellulose/hydroxyapatite (Fe 3 O 4 @CelHAp) [START_REF] Periyasamy | Fabrication of magnetic particles imprinted cellulose based biocomposites for chromium(VI) removal[END_REF]. Conversely, several adsorbents show excellent performances in immobilizing Cr(III) species. On the other hand HAP showed a remarkable capability to adsorb Cr(III) from aqueous solutions, operating the immobilization at the HAP surface with different mechanisms depending on the pH value [START_REF] Wu | Pd nanocones supported on g-C 3 N 4: an efficient photocatalyst for boosting catalytic reduction of hexavalent chromium under visible-light irradiation[END_REF]. The effectiveness of HAP emerges more clearly when the adsorption capacity is normalized respect to the surface area of the solid adsorbent. In this case, HAP shows performances comparable even to the ones of commercial zeolites, Amberlite, boehmite, or kaolin.

However, a more exhaustive comparison must take into account the overall reduction/immobilization process of Cr(VI) to Cr(III). [START_REF] Wu | Pd nanocones supported on g-C 3 N 4: an efficient photocatalyst for boosting catalytic reduction of hexavalent chromium under visible-light irradiation[END_REF] proposed in the literature for the reduction/adsorption of Cr(VI). For comparative purposes, the removal capacity has been expressed for metal unit (mg Cr ⋅ g Me -1 ). Only a few studies reported the use of Sncontaining materials and the most of the competitors in this case are iron-based materials. It emerges that, Sn/HAP (entry15, 130 mg Cr ⋅g Me -1 removal) is among the most effective materials. In addition, it takes advantage from the unique features of biocompatibility and easy synthetic preparation starting from eco-friendly and bioavailable materials.

Conclusions

In summary, we presented Sn-functionalized hydroxyapatite as an innovative and effective eco-friendly material for the removal of toxic Cr (VI) species with a reduction/immobilization process. Cr(VI) removal capacity increased with Sn-concentration deposited on HAP starting from colloidal solutions of tin chloride.

The pH influenced both Sn-speciation in solution and interfacial properties of hydroxyapatite, therefore, materials with different surface concentration and morphology of the Sn phase have been prepared and studied.

Combined transmission electron microscopy and XPS investigation provided valuable evidences of the mechanism of Cr(VI) removal, consisting in the reduction of Cr(VI) by Sn(II) phase anchored on HAP surface, followed by immobilization of the formed Cr(III) species at the Sn/HAP interphase.

Based on the comparison to other competitors, Sn/HAP materials appear as promising candidates for the removal of Cr(VI) from wastewaters taking advantage of their eco-friendliness and facile synthesis, among others positive properties of HAP.

However, further studies are still needed to improve performance and current understanding. Starting from the hydroxyapatite, a solid offering higher surface area should be desirable, which might lead to a higher Cr(III) adsorption, thus improving the final material performances in the reduction-immobilization process. Maximizing Sn dispersion on hydroxyapatite by exploring deposition methods alternative to classical wet methods, as well as the development of proper regeneration procedures of the used materials represent two important challenges to be addressed in next steps.
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Fig. 1 .

 1 Fig. 1. Pictures of colloidal and clear acid solutions of SnCl 2 ⋅2H 2 O used for the HAP functionalization (A); high resolution TEM micrograph (B) and electron diffraction pattern of Sn-colloidal (C); N 2 adsorption/desorption isotherms on Sn7.5/HAP coll and Sn7.5/HAP sol (D); XRPD of selected Sn-samples: Sn7.5/HAP coll and Sn7.5/HAP sol (E).

Fig. 2 .

 2 Fig. 2. HAADF-STEM micrograph at high magnification (A) and HAADF-STEM/EDX mapping of P and Sn (B) of the Sn7.5/HAP coll sample.

Fig. 3 .

 3 Fig. 3. HAADF-STEM micrograph of Sn7.5/HAP sol sample and EDX semiquantitative analysis of the areas selected on the image.

Scheme 1 .

 1 Scheme 1. Formation of Sn-NPs, (from SnCl 2 solution at pH = 2) and Sn x (PO 4 ) y (OH) z Cl k aggregates (from SnCl 2 solution at pH = 1) on the HAP surface leading to Sn/HAP coll and Sn/HAP sol , sample series, respectively.

Fig. 4 .

 4 Fig. 4. Cr(VI) removal capacity of Sn/HAP coll and Sn/HAP sol samples as a function of Sn loading ([Cr(VI)] • =50 mg⋅L -1 , pH = 3, Sn/HAP dosage = 4 g⋅L -1 , inert atmosphere). Dotted line represents total removal corresponding to initial Cr(VI) concentration in solution.

Fig. 5 .

 5 Fig. 5. Full-range XPS spectra of fresh and used Sn7.5/HAP coll and Sn7.5/HAP sol samples, (A); XPS spectra of O 1s, Cr 2p, Sn 3d, Ca 2p and P 2p of used Sn7.5/ HAP coll sample, (B-F).

Scheme 2 .

 2 Scheme 2. Interfacial redox process of Cr(VI) with Cr(III) adsorption at Sn/HAP coll surface: diffusion of Cr(VI) from bulk solution to interfacial Sn(II) blocked on HAP, (step 1); electron exchange between Sn(II) and Cr(VI), (step 2-A); formation of Cr(III) in solution and Sn(IV) at HAP surface, (step 2-B); immobilization of Cr(III) at HAP surface, (step 3).

Fig. 6 .

 6 Fig. 6. HAADF-STEM micrograph (A) and HAADF-STEM/EDX mapping of Sn and Cr (B) of used Sn7.5/HAP coll .

Fig. 7 .

