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Zinc oxide-based materials are commonly used for the final desulfurization of synthesis gas in IGCC and Fischer-Tropsch based XTL processes. The formation of large amount of solid waste is the major issue of this process. In-situ oxidative regeneration is a promising way to reduce this waste formation and enhance desulfurization process efficiency and economics.

However, previous studies showed that one of the major drawbacks of oxidative regeneration of sulfided oxides relies in the high operating temperature range required to overcome the formation of inhibitory sulfate phases. A preliminary work of the authors focused on single oxides identified that regeneration temperature of zinc oxide-based sorbent could be reduced through the addition of molybdenum oxide. Two composites oxides -a single oxides mixture (ZnO and MoO 3 ) and a mixed oxide (ZnMoO 4 ) -were synthesized and characterized. Their sulfidation and oxidative regeneration properties were investigated through thermogravimetry and in-situ characterizations. Sulfidation of the single oxides mixture was shown to be similar to the combination of the sulfidation of both independent single oxides. Mixed oxide sulfidation leads to ZnMoO 4 phase demixing into ZnS, MoS 2 and ZnMoO 3 . The oxidative regenerations of the sulfided single oxide mixtures and mixed oxide are initiated, respectively, at 350°C and 300°C. These temperatures are 250°C and 300°C lower than the regeneration temperature of a pure ZnS. For the sulfided mixed oxide regeneration is even complete at 2 500°C under isothermal conditions. Regeneration of sulfided oxides mixture and mixed oxide was thus shown to exhibit synergetic effects, resulting from exothermic oxidative reactions of molybdenum phases. Heat energy released during these reactions is assumed to enhance ZnS oxidation kinetics at a temperature lower than the previously measured one.

Highlights

• ZnO and MoO 3 based materials have been studied as regenerable sulfur sorbents.

• Composite oxides show regeneration temperature up to 300°C lower than ZnO sorbents.

• Transitional phases formations were evidenced through in situ XRD.

• Regeneration of sulfided mixed oxide is shown to exhibit synergetic effects.

• Synergetic effects result from exothermic oxidative reactions of molybdenum phases.

Introduction

Integrated Gasification Combined Cycles (IGCC) power generation processes and Fischer-Tropsch based XTL processes (XTL for X=Biomass, Coal, or Gas To Liquids) constitute efficient and cleaner alternative technologies for future energy production. [1][2][3] Both technologies are based on a first step of feed gasification into a synthesis gas or syngas, composed mainly of a mixture of CO and H 2 . [START_REF] Higman | Gasification[END_REF] In IGCC processes, the syngas is burnt into a gas turbine to produce electrical energy. In the XTL processes, the syngas is converted into hydrocarbon fuel via the Fischer-Tropsch reaction. [5][6][START_REF]Studies in Surface Science and Catalysis[END_REF] Hydrogen sulfide constitutes one of the main impurities of synthesis gases. [START_REF] Chiche | [END_REF] This compound mixed to H 2 , is responsible for the corrosion of the industrial units, 9 especially the combustion turbine blades used in the IGCC.

On another hand, it is also a poison of Fischer-Tropsch catalysts (cobalt-, iron-, and ruthenium-based) because of its irreversible chemisorption on their active sites. [10][11][12] Therefore, the sulfur content specifications in syngas are very drastic for such industrial units, below 10 ppmv for IGCC 13,14 and 0.05 ppmv for XTL. 15,16 Syngas bulk desulfurization is commonly conducted by chemical or physical solvents, [START_REF] Weissermel | Chimie organique industrielle[END_REF][START_REF] Kohl | Gas Purification[END_REF] though these technologies do not allow to achieve complete H 2 S removal. Indeed, expected H 2 S syngas content at solvent-based acid gas removal systems outlet (in the range 0.1 -1 mol. ppm) remains higher than sulfur syngas content tolerated at Fischer-Tropsch process inlet. [START_REF] Chiche | [END_REF]11 Therefore deep desulfurization of syngas is generally achieved with solid sorbents based on metal oxides which can irreversibly react with H 2 S according to the following generic reaction: Me x O y (s) + y H 2 S(g) → Me x S y (s) + y H 2 O(g) Because of the important and various initial amounts of H 2 S (1 to 10000 ppm), 19 the drastic sulfur specifications required, and the large syngas flow rates to be treated (around 100 kg.s -1 for an IGCC power plant), 20 the use of metal oxides based sorbents imposes either huge amounts of solids with large reactor or the use of small reactors and frequent changes of solid sorbent. In both cases, the large amount of solid waste produced is the major disadvantage of the sorbent-based syngas desulfurization, and may also alter process operation, efficiency, and economics. The in-situ regeneration of the sulfided sorbent, back to the oxide phase, during the process is an identified solution to improve desulfurization processes.

