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Catalytic performances of natural Ni-bearing clay minerals for production of syngas from dry reforming of methane
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The catalytic activity of Ni-bearing clay minerals obtained from natural nickel lateritic ores from Niquelândia, Brazil was evaluated in methane dry reforming reaction at 800°C. These phyllosilicates materials are Ni/Mg smectites with a Ni content of about 23 wt %. The mineralogy and the crystallochemistry of the clay minerals were characterized using X-Ray diffraction and FTIR spectroscopy respectively. Prior to any catalytic test, the clay fraction was extracted from the lateritic ore to concentrate the smectites and remove primary minerals (quartz, pyroxenes) or impurities. In these samples, the Ni is localized in the octahedral layers (structural Ni) and in the interlayer space (exchangeable Ni). To evidence the impact of octahedral or exchangeable Ni, the clays were saturated either with Mg or with Ni. The activity in methane dry reforming is higher with the clay minerals saturated with Ni compared to those saturated with Mg. These results support the hypothesis that both octahedral and exchangeable Ni play a role in the conversion of CH 4 and CO 2 into H 2 and CO. Finally, in situ XRD and TEM analyses were crucial to explain the strong influence of the reduction temperature on the H 2 yield. In these natural nickel lateritic ores, the presence of Fe leads to strong interaction with Ni during the reduction step, which depending on its temperature can result in the loss of catalytic activity.

Introduction

Methane dry reforming (MDR) is a widely studied reaction that is of both scientific and industrial importance as one of the most promising routes for biogas valorization because of the economic and environmental benefits of this process [START_REF] Pakhare | A review of dry (CO2) reforming of methane over noble metal catalysts[END_REF][START_REF] Gao | A review of recent developments in hydrogen production via biogas dry reforming[END_REF][START_REF] Wang | Low-temperature catalytic CO2 dry reforming of methane on Ni-based catalysts: A review[END_REF]. It involves the consumption of two important greenhouse gases, methane and carbon dioxide following the Eq. [START_REF] Pakhare | A review of dry (CO2) reforming of methane over noble metal catalysts[END_REF]. MDR results in the formation of syngas (CO + H 2 gas mixture) having a low H 2 /CO ~1 ratio, a resource for high added-value products such as long chain hydrocarbon through Fischer-Tropsch (F-T) reaction [START_REF] Dry | The Fischer-Tropsch process: 1950-2000[END_REF] or oxygenated chemicals like acetic acid [START_REF] Knifton | Syngas reactions: IX. Acetic acid from synthesis gas[END_REF]. MDR is highly endothermic (ΔH 0 298K = +247 kJ.mol -1 ) and therefore thermodynamically favorable only at high temperatures. Production of syngas by MDR is also governed by the parallel reverse water-gas shift reaction (Eq. ( 2)), which consumes part of the produced H 2 resulting in a decrease of the H 2 /CO ratio. In the appropriate temperature range, MDR reaction is finally affected by competing side reactions, such as methane decomposition (Eq. ( 3)) and Boudouard reaction (Eq. ( 4)) which both promote carbon formation and deposition on catalyst surface. The high temperature required to obtain high syngas yield is also responsible for the sintering of the active site and/or the support [START_REF] Xu | One-Pot Synthesis of Ordered Mesoporous NiO-CaO-Al2O3 Composite Oxides for Catalyzing CO2 Reforming of CH4[END_REF][START_REF] Bradford | CO2 Reforming of CH4[END_REF][START_REF] Yu | The promoting role of Ag in Ni-CeO2 catalyzed CH4-CO2 dry reforming reaction[END_REF][START_REF] Paksoy | A study on characterization and methane dry reforming performance of Co-Ce/ZrO2 catalyst[END_REF][START_REF] Aramouni | Catalyst design for dry reforming of methane: Analysis review[END_REF][START_REF] Marinho | Highly active and stable Ni dispersed on mesoporous CeO2-Al2O3 catalysts for production of syngas by dry reforming of methane[END_REF]. MDR was widely studied on supported noble metal (Ru, Rh, Pd, Pt, Ir) catalysts, which are active and generally resistant to the formation of carbon, but their high costs restrict their industrial application [START_REF] Pakhare | A review of dry (CO2) reforming of methane over noble metal catalysts[END_REF][START_REF] Gao | A review of recent developments in hydrogen production via biogas dry reforming[END_REF][START_REF] Drif | Study of the dry reforming of methane and ethanol using Rh catalysts supported on doped alumina[END_REF][START_REF] Marinho | Pt nanoparticles embedded in CeO2 and CeZrO2 catalysts for biogas upgrading: Investigation on carbon removal mechanism by oxygen isotopic exchange and DRIFTS[END_REF][START_REF] Rezaei | Nanocrystalline zirconia as support for nickel catalyst in methane reforming with CO2[END_REF][START_REF] Hou | Production of synthesis gas via methane reforming with CO2 on noble metals and small amount of noble-(Rh-) promoted Ni catalysts[END_REF]. Non-noble metal (Ni, Mg, Co, Fe…) catalysts have therefore concentrated much attention as low-cost materials in the last decade. Ni-containing catalysts are of particular interest from the industrial point of view, due to the low cost, availability and high activity of Ni, but suffer the critical problem of the deactivation during the reaction due to carbon deposition and sintering of the active components under high temperature [START_REF] Aramouni | Catalyst design for dry reforming of methane: Analysis review[END_REF][START_REF] Fang | Methane dry reforming over Ni/Mg-Al-O: On the significant promotional effects of rare earth Ce and Nd metal oxides[END_REF][START_REF] Marinho | Embedded Ni nanoparticles in CeZrO2 as stable catalyst for dry reforming of methane[END_REF][START_REF] Shi | A review of different catalytic systems for dry reforming of methane: Conventional catalysis-alone and plasma-catalytic system[END_REF][START_REF] Akri | Atomically dispersed nickel as coke-resistant active sites for methane dry reforming[END_REF][START_REF] Ha | Development of Active and Stable Low Nickel Content Catalysts for Dry Reforming of Methane[END_REF].

