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Introduction

Hydrogen sulfide (H 2 S), a simple chemical molecule, is considered to be one of the most noxious gases. This malodorous compound exists in all environmental media: air, surface water, groundwater, soil, sediment etc. It can be found in different natural sources such as volcanic gas, geysers, sulphurous lakes etc. Nowadays, natural gas, biogas, and syngas being considered as important energy sources or raw materials (for syngas and hydrogen production), contain also H 2 S at various concentrations, and need pre-treatment before being processed. [START_REF] Marzouk | Simultaneous removal of CO 2 and H 2 S from pressurized CO 2 -H 2 S-CH 4 gas mixture using hollow fiber membrane contactors[END_REF][START_REF] Maghsoudi | Simultaneous separation of H 2 S and CO 2 from CH 4 by a high silica CHA-type zeolite membrane[END_REF][START_REF] Hao | Upgrading low-quality natural gas with H 2 S-and CO 2 -selective polymer membranes Part II. Process design, economics, and sensitivity study of membrane stages with recycle streams[END_REF][START_REF] Mondal | Syngas production through gasification and cleanup for downstream applications -Recent developments[END_REF][START_REF] Castellani | Hydrate-based removal of carbon dioxide and hydrogen sulphide from biogas mixtures: Experimental investigation and energy evaluations[END_REF] Different industrial processes and rural and agricultural activities generate also waste gases containing H 2 S, for examples, crude oil refineries, coal combustion and/or gasification, paper mills, food industries, wastewater treatment plants, animal farms, etc. At high concentration, the Claus process and its derivatives were developed for the recovery of sulphur. [START_REF] Rezazadeh | Investigation of inlet gas streams effect on the modified Claus reaction furnace[END_REF] At lower concentration, several methods for H 2 S treatment and/or purification were developed. Biological processes call for the use of bacteria, such as Thiobacillus and Sulfolobus, for the oxidation of H 2 S into elemental sulphur or sulphate. [START_REF] Sublette | Oxidation of hydrogen sulfide by continuous cultures of Thiobacillus denitrificans[END_REF][START_REF] Oyarzun | Biofiltration of high concentration of hydrogen sulphide using Thiobacillus thioparus[END_REF][START_REF] Morales | Bio-oxidation of H 2 S by Sulfolobus metallicus[END_REF] However, these processes require strict operational conditions (temperature, pressure, input composition for energy source…). [START_REF] Omri | Performance study of biofilter developed to treat H 2 S from wastewater odour[END_REF][START_REF] Lebrero | Comparative assessment of a biofilter, a biotrickling filter and a hollow fiber membrane bioreactor for odor treatment in wastewater treatment plants[END_REF] Catalytic processes usually consist of the oxidation of H 2 S over solid catalysts, in order to convert it to molecular sulphur, sulphide, thiosulfate, and sulphate. [START_REF] Goifman | Catalytic oxidation of hydrogen sulfide by dioxygen on CoN 4 type catalyst[END_REF][START_REF] Bineesh | Selective catalytic oxidation of H 2 S over V 2 O 5 supported on TiO 2 -pillared clay catalysts in the presence of water and ammonia[END_REF][START_REF] Duong-Viet | Nitrogen-doped carbon nanotubes decorated silicon carbide as ametal-free catalyst for partial oxidation of H 2 S[END_REF] Absorption and adsorption are also strongly developed for the elimination of H 2 S. Absorption refers to the process by which one substance (absorbent), such as a solid or a liquid, takes up H 2 S in liquid or gas phase. Amine solutions are commonly used for the removal of H 2 S from natural gas. They are attractive because of the potential for high removal efficiencies, their ability to be selective for H 2 S abatement, and their regeneration possibility. [START_REF] Astarita | Hydrogen sulphide absorption in aqueous monoethanolamine solutions[END_REF][START_REF] Kohl | Chapter 2 -alkanolamines for hydrogen sulfide and carbon dioxide removal[END_REF][START_REF] Haghtalab | Simultaneous measurement solubility of carbon dioxide + hydrogensulfide into aqueous blends of alkanolamines at high pressure[END_REF] Adsorption relates to the fixation of H 2 S on the surface of a solid by weak physical or physicochemical bonds. Different adsorbents having high reactivity, such as activated carbon, zeolites, modified alumina or other metal oxides, have been investigated for H 2 S removal process. [START_REF] Maghsoudi | Simultaneous separation of H 2 S and CO 2 from CH 4 by a high silica CHA-type zeolite membrane[END_REF][START_REF] Song | Enhanced adsorption of hydrogen sulfide and regeneration ability on the composites of zinc oxide with reduced graphite oxide[END_REF][START_REF] Arespacochaga | Biogas deep clean-up based on adsorption technologies for solid oxide fuel cell applications[END_REF][START_REF] Florent | Effects of surface heterogeneity of cobalt oxyhydroxide/graphite oxide composites on reactive adsorption of hydrogen sulphide[END_REF] As example, Florent and Bandosz investigated the performance of graphite oxide supported cobalt oxyhydroxyde (CoOOH/C) for the treatment of H 2 S in moist or dry air. [START_REF] Florent | Effects of surface heterogeneity of cobalt oxyhydroxide/graphite oxide composites on reactive adsorption of hydrogen sulphide[END_REF] The adsorption capacity of this adsorbent up to reached 69.1 mg g -1 . In addition to these standard methods for H 2 S treatment, hydrate technology has been developed for H 2 S separation. Details of this technology can be found elsewhere. [START_REF] Castellani | Hydrate-based removal of carbon dioxide and hydrogen sulphide from biogas mixtures: Experimental investigation and energy evaluations[END_REF] This technology was found to be efficient for cleaning and upgrading the biogas. However, because of their relatively high cost, currently, there has been an increasing interest in utilizing low cost adsorbents which leads to screening industrial wastes, agricultural byproducts and natural materials as alternative adsorbents. [START_REF] Ri | Effect of reduced graphite oxide as substrate for zinc oxide to hydrogen sulfide adsorption[END_REF] This study aims to investigate the reactivity of zinc-, lead-, and iron-doped hydroxyapatites for the removal of H 2 S from gas phase at room pressure and temperature.