The optimization of such regenerable H 2 S sorbent should be guided by two main targets: (1) offering irreversible sulfidation reaction when in contact with H 2 S in order to minimize to the lowest possible level the H 2 S concentration in the syngas, and (2) being able to get back to the oxide state when in contact with O 2 at the lowest possible temperature. The sulfidation and oxidative regeneration properties of single oxides were studied in the literature through thermochemical calculations. [21][22][23][24] It could be concluded from these studies that the single oxide sulfidation reaction was strongly affected by the syngas reductive atmosphere.

Under these conditions, ZnO can be reduced into Zn which volatilized above 600°C, [START_REF] Gibson | Industrial & Engineering Chemistry Process Design and Development[END_REF] reductions of CuO, [START_REF] Sick | [END_REF] Fe x O y , 27 and Mn x O y 28 are faster than the related sulfidation reactions.

Moreover, the sulfidation of Cu or Fe and the reduced manganese oxide are kinetically limited. [START_REF] Sick | [END_REF]27,29 The sulfidation equilibrium of CeO 2 in reductive atmosphere seems to be favorable and leads to the formation of Ce 2 O 2 S. 30 However, the formation and thermal stability of refractory sulfate phases in oxidative regeneration conditions were pointed out as the main issues of this regeneration process. 24,[31][32][33] Indeed sulfate formation leads to a decrease of the sorbent reactivity and durability, 29,[START_REF] Jha | Enhanced Sorbent Durability for Hot Coal Gas Desulfurization[END_REF][START_REF] Siriwardane | [END_REF] and detrimental particles sintering is favored at the high regeneration temperature required for sulfate decomposition. 36 Furthermore, the high temperatures required for the sulfate decomposition will affect the overall thermal efficiency of the process and will impose the use of refractory alloys to manufacture the industrial reactors. 20 In order to overcome the limitations of single oxide-based sorbents, "composite oxide sorbents" such as for example zinc ferrite (ZnFe 2 O 4 ), [START_REF] Grindley | Proceedings of the Second Annuals Contractors Meeting on Contaminant Control in Hot Coal Derived Gas Stream[END_REF] zinc titanate (Zn x Ti y O x+2y ), 38 or copper chromite (CuO-CrO 2 ) 39 were developed through a series of incremental improvements in order to stabilize the long-term performance of H 2 S sorbent, 40 optimize the operating conditions of the process, 41 and decrease the regeneration temperature below 500°C. [41][42][43][44] In a previous work, 45 a global approach was proposed to study the physical and chemical phenomena involved during both sulfidation and regeneration steps of single oxides and corresponding sulfides by a confrontation between thermochemical calculations and experimental approaches. Some single oxides were thus identified to design a low temperature regenerable H 2 S sorbent. In particular, zinc oxide was shown to exhibit high sulfidation ability and restricted sulfate formation upon the ZnS surface particles during the oxidative regeneration process, in comparison to other sulfides of transition metal such as copper, manganese or iron. MoO 3 shown attractive properties, as the oxidative regeneration of the sulfided MoO 3 occurs through fast, highly exothermic and complete reaction below 500°C.

Regarding the distinct properties of these two metal oxides, we focus, in this paper on the reactivity of two different zinc and molybdenum based materials: a ZnO and MoO 3 single oxides physical mixture and the ZnMoO 4 mixed oxide. The objectives of this work are to evaluate the difference between the two materials and to identify potential synergetic effects between zinc and molybdenum phases, to study the physical and chemical phenomenon involved in sulfidation and oxidative regeneration reactions of these materials, and to validate the global approach previously proposed.

Materials and Methods

Oxide materials syntheses

The single oxides mixture, ZnO-MoO 3 was obtained by physical milling of MoO 3 and ZnO materials. ZnO material was synthesized from thermal decomposition of precursor at 500°C for 2 hours. The precursor was (ZnCO 3 ) 2 .(Zn(OH) 2 ) 3 (Aldrich, purity > 58% Zn). MoO 3

precursor was obtained from a chemical supplier, and was used as received after material characterizations.