To improve the catalytic performances and to overcome the sintering of nickel nanoparticles and carbon deposits, the influence of the supports was deeply investigated [START_REF] Gao | A review of recent developments in hydrogen production via biogas dry reforming[END_REF][START_REF] Akri | Highly Active and Carbon-Resistant Nickel Single-Atom Catalysts for Methane Dry Reforming[END_REF]. In addition to good thermal stability and mechanical resistance, the support must have low acidic properties to avoid the deposition of carbon which leads to deactivation of the catalyst [START_REF] Yu | The promoting role of Ag in Ni-CeO2 catalyzed CH4-CO2 dry reforming reaction[END_REF][START_REF] Roger | CHAPTER 1 Design of Advanced Catalysts for Natural Gas Reforming Reactions[END_REF][START_REF] Zhou | A single source method to generate Ru-Ni-MgO catalysts for methane dry reforming and the kinetic effect of Ru on carbon deposition and gasification[END_REF][START_REF] Fan | Tuning the composition of metastable COxNiyMg100-x-y(OH)(OCH3) nanoplates for optimizing robust methane dry reforming catalyst[END_REF][START_REF] Li | Loading Ni/La2O3 on SiO2 for CO methanation from syngas[END_REF][START_REF] Li | Dry reforming of methane over Ni/La2O3 nanorod catalysts with stabilized Ni nanoparticles[END_REF][START_REF] Lovell | Enhancing Ni-SiO2 catalysts for the carbon dioxide reforming of methane: Reduction-oxidation-reduction pre-treatment[END_REF]. MgO, CaO and CeO 2 rank among the best supports to prevent carbon formation as confirmed by the study of Yamazaki et al. [START_REF] Yamazaki | Reduction of by Methane with Nion-Mgo-Cao Containing Catalysts[END_REF] on the Ni/MgO-CaO catalyst which reported that carbon deposition can be avoided by using metal oxides with Lewis basicity as supports.

Among the materials containing both Ni and basic properties, the clay minerals appear as an attractive option for MDR reaction. Such materials were already investigated in green and sustainable catalysis processes because they are naturally available, green, and inexpensive [START_REF] Lafaye | Impact of cerium-based support oxides in catalytic wet air oxidation: Conflicting role of redox and acid-base properties[END_REF][START_REF] Hadjltaief | Efficient removal of cadmium and 2-chlorophenol in aqueous systems by natural clay: Adsorption and photo-Fenton degradation processes[END_REF][START_REF] Hao | Zr-Laponite pillared clay-based nickel catalysts for methane reforming with carbon dioxide[END_REF]. Iwasa et al. studied the performances for MDR reaction of catalysts based on smectite containing metals such as Mg, Fe, Co or Ni, obtained by hydrothermal synthesis method [START_REF] Iwasa | Preparation and application of nickel-containing smectite-type clay materials for methane reforming with carbon dioxide[END_REF]. The results showed that smectite-based catalysts containing Ni are logically more active for the reforming reaction than smectites containing Fe, Co or Mg, for which conversion rates were less than 2%. In contrast, the smectite-type catalyst containing Ni exhibits a conversion five times greater than that of the reference Ni/SiO 2 catalyst (35% wt. % Ni) prepared by an impregnation process. Gamba et al. [START_REF] Gamba | Catalytic performance of Ni-Pr supported on delaminated clay in the dry reforming of methane[END_REF] used nickel-based catalysts promoted with praseodymium (1, 3 or 5 wt. % Pr) supported on Al-intercalated clay materials.