Hydroxyapatite (Ca 10 (PO 4 ) 6 (OH) 2 , called thereafter CaP) can be easily synthesized from a calcium source and a phosphate source such as calcium hydroxide and phosphoric acid. [START_REF] Pham Minh | Carbonated hydroxyapatite starting from calcite and different orthophosphates under moderate hydrothermal conditions: Synthesis and surface reactivity in simulated body fluid[END_REF] But it can also be obtained from solid wastes such as egg shells, animal bones [START_REF] Chaudhuri | Preparation and characterization of nanocrystalline hydroxyapatite from egg shell and K 2 HPO 4 solution[END_REF][START_REF] Figueiredo | Effect of the calcination temperature on the composition and microstructure of hydroxyapatite derived from human and animal bone[END_REF][START_REF] Sasakin | Immobilization of Sr 2+ on naturally derived hydroxyapatite by calcinations of different species of fish bones and influence of calcinations on ionexchange efficiency[END_REF] allowing the access to low-cost materials. It has the advantage of being thermally stable and being adapted for the deposition of well-dispersed metal particles by different methods, including the conventional incipient wetness impregnation (IWI), and also the ionic exchange (CEX) thanks to its high affinity for metal cations such as Zn, Pb, Fe. [START_REF] Sheha | Sorption behavior of Zn(II) ions on synthesized hydroxyapatites[END_REF][START_REF] Pham Minh | Calcium phosphate based materials starting from calcium carbonate and orthophosphoric acid for the removal of lead(II) from an aqueous solution[END_REF][START_REF] Mobasherpour | Comparative of the removal of Pb 2+ , Cd 2+ and Ni 2+ by nano crystallite hydroxyapatite from aqueous solutions: adsorption isotherm study[END_REF][START_REF] Kramer | A comparative study of the sintering behavior of pure and iron-substituted hydroxyapatite[END_REF] The influence of the preparation method for the deposition of metals on CaP support, and the influence of the nature of the metals on the performance of functionalized solids for H 2 S removal in gas phase is the subject of this communication.

Materials and methods

Materials

A commercial apatitic calcium phosphate (specific surface area: 7 m 2 /g) powder was used as received for the preparation of metal-doped calcium phosphate sorbents. An activated carbon (L3S, from CECA, 800 m 2 g -1 ) was also used as reference for H 2 S removal. Iron(III) nitrate nonahydrate (Fe(NO 3 ) 3 •9H 2 O, 98.2%, Fisher Scientific), lead(II) nitrate (Pb(NO 3 ) 2 , 99.8%, Fisher Scientific) and zinc nitrate hexahydrate (Zn(NO 3 ) 2 •6H 2 O, >97%, Fisher Scientific) were purchased and used without further purification.