Mixed oxide ZnMoO 4 material was synthesized by successive calcinations steps at 450°C and 500°C and physical milling of the previous ZnO-MoO 3 single oxides mixture.

Thermogravimetry measurements

The sulfidation of the composite oxides was followed by thermogravimetric analysis (TGA) at 350°C and atmospheric pressure, using a commercial magnetic suspension balance (Rubotherm). The feed was composed of 0.9% H 2 S diluted in H 2 with a constant flow (10.8

NL.h -1 ). Oxide samples were firstly heated under a Helium flow up to 350°C, and then the inlet valve was switched to the H 2 S-H 2 mixture under isothermal conditions. Sulfidation step had been conducted for 12 hours.

Oxidative regeneration reaction of the sulfided sorbents were followed by TGA-DSC (Netzsch STA-449C Jupiter). Experiments with linear temperature variation were conducted by heating sulfided samples in an oxidative gas mixture (5% O 2 in N 2 ) at 5°C/min from 49°C to 625°C. Isothermal experiments were also conducted on sulfided samples, which were first heated at 5°C/min to 500°C under N 2 , and then treated at 500°C by an oxidative gas mixture (5% O 2 in N 2 ) for 2 hours. This gas mixture composition was chosen to limit sulfate formation. 45 In both kinds of experiments, gas flow rate was set to 9 NL.h -1 . The exhaust gases were analyzed by mass spectrometry (Netzsch QMS-430C Aeolos).

Materials characterizations

Materials crystalline phases were characterized by X-ray diffraction (XRD) using a PANalytical X'Pert PRO diffractometer operating with CuK α radiation (λ=1.54182 Å).

Materials textural properties were studied through the measurements of Kr or N 2 adsorption isotherms at 77 K, using a Micromeritics ASAP 2420 instrument. Specific surface areas were obtained using the BET model. Composition of sulfided and regenerated solids was determined by elemental analysis (Flash 2000 CHNS).

Scanning electron microscopy (SEM) observations were performed using a JEOL JSM-6340F (Field Emission Scanning Electron Microscope) apparatus operating at 1 kV.

Transmission electron microscopy (TEM) observations and energy dispersive X-ray analysis (EDX) cartographies were performed with a TEM-EDX JEOL 2100-F-FEG (Field Emission Gun) instrument operating at 200 kV. TEM observations and EFTEM cartographies were performed with TEM-EFTEM JEOL 2100F instrument, equipped with a GATAN GIF Tridiem spectrometer. Particles observed by TEM were prepared by ultramicrotomy (70 nm thickness).

In-situ XRD experiments

Sulfidation and regeneration properties of the two studied composite oxides were investigated by in-situ XRD experiments using a PANalytical X'Pert PRO diffractometer operating with CuK α radiation (λ=1.54182 Å), and equipped with a XRF cell. The oxides were sulfided at 350°C with a 0.9% H 2 S in H 2 gas mixture. This sulfided material was regenerated under air at 500°C. Between each XRD acquisition, reacting gas was introduced for a restricted time, then reaction was stopped by a N 2 flow before and during XRD measurements. This enabled to avoid any materials modification during measurements. During the sulfidation, XRD measurements were performed on materials after 10, 20, 40, 60, 240 and 420 minutes of reaction. During the regeneration, XRD measurements were performed after 2, 4, 6, 10, 15, 20 and 30 minutes of reaction. These durations were set from the analysis of the TGA data.

Results and discussion

Oxides characterizations

As shown in Fig. 1, the single oxides mixture is made of pure ZnO and MoO 3 . This solid is composed of small monocrystalline ZnO particles (~25-50 nm) deposited on the surface of MoO 3 platelets (100 nm to micrometer scale). This solid textural properties are in agreement with its measured specific surface area (10 m².g -1 ). The SEM micrograph (Fig. 2) indicated that ZnO particles are aggregated and mixed to or deposited on the MoO 3 platelets. The mixed oxide is composed of ZnMoO 4 (Fig. 3). As presented on Fig. 4, it was made of micrometric spherical particles, formed by agglomerated and faceted grains (size below 500 nm). Moreover, the textural properties of this solid are in agreement with the measured specific surface area (< 1 m².g -1 ). 