The intercalation was assisted by microwave and polyvinyl alcohol (PVA). The results

showed that Pr has a promoting effect on the MDR activity of the catalysts by increasing the conversion of CH 4 and CO 2 specifically for 3 wt % nominal content. However, coke formation correlated with praseodymium content and was detrimental when catalysts were calcined at 500°C. Finally, a calcination at 800°C resulted in a good stability for the most active sample. Wang et al. [START_REF] Wang | Preparation, characterization, and catalytic properties of clay-based nickel catalysts for methane reforming[END_REF] studied montmorillonite intercalated by single aluminum atoms (Al-PILC) and mixed lanthanum and aluminum atoms with La-Al = 1: 5 (LaAl PILC)

as the catalyst support with 5% nickel. The catalytic tests in MDR, carried out between 500 and 800 ° C with CO 2 /CH 4 = 1 revealed the beneficial effect of adding lanthanum. The introduction of lanthanum improved the basicity of the catalyst resulting in an enhancement of the catalytic activity, whereas no improvement was observed in terms of stability. Similarly, the beneficial effect on the catalytic activity of the cerium content (with optimum at 3wt % Ce) was investigated by Daza et al. for nickel (10 wt. %) supported on delaminated natural clay material [START_REF] Daza | High-Stable Mesoporous Ni-Ce/Clay Catalysts for Syngas Production[END_REF]. Liu et al. [START_REF] Liu | Natural clay-based Ni-catalysts for dry reforming of methane at moderate temperatures[END_REF] showed an effect of reduction temperature on natural Nibased clay minerals (from Tunisia) modified with Fe and Cu. The catalysts were reduced at 800 or 900°C before MDR tests. The results of the different studies showed that the reduction temperature has a great influence on the catalytic activity, the better performances were obtained with the catalysts reduced at 800°C. The increase in the reduction temperature to 900°C resulted in a decrease in Ni particles size from 15.2 to 8.1 nm; the largest particle size being observed for the most active catalyst. Among the catalysts reduced at 800°C, the most active sample was obtained for Ni-Ce/Cu-Clay composition. The authors emphasized for this sample the importance of the presence of either weak or medium-strength basic sites.

In the auto-thermal reforming of methane, Akri et al., presented the influence of lanthanum and cerium supported on natural illite [START_REF] Akri | Novel nickel promoted illite clay based catalyst for autothermal dry reforming of methane[END_REF][START_REF] Akri | Development of nickel supported La and Ce-natural illite clay for autothermal dry reforming of methane: Toward a better resistance to deactivation[END_REF]. The results showed the promoting effect of Ce on the activity of the catalysts; the addition of cerium significantly increased the specific surface area of the catalyst and the nickel dispersion at the illite surface. Adding cerium to illite also increased the resistance to carbon deposition [START_REF] Liu | Natural clay-based Ni-catalysts for dry reforming of methane at moderate temperatures[END_REF]. On the other hand, the addition of La had a positive effect on activity and stability by inhibiting the formation of FeNi 3 alloy (from the illite support), this alloy being less active than metallic Ni [START_REF] Akri | Novel nickel promoted illite clay based catalyst for autothermal dry reforming of methane[END_REF]. It is then worth noting that the main clay minerals used in catalytic reforming of methane are modified natural clays with addition of active element or synthetic clays [START_REF] Wang | Recent advances during CH4 dry reforming for syngas production: A mini review[END_REF].