Synthesis of metal-doped sorbents

The synthesis of metal-doped sorbents was the same as described elsewhere by Galera Martinez et al. [30] Using CEX method (cation exchange), 39 g of CaP powder were put into 2 L of the metal nitrate solution of defined concentration under stirring at 500 rpm. After 4 h of contact, the suspension was filtered and the resulting solid was washed several times with permuted water and dried in ambient air. Using IWI method (incipient wetness impregnation), an aqueous solution of metal precursor was prepared. The volume and the concentration of this solution were calculated in order to just wet the powder, and the desired metal content (0.7 or 1 wt.%) in the final product. The impregnation of the CaP powder with the metal precursor solution resulted in the formation of a doughy mixture. This last one was dried at ambient conditions. For both methods used, the dried metal-doped solids were fired at 450-500 °C for 1 h. Samples were designated according to: (i) the method of preparation (CEX or IWI);

(ii) the metal doped. For example, CEX-Fe corresponds to Fe-doped CaP prepared by CEX method. Three metals (Fe 3+ , Pb 2+ , and Zn 2+ ) were selected to prepare the sorbents, because of their availability, their low cost and their high affinity for sulphur compounds.

Characterizations

Inductively coupled plasma-atomic emission spectrometry analysis (ICP-AES) was performed using a HORIBA Jobin Y von Ultima 2 for the analysis of metals contents of the prepared solids. Solid samples were dissolved in a mixture of HCl and HNO 3 acids before analysis. Scanning electron microscopy (SEM) observation was carried out with a Philips XL30 FEG microscope. TEM-EDS analysis was carried out using a FEG JEOL JEM 2100F, equipped with a HAADF detector. This TEM apparatus is coupled with an EDS BRUKER which is equipped with a SDD detector (SDD of 127 eV resolution) for the analysis of elements on the surface of the solids.

2.4. Removal of H 2 S from gas phase H 2 S removal experiments were carried out at room temperature and atmospheric pressure. For each experiment, 500 mg of sorbent sample was set into a glass fixed-bed reactor (i.d. of 15 mm). Figure 1 illustrates the configuration of the experimental setup.

Synthetic gas effluents were purchased from Air Liquide (France). These effluents consist of dried air containing 50 or 200 ppmv of H 2 S. For a given experiment, the synthetic gas effluent was passed through the sorbent bed at the flow rate of 50 mL/min. The concentration of H 2 S in the outlet gas stream was monitored using an electrochemical detector (GasAlertQuatro, BW Technologies), which recorded H 2 S concentration every 60 s, and which has the detection limit of 0.1 ppm.

Figure 1

In this work, the following terms were used in order to compare different sorbents and different experimental conditions:

• inlet S H m 2
(mg): the total quantity H 2 S injected to the reactor at a given reaction time.

• sorbent S H m 2 (mg): the total quantity H 2 S fixed on the sorbent at a given reaction time.

• t 100% (min): the reaction time wherein the removal of H 2 S was total. So,

theoretically inlet S H m 2 is equal to sorbent S H m 2 within t 100% .
• t bth (breakthrough time, min): the time from the beginning of the experiment to the point where the outlet concentration raised to 75% of the inlet concentration.

Theoretically, t bth is longer than t 100% . 

The calculation of

      - = ∫ dt C t C RT PQM m t out sorbent S H 0 int 6 10 2 (2)
where Q: inlet flow rate (L/min), M: the molecular weight of H 2 S (34.06 mg/mmol), W: mass of sorbent used (g), V M : molar gas volume at 20 °C and 1 atm (L/mmol), C in : inlet concentration of H 2 S (50 or 200 ppm), C out : outlet concentration of H 2 S (ppm), t: time-onstream (min).

Results and discussion

Characterization of the sorbents

Figure 2 reports the ICP-AES analysis results of the metal contents of the sorbents.