Sulfidation studies

Weight variations measured by TGA under sulfiding conditions as a function of time are represented for each composite oxide sample on Fig. 5. Whatever the solid, the weight variations were characterized by an abrupt weight loss followed by a gain. The sulfidation of the ZnO-MoO 3 mixture led to a solid composed by the following crystalline phases: ZnS, MoO 2 and MoS 2 (Fig. 6A), while the sulfidation of ZnMoO 4 mixed oxide led to the formation of ZnS, MoS 2 and ZnMoO 3 (Fig. 6B). TGA measurements were completed by in-situ XRD analyses performed on the composite oxides. As it can be seen on Fig. 7 for the ZnO-MoO 3 single oxides mixture sulfidation at 350°C, MoO 3 was both reduced and sulfided into MoO 2 and MoS 2 ; 46 while ZnO was sulfided into ZnS. 47,48 Under the same conditions, ZnMoO 4 mixed oxide is simultaneously reduced into ZnMoO 3 and sulfided into ZnS and MoS 2 (Cf. Fig. 8). Consequently the initial weight losses, measured by TGA, could be attributed to the reductions of MoO 3 and ZnMoO 4 into MoO 2 and ZnMoO 3 . However, it appeared that the reduction process was incomplete for both solids, as the experimental weight losses were lower than theoretical weight losses anticipated (-7wt.% for the reduction of both materials).

The following weight gains could be due to the sulfidation of these compounds into MoS 2 and ZnS. To conclude, in agreement with the in-situ XRD experiments, the sulfidation and reduction reactions occurred simultaneously for both solids under the chosen operating conditions. 

Textural properties of the sulfided composites oxides

The characteristics of the sulfided sorbents are summarized in Table 1. The specific surface area of the sulfided ZnO-MoO 3 increased during the sulfidation reaction. This result agrees with our previous study. 45 The specific surface area does not evolve during the sulfidation of the mixed oxide. As previously observed, 40,49 the addition of molybdenum and the formation of the mixed phase ZnMoO 4 might stabilize the textural properties during the sulfidation steps.

The sulfur sorption capacity (Table 1) is more important in the sulfided ZnMoO 4 mixed oxide than in the other sorbent. Assuming zinc reactivity is the same, this result might be explained by a more important formation of MoS 2 during the sulfidation of ZnMoO 4 . SEM images of the sulfided ZnO-MoO 3 single oxides mixture are shown in Fig. 9. Small particles, with sizes close to the initial ZnO particles ones can be observed, could be ZnS particles. These particles may form 10 microns aggregates or may be deposited on the surface of facetted crystals, probably MoO 2 . MoS 2 layers can also be observed. 50 

Sulfidation mechanism

As schematized in Fig. 12, the reactivity of ZnO-MoO 3 single oxides mixture is equivalent to the combination of the two independent single oxides ZnO and MoO 3 . ZnO is sulfided into ZnS thanks to a growth mechanism with an outward development, due to zinc and oxygen solid-state diffusion through the ZnS layer and the formation of cavities at the ZnS/ZnO internal interface. This phenomenon results from the Kirkendall effect. 52 Bulk MoO 3 sulfidation mechanism is also well known, 46,53 Under reductive and sulfiding conditions, the mixed oxide phase ZnMoO 4 is demixed into the reduced mixed oxide phase ZnMoO 3 and the sulfided phases ZnS and MoS 2 (Fig 13). The mechanisms involved in phase demixing were not clearly identified. However, the outward development of ZnS might be the result of a kinetic competition between internal and external diffusion of species involved in the sulfidation reaction. 51 The MoS 2 core might be the result of the ZnMoO 3 sulfidation. Indeed, various studies on mixed oxide outlined the different reactivity between the single oxide and the mixed oxide, such as CuO, [START_REF] Sick | [END_REF]29 

Oxidative regeneration reactions study under temperature increase

TGA-DSC and mass spectrometry analyses for the oxidative regenerations of the sulfided single oxides mixture and mixed oxide materials are presented, respectively, in Fig. 14 No sulfur was detected by the elemental analysis indicating the complete regeneration of the two sulfided materials back to oxide phases. The XRD patterns of the regenerated ZnO-MoO 3 (Fig. 16) and ZnMoO 4 (Fig. 17) evidence the presence of the mixed oxide phase ZnMoO 4 . MoO 3 is also detected in the regenerated single oxide mixture; it indicates that MoO 3 was likely to be over stoechiometric in the original oxide. For both solids, it is believed that the first exothermic events are linked to the molybdenum 