 7 Fig. 7. Influence of some operating conditions on Sn/HAP coll ability in Cr(VI) removal; effect of the atmosphere during reduction (50 mg⋅L -1 of Cr(VI) in 22 mL solution, pH 3, Sn/HAP coll dosage: 4 g⋅L -1 ) under inert (N 2 ) or oxidative (Air) fluxing, (A); effect of pH (50 mg⋅L -1 of Cr(VI in 22 mL solution), (B); effect of initial Cr (VI) concentration (25 or 50 mg⋅L -1 of Cr(VI) solutions at pH 3 and Sn/HAP dosage: 4 g⋅L -1 ), (C); aging effect of Sn5/HAP coll in Cr(VI) reduction (50 mg⋅L -1 of Cr(VI) in 22 mL solution, pH 3, Sn/HAP coll dosage: 4 g⋅L -1 ), (D). Horizontal dotted lines represent the corresponding maximum removal capacity.

Table 1

 1 Surface composition of the samples obtained from XPS analysis.

	Sample code	Surface composition/atomic %									
		Fresh sample				Sample after use					
		Sn	Ca	P	O	Sn/(Ca + P)	Sn	Cr	Ca	P	O	Sn/(Ca + P)	(Sn + Cr)/(Ca + P)
	HAP 1 Sn5/HAP coll Sn5/HAP sol Sn7.5/HAP coll Sn7.5/HAP sol	-6.6 6.2 9.4 7.7	20.3 15.0 15.1 13.4 14.4	10.4 9.4 9.4 9.2 10.0	69.3 68.9 69.3 68.0 67.9	-0.27 0.25 0.42 0.32	---6.5 2.5	---2.4 1.3	---11.4 16.5	---8.5 10.0	---71.2 69.7	---0.33 0.09	---0.45 0.16

Table 3

 3 compares the Cr(VI) removal capacity of different metal based materials

Table 2

 2 Comparison of adsorption capacities for Cr(VI) or Cr(III) of various solid adsorbents.

	Type of adsorbent	Surface area/m 2 g -1	Species	Dosage/g solid L -1 sol	Adsorption capacity	Ref.
					/mg Cr g solid -1	/mg Cr m -2 solid	
	Activated carbon Biochar from wheat straw Nano alumina Acid activated kaolinite Hexadecyltrimethylammonium bromide (HDTMA) modified red clay Hexadecylpyridinium bromide (HDPB) modified chabazite Tetraoctylammonium bromide impregnated Amberlite XAD-4 Fe 3 O 4 @CelHAp Natural mordenite Kaolin Commercial zeolite Z13X Commercial Norit carbon post-oxidized Boehmite Nanoplates Hydroxyapatite (suspension at pH = 4) Hydroxyapatite (suspension at pH = 7) Hydroxyapatite (suspension at pH = 9)	853 26 79 16 4 25 825 102 277 15 578 837 52.22 85 85 85	Cr(VI) Cr(VI) Cr(VI) Cr(VI) Cr(VI) Cr(VI) Cr(VI) Cr(VI) Cr(III) Cr(III) Cr(III) Cr(III) Cr(III) Cr(III) Cr(III) Cr(III)	2 4 4 2 4 5 5 2 5 5 5 4 1 10 10 10	13.75 14.8 8.5 8.0 4.3 14.3 196.0 25.01 10.92 7.80 183.03 52.52 19.85 15.6 26.0 26.0	0.016 0.56 0.11 0.51 0.94 2.86 0.24 0.24 0.039 0.52 0.32 0.063 0.38 0.18 0.31 0.31	[64] [65] [66] [67] [68] [69] [70] [43] [71] [71] [71] [72] [73] [32] [32]

Table 3

 3 Comparison of Cr(VI) removal capacities of various materials.

	Type of material	Synthesis limitations	Removal capacity		Ref.
			mg Cr g ads -1	mg Cr g Me -1	
	Resin-supported ferragel Micron Fe Sodium carboxymethyl cellulose-stabilized Fe nanoparticles Scrap iron Zerovalent iron nanoparticles Nano-scale Fe 0 particles supported on a PAA/ PVDF membrane Fe 0 nanoparticles synthesized in ethanol-water mixed system Chitosan-stabilized Fe 0 nanoparticles Nanoscale zero-valent iron in chitosan beads Silica fume supported-Fe 0 nanoparticles Fe 3 O 4 -stabilized Fe 0 nanoparticles Fe@SiO 2 Fe(II)/Stevensite Sn 6 O 4 (OH) 4 nanoparticles Sn/HAP	Use of synthetic resin as support; use of NaBH 4 as reducing agent Control of NP size; use of NaBH 4 as reducing agent Use of NaBH 4 as reducing agent Lack of homogeneity in properties of different iron shaving batches Use of NaBH 4 ; aggregation. Time-consuming and expensive synthesis of the membrane Use of PEG, ethanol and NaBH 4 Time consuming (24 h) ; use of KBH 4 . Time consuming (24 h); use of acetic acid. Use of commercial silica; multistep synthesis; use of ethanol and NaBH 4 Use of KBH 4 . Multistep synthesis; delicate control of nucleation; use of ethanol, TEOS and KBH 4 Multistep synthesis, use of sodium dithionite Na 2 S 2 O 4 as reducing agent Aggregation	6.24 1.75 252 19.2 180 n.d.* n.d.* n.d.* 1.3 13 5 n.d.* 133.7 7.2 10	28 1.75 252 19.2 180 181 112 148 4 88 348 467 5.1 14.8 130	[74] [75] [76] [77] [78] [79] [80] [80] [81] [82] [83] [84] [85] [46] This work

Ca/P at surface = 1.96.

* The value cannot be calculated since some data (e.g. Fe loading) are missing in the original reference.
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