For iron and zinc, their theoretical contents were 1 wt.%. On the other hand, the theoretical content of lead was 0.7 wt.%. As expected, IWI method was effective for the deposition of all three metals. The metal contents obtained by ICP-AES analysis were close to the theoretical values. In fact, the only metal loss during this deposition method might be due to metal deposition on the flask wall. For the deposition of iron using CEX method, high deposition level was also observed. When CaP was added into the iron(III) nitrate solution for cationic exchange, the pH increased immediately to about 6. In these conditions, iron(III) could be exchanged with Ca(II), [START_REF] Kousalya | Synthesis of nanohydroxyapatite chitin/chitosan hybrid biocomposites for the removal of Fe(III)[END_REF] and could be also precipitated on the surface of CaP particles. On the other hand, CEX method allowed only the partial deposition of lead(II) and zinc(II). This could be due to the low specific surface area of the commercial CaP used in this work, which was 7 m 2 /g. Figure 2 All metal-doped CaP samples were characterized by XRD method, after calcination under air atmosphere at 400-500 °C for 2 h. No diffraction of the metals-based products (iron, lead, zinc) was observed, which can be explained by their low contents (less than 1 wt.%) and/or their high dispersion or amorphous form (XRD results not shown). All these samples show similar patterns compared to the initial CaP support. So the metal deposition by CEX or IWI methods, followed by calcination step did not change the apatitic crystalline structure of the initial support. In order to identify the presence of metals on the surface of CaP support, SEM and TEM analyses were performed. Figure 3 illustrates SEM images of different solids obtained by CEX and IWI methods. Both lead-doped CaP solids (CEX-Pb and IWI-Pb) and zinc-doped CaP solid by IWI (IWI-Zn) showed lead and zinc based particles at micrometric scale. These particles had higher contrast, so higher brightness, compared to other elements present on CaP surface. In fact, IWI method is expected to deposit metal particles on the surface of the support. On the other hand, the formation of lead-based particle in CEX-Pb sample might be due to the agglomeration of lead during the thermal treatment.

Both iron-doped CaP solids (CEX-Fe and IWI-Fe) and zinc-doped CaP solid by CEX method did not show visible metals particles at micrometric scale. This could correspond to a high dispersion of these metals on the surface of CaP support and their thermal stability during the calcination under air atmosphere. To confirm it, TEM analysis of iron-doped CaP by IWI method was performed (Figure 4). The distribution of all elements present on this solid including P, O, Ca, Fe was also recorded. By contrast difference, TEM image shows the formation of iron clusters at nano-scale which had higher contrast than other elements of the CaP support (top, left-hand-side). By EDS analysis using SDD detector, P, O and Ca were homogeneously distributed on the surface of the particles. Iron could also be identified and it did not cover the entire surface of the support. The superposition of phosphorus, oxygen and iron demonstrates that iron was deposited on the surface of the CaP support (bottom, righthand-side). Figure 4 3.2. Removal of H 2 S diluted in air Figure 5 shows the results obtained for the synthetic effluent containing 200 ppmv of H 2 S in dry air atmosphere. As mentioned previously, for each sorbent, H 2 S, Accumulated inlet curve (Fig. 5 (a)) was superposed with the curve expressing the total quantity of H 2 S captured by the sorbent within t 100% period. The initial CaP support showed very low reactivity under the experimental conditions used, with t bth and t 100% equal to 4 and < 1 min, respectively. On the other hand, doping with metals increased strongly the reactivity of the initial CaP, with t bth and t 100% varying in the range of 22-168 and 2-15 min, respectively. The comparison of t bth for all metals-doped CaP reveals that, for each metal, the solids prepared by IWI method were systematically more active than those prepared by CEX method. This observation was also similar for the comparison of t 100% obtained with these sorbents. In fact, IWI led to the formation of dispersed metal-oxide particles on the surface of CaP support, which could react with H 2 S molecules. On the other hand, CEX method theoretically led to the insertion of metal cations into and inside the apatitic structure of CaP, which probably became inert and unavailable for the fixation of H 2 S, when not localized on the surface. Among the prepared sorbents, CaP doped with iron by IWI (IWI-Fe) was the most active for H 2 S removal, regarding both t 100% and t bth (Figure 5). After 260 min of time-on-stream, this sorbent was completely saturated and the sorption capacity could be calculated, which reached 3.9 mg of H 2 S per gram of IWI-Fe. The comparison of t 100% and t bth for each sorbent shows that, under the experimental conditions used, there were big gaps between t 100% and t bth for all the sorbents. This suggests slow kinetics for the H 2 S-sorbent interaction under the experimental conditions used.

Increasing contact time by decreasing gas flow rate or by increasing sorbent volume may reduce these gaps between t 100% and t bth .