Oxidative regeneration reactions study under isothermal conditions at 500°C

with 5%O 2 -N 2 TGA-DSC and mass spectrometry analyses for the oxidative regeneration under isothermal conditions at 500°C for both sulfided solids are presented in the Fig. 18 and 19. For both sulfided materials, the contact between the solid and the oxidizing gas mixture is characterized by an exothermic reaction and a release of SO 2 (g). However, the weight variation during the experiment with the sulfided ZnO-MoO 3 is positive, indicating that the sulfided phases are not fully oxidized into oxide phases. This result is coherent with elemental analysis and XRD patterns of the solid obtained after the regeneration step under isothermal conditions at 500°C (Fig. 20). Indeed, ZnS phase is still detected on this regenerated solid, and 7 weight % of sulfur are measured through elemental analysis. The study of the sulfided ZnMoO 4 mixed oxide regenerated at 500°C outlined the full regeneration of this material into the ZnMoO 4 starting oxide. Indeed, no sulfur and sulfided phases are detected by the elemental analysis and by XRD characterizations (Fig. 21). 

Oxidative regeneration mechanism under isothermal conditions at 500°C

As schematized in Fig. 24 from SEM observations (Cf. Fig. 9), the sulfided ZnO-MoO 

Conclusions

This study highlighted the interest of the MoO 3 addition to ZnO material. Two types of material were studied: a mixed oxide, ZnMoO 4 , and a ZnO-MoO 3 single oxides mixture.

Their sulfidation and oxidative regeneration properties were investigated through thermogravimetry and in-situ characterizations. Sulfidation of the single oxides mixture was shown to be similar to the combination of the sulfidation of both independent single oxides.

However, ZnO-MoO 3 single oxides mixture presents different reactivity under sulfiding and reductive atmospheres compared to ZnMoO 4 mixed oxide. Indeed, the mixed oxide sulfidation process leads to ZnMoO 4 phase demixing into ZnS, MoS 2 and ZnMoO 3 .

Moreover, during the oxidative regeneration, a very significant decrease of the starting regeneration temperature was observed compared to isolated single oxides. The oxidative regenerations of the sulfided single oxide mixtures and mixed oxide are initiated, respectively, at 350°C and 300°C. These temperatures are 250°C and 300°C lower than the regeneration temperature of a pure ZnS in experiments conducted in similar operating conditions. For the sulfided mixed oxide regeneration is even complete at 500°C under isothermal conditions.

Regeneration of sulfided oxides mixture and mixed oxide was thus shown to exhibit synergetic effects, resulting from exothermic oxidative reactions of molybdenum phases. Heat energy released during these reactions is assumed to enhance ZnS oxidation kinetics at a temperature lower than the previously measured one.

Finally, ZnMoO 4 mixed oxide has been shown to exhibit attractive properties for synthesis gas regenerative desulfurization processes. This work included in a multi-technique approach also brings novel and rational insights on these gas-solid reactions, helping for a better understanding of the solid-state transformation mechanisms involved in both sulfidation and oxidative regeneration processes.

In future works, ZnMoO 4 mixed oxide should be studied to overcome the issues raised by an industrial application of such regenerable sulfur sorbent material. In particular, breakthrough experiments will be performed to lead to a complete study of the performance of a shaped ZnMoO 4 based sorbent during multiple sulfidation-regeneration steps. Attention will be firstly paid on the evolution of the performance of this material during the sulfidation and regeneration cycling, that will be led with model synthesis gas compositions, and various oxidant gas compositions. Experiments with a fully representative coalderived syngas and oxidant that would be used in a practical application, such as air, are then expected. The occurrence of side reactions during the sulfidation step conducted on model synthesis gases, such as methanation or water gas shift reactions, should be also investigated. Attention will be paid to the possible catalytic activity of ZnMoO 4 and other zinc and molybdenum phases formed during reaction with H 2 S, as a function of operating conditions. The evolution of the mechanical properties both after sulfidation and highly exothermic regeneration steps with the above synthesis gas and oxidant gas compositions will be also considered.