From the results obtained in Figure 5, three sorbents prepared by IWI method were selected for testing with synthetic gas effluent containing lower H 2 S concentration. Their reactivity was compared with a commercial activated carbon (L3S powder, from CECA, France) as reference. Figure 6 confirms that the initial CaP had low reactivity for the abatement of H 2 S with negligible t 100% , even with lower H 2 S concentration of 50 ppmv. As expected, doping with metals made the sorbents much more active, with t 100% equal to 31, 67, and 85 min for the sorbents doped with Zn, Fe, and Pb, respectively. The reactivity of the CaP doped with metals was comparable to that of this activated carbon. This last one showed t 100% of 67 min, which was equal to the value obtained with IWI-Fe. Contrary to the results obtained with synthetic air containing 200 ppmv of H 2 S, IWI-Pb was found to be the most efficient sorbent for synthetic air containing 50 ppmv of H 2 S. Standard characterizations such as SEM-EDS, XRD, FTIR, TG-DSC were performed with sorbents recovered after sorption tests. However, since the content of sulphur compounds was low in the used sorbents, these characterization techniques did not allow explaining this observation. Further analysis is needed in order to understand these results. 

Reactivation of saturated sorbent and sorption capacity

The saturated IWI-Fe sorbent recovered from the first test was thermally treated by calcination at 500 °C for 2 h. This temperature was chosen because it was the firing temperature for the preparation of the initial IWI-Fe sorbent. The objective was to release the sulfur species from the surface of the saturated sorbent. The regenerated sorbent was used again for hydrogen sulfide removal under the same experimental conditions (the 1 st recycling). This regeneration procedure was repeated for the 2 nd recycling. The results are presented in the Figure 7.

Figure 7

At this regeneration temperature (500 °C), IWI-Fe sorbent lost about one third of its reactivity at the first recycling. t 100% decreased from 67 to 44 min. The observation was similar at the second recycling wherein t 100% decreased from 44 to 30 min. So, about one third of available active sites (iron oxides) on the surface of HAP particles could not be reactivated at each recycling. This might be due to the formation of strong chemical bond between sulfur species and active sites, which could not be released by the calcination at 500 °C. This might be also due to the agglomeration of iron-based particles during the regeneration step at 500 °C, forming bigger iron-based particles and so reducing the dispersion of the active phase.

Figure 8 Reactivation study was also performed with the saturated activated carbon. After the first test with the fresh sorbent, the resulting saturated sorbent was regenerated by calcination at 400 °C under air atmosphere for 2 h. This regenerated sorbent was tested again under the same experimental conditions. The value of t 100% of 49 min was obtained at the 1 st recycling. This indicates the similar reactivity of the reactivated carbon to IWI-Fe. The reactivity loss of the activated carbon might be due to the presence of irreversible interaction between sulfurbased species with active sites, or the partial destruction of active sites on the surface of the sorbent during calcination step.

Conclusions

Metals-doped apatitic calcium phosphates (HAP) were prepared by cationic exchange (CEX) and incipient wetness impregnation (IWI) methods. Metals-based particles could be observed at micrometric scale using SEM technique for lead-and zinc-doped HAP. On the other hand, iron-doped HAP contained particles at nanometric scale and were observed by TEM technique. For the removal of H 2 S diluted in air atmosphere, the initial HAP showed very low reactivity. The addition of a metal such as lead, iron and zinc improved strongly the reactivity of this initial HAP. For each metal, sorbents prepared by IWI method were found to be more reactive than those prepared by CEX method. IWI preparation led to the formation of dispersed metal particles which have available and reactive surfaces for H 2 S fixation. On the other hand, CEX method led to the incorporation of metals in the CaP structure which makes the metal less available for the fixation of H 2 S. The sorbent containing only 0.77 wt.% of iron and prepared by IWI method (IWI-Fe) had the similar reactivity compared to an activated carbon under the same experimental conditions. The reactivation of this sorbent (IWI-Fe) by calcination at 500 °C, after H 2 S removal test, allowed recovering two thirds of its reactivity. This signifies the possible presence of irreversible interaction of sulfur-based species with the sorbent.

Future work will focus on the optimization of metal deposition for the formation of highly-dispersed metal particles at nanometric scale, and also on the influence of the contact time by changing the volume of sorbent's bed. Other regeneration methods may be also investigated. The removal of H 2 S at high temperature, for example for the purification of hot syngas generated from thermal gasification of biomass, seems to be particularly interesting because of high thermal stability of hydroxyapatite-based materials, as demonstrated previously. [30] Table and figure captions 
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