performing XRD analyses; Jean-Pierre Reyt and Christine Bounie for technical help on thermogravimetry apparatus.
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 312 Fig. 1 XRD pattern of the ZnO-MoO 3 solid.
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 4 Fig. 4 SEM micrographs of ZnMoO 4 .
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 5 Fig. 5 Weight variations measured by TGA during the sulfidation at 350°C with the gas mixture 0.9%H 2 S-H 2 during 12 hours, of the two sorbents: ZnO-MoO 3 and ZnMoO 4 .
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 6 Fig. 6 XRD patterns of the sulfided ZnO-MoO 3 (A) and ZnMoO 4 (B).
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 7 Fig.7In-situ XRD sequence for the ZnO-MoO 3 against sulfidation time at 350°C with the gas mixture 0.9%H 2 S-99.1%H 2 . For the sake of clarity, XRD patterns are not all presented.
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 8 Fig.8In-situ XRD sequence for ZnMoO 4 against sulfidation time at 350°C with the gas mixture 0.9%H 2 S-99.1%H 2 . For the sake of clarity, XRD patterns are not all presented.

Fig. 9 Fig. 10 Fig. 11

 91011 Fig. 9 SEM micrographs of sulfided ZnO-MoO 3 single oxides mixture.
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 151415 Fig. 14 TGA-DSC and mass spectrometry analysis during the regeneration step between 40 and 625°C in 5%O 2 -N 2 of the sulfided ZnO-MoO 3 single oxides mixture.

3 Fig. 16

 316 Fig. 16 XRD pattern of the regenerated ZnO-MoO 3 at 625°C under 5%O 2 -N 2 .

phases (MoS 2 ,

 2 MoO 2 and ZnMoO 3 ) oxidations into MoO 3 and ZnMoO 4 . Then, the second exothermic event, characterized by a weight loss and a release of SO 2 (g), might be resulting from the ZnS oxidation into ZnO or ZnMoO 4 in the presence of the molybdenum phases.Consequently, in these two solids, the ZnS oxidation could start at 470°C (sulfided ZnO-MoO 3 ) and 430°C (sulfided ZnMoO 4 ). These temperatures are, respectively, 130°C and 170°C lower than the oxidation temperature of a pure ZnS material.45 Such combined thermal effect has been previously observed on a Zn 2 TiO 4 promoted by Co and/or Ni.41,42,44 

Fig. 17

 17 Fig. 17 XRD pattern of the regenerated ZnMoO 4 at 625°C under 5%O 2 -N 2 .

Fig 18

 18 Fig 18 TGA-DSC and mass spectrometry analysis for sulfided ZnO-MoO 3 single oxides mixture regeneration step at 500°C under 5%O 2 -N 2 .

Fig. 19

 19 Fig. 19 TGA-DSC and mass spectrometry analysis for sulfided ZnMoO 4 mixed oxide regeneration step at 500°C under 5%O 2 -N 2 .

Fig. 20

 20 Fig. 20 XRD pattern of the ZnO-MoO 3 single oxides mixture after the regeneration step under isothermal conditions at 500°C in 5%O 2 -N 2 .

Fig. 21

 21 Fig. 21 XRD pattern of ZnMoO 4 mixed oxide after the regeneration step under isothermal conditions at 500°C in 5%O 2 -N 2 .

Fig. 22 Fig. 23

 2223 Fig. 22 In-situ XRD sequence for oxidative regeneration of the sulfided ZnO-MoO 3 single oxides mixture at 500°C with 5%O 2 -N 2 gas mixture.300

Table 1

 1 Structural and textural properties of the sulfided sorbents.

		Sulfided ZnO-MoO 3 single	Sulfided ZnMoO 4 mixed
		oxides mixture	oxide
	Crystalline phases (XRD)	ZnS MoO 2 , MoS 2	ZnMoO 3 , ZnS, MoS 2
	Specific surface area	23 m 2 .g -1 (N 2 adsorption isotherm)	2 m 2 .g -1 (Kr adsorption isotherm)
	Sulfur uptake capacity (Weight %)	19	31

  and implies first the formation of the oxisulfide MoOS 2 phase, which decomposition leads to surface MoS 2 layers formation. The bulk of MoO 3 particles is reduced into MoO 2 .

	H 2 S/H 2
	H 2 O

Fig. 12 Schematic representation of the ZnO-MoO 3 single oxides mixture sulfidation process. ZnO: light brown spheres, MoO 3 : light yellow platelets; ZnS: dark yellow spheres, MoO 2 : blue boxes, MoS 2 : black lines.

  3 single oxides mixture is composed of aggregated ZnS particles coating the surface of MoO 2 /MoS 2 facetted crystals. From in-situ XRD characterizations, the following reactions involved in the oxidative regeneration under isothermal conditions at 500°C could be suggested: contact between the solid and the oxidizing gas mixture initiates the oxidation reactions of MoS 2 into MoO 2 then MoO 3 . The heat released from these exothermic reactions might start a direct reaction between ZnS, the freshly formed MoO 3 and O 2 to obtain ZnMoO 4 phase, as the ZnO phase is not detected. This sequence can be summarized , the presence of residual ZnS at the end of the TGA experiments indicates that the oxidative regeneration at 500°C of the sulfided single oxides mixture did not lead to a complete regeneration of pure oxide species. It can be explained by the strong heterogeneity of the sulfided sorbent.As schematized in Fig.25from SEM observations (Cf. Fig.10 and 11), the sulfided ZnMoO 4 mixed oxide is composed by a MoS 2 core mixed with ZnMoO 3 phase, surrounded by a ZnS layer. The following reactions involved in the oxidative regeneration under isothermal conditions at 500°C could be proposed: the contact between the solid and the oxidizing gas mixture initiates the oxidation reactions of MoS 2 and ZnMoO 3 into, respectively, MoO 2 and ZnMoO 4 . As it was observed for the sulfided single oxides mixture, the heat released from these exothermic reactions might initiate a direct reaction between ZnS, the freshly formed MoO 2 and O 2 to obtain the ZnMoO 4 phase. This sequence can be The homogeneity between zinc and molybdenum components, due to sulfided solid core-shell configuration, could explain the complete oxidation of this material, and the formation of ZnMoO 4 . Indeed, thermal energy generated by the oxidation of MoS 2 and ZnMoO 3 phases present in bulk of aggregated particles is evacuated through the ZnS layer, and favor the ZnS oxidation and reaction with molybdenum containing phases and lead to the formation of ZnMoO 4 phase.

	summarized as: 56	
	Firstly, MoS 2 (s) + 3 O 2 (g) → MoO 2 (s) + 2 SO 2 (g),	
		∆ r H = -302 kJ/mol of O 2 (g)
	and, 2 ZnMoO 3 (s) + O 2 (g) → 2 ZnMoO 4 (g),	
	no thermochemical data available on ZnMoO 3
	then, ZnS(s) + MoO 2 (s) + 2 O 2 (g) → ZnMoO 4 (s) + SO 2 (g),
		∆ r H = -355 kJ/mol of O 2 (g)
	Firstly, MoS 2 (s) + 3 O 2 (g) → MoO 2 (s) + 2 SO 2 (g),	
		∆ r H = -302 kJ/mol of O 2 (g)
	then, 2 MoO 2 (s)+ O 2 (g) → 2 MoO 3 (s),	
		∆ r H = -311 kJ/mol of O 2 (g)
	and, 2 ZnS(s) + 2 MoO 3 (s)+ 3 O 2 (g) → 2 ZnMoO 4 + 2 SO 2 (g),
		∆ r H = -370 kJ/mol of O 2 (g)
	O 2 (g) O 2 (g)	O 2 (g) O 2 (g)
	SO 2 (g) SO 2 (g)	SO 2 (g) SO 2 (g)
	Fig Schematic representation of the sulfided ZnO-MoO 3 single oxides regeneration process under isothermal Fig 25 Schematic representation of the sulfided ZnMoO 4 mixed oxide regeneration process under isothermal
	conditions at 500°C. MoO 2 : blue boxes, MoS 2 : black lines, ZnS: dark yellow spheres, Thermal energy: red lines, conditions at 500°C. MoS
	MoO 3 : light yellow shapes; ZnMoO 4 : white shape.	

However2 : black lines on gray surface, ZnS: dark yellow shape, ZnMoO 3 green spots, MoO 2 : blue shape, Thermal energy: red lightnings, ZnMoO 4 : white shape.
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