The present work aimed at understanding the origin of the performance (activity and stability) of natural Ni-rich clays minerals (originated from Niquelândia in Brazil). The Niquelândia deposit, located in Goiás state, is one of the best known because of its very large quantity of nickel, contained in silicate and in oxidized ores (Figure . S1) [START_REF] Colin | The Initial Lateritic Weathering of Pyroxenites from Jacuba, Niquelandia, Brazil[END_REF][START_REF] Deoliveira | Lateritic Nickel Deposits of Brazil[END_REF]. In Niquelândia deposits, nickel is present in the structure of the clay minerals of the smectite group in substitution to Mg. The clays minerals correspond to a complex mixture of di-and tri-octahedral smectites [START_REF] Colin | The Initial Lateritic Weathering of Pyroxenites from Jacuba, Niquelandia, Brazil[END_REF][START_REF] Deoliveira | Lateritic Nickel Deposits of Brazil[END_REF][START_REF] Mano | MINERALOGICAL CHARACTERIZATION OF Ni-BEARING SMECTITES FROM NIQUELANDIA[END_REF][START_REF] Raous | Mobility of metals in nickel mine spoil materials[END_REF]. The di-octahedral smectites (Figure . 1b) are found in small quantities in the limonite ore corresponding to the upper part of the deposit. These smectites are iron-rich montmorillonite containing Fe 3+ as the main cation in the octahedral sheet and Si 4+ substituted in a small proportion by Al 3+ cation in the tetrahedral sheets. These smectites contain low Ni content as Fe 3+ substitution. The tri-octahedral smectites of the stevensite group are present in silicate ores in the bottom of the deposit (Figure . 1a). Si 4+ cations are dominant in the tetrahedral sheet (no substitution). These smectites contain various amounts of Ni 2+ in the octahedral sheets in substitution of Mg 2+ due to a similar valence and ionic radius [START_REF] Mano | MINERALOGICAL CHARACTERIZATION OF Ni-BEARING SMECTITES FROM NIQUELANDIA[END_REF][START_REF] Mano | Ni-smectitic ore behaviour during the Caron process[END_REF]. It is worth noting that small content of Fe 3+ may be also present in the octahedral sheets of trioctahedral smectites. In both di-octahedral and tri-octahedral smectites, Mg 2+ , Ni 2+ , and Ca 2+ are the main exchangeable cations. As a result, in the smectite of the Niquelândia deposits, nickel is located in the octahedral sheet (octahedral Ni 2+ ) or as an exchangeable cation in the interlayer space (exchangeable Ni 2+ ).

The present study was focused on the behavior of Ni 2+ cations present in tri-octahedral smectite in the conditions of MDR reaction. The reducibility of this element and the influence of the presence of exchangeable Ni 2+ were particularly investigated. The interactions between Ni 2+ and Fe 3+ under reducing atmosphere were also studied and correlated with the catalytic performances. 

Experimental

Materials.

The raw tri-octahedral smectite used in the present study is denoted hereafter as AS-ANi3

sample with reference to a previous reported work [START_REF] Mano | Ni-smectitic ore behaviour during the Caron process[END_REF].

Purification of natural clay sample

The clay fraction (<2µm) of the lateritic ore is extracted to concentrate the smectite and remove primary minerals (quartz, pyroxenes) or impurities. Indeed the natural ore is constituted of a very complex matrix of minerals as observed by XRF analysis (Table S1).

The practical method for achieving this goal involves three steps:

(1) The dispersion of the samples by saturation with Na + was performed from 10 g of sample brought into contact with 100 mL of a 1 M NaCl solution to replace the exchangeable cations of the samples by Na + followed by dispersion with ultrasound for 30 seconds. A total of three contacts of at least 24 hours each were made with stirring.

(2) The removal of the excess of sodium chloride by washings carried out with Milli-Q® ultrapure water (18 MΩ.cm) followed by centrifugation (at 4500 rpm). A silver nitrate test was used to verify the effectiveness of the washing procedure. At least four washing steps were necessary to remove the excess of salts.

(3) Then the separation of the <2 µm fraction was carried by centrifugation according to the Stockes law. The parameters of the extractions were adjusted according to the centrifuge used. (Sorvall Legend XFR centrifuge, 1000 rpm, 2 min 30 s). Finally, the clay suspensions were dried in an oven, heated at 60 ° C for two days.

The clay fraction (<2 µm) obtained from this extraction procedure is hereafter denoted: AS-F (Na). Such a fraction only contained Na + in the interlayer space.

The extraction of <2 µm fraction was also done after saturation with a solution of nickel chloride NiCl 2 (1 mol L -1 ) or magnesium chloride solution MgCl 2 (1 mol L -1 ) following the same protocol. The corresponding samples that only contained Ni 2+ or Mg 2+ in the interlayer space will be denoted AS-F (Ni) and AS-F (Mg) respectively.

Cation exchange in the interlayer space

To study the effect of the nickel position in the structure of the clay minerals (i.e. octahedral vs. exchangeable), the AS-F (Na) clay fraction was subsequently saturated with nickel. In the same way as described above, the samples were brought into contact with NiCl 2 (0.5 mol L -1 ) solution, dispersed with ultrasound and stirred one hour before being centrifuged (Centrifuge Sigma 3-16 L centrifuge, 3.300 rpm, 10 min). Five saturation steps were carried out followed by five stages of washing with osmosed water until the absence of chlorides. Finally, the Nisaturated sample is dried at 60°C for 1 day. The sample obtained is noted: AS-F (Na-Ni).

Characterization

The metal loadings present in the clay materials were analyzed by inductively coupled plasma optical emission spectroscopy (ICP-OES) on a PerkinElmer Optima 2000 DV apparatus. For ICP measurements, the samples were mineralized using a mixture of HNO 3 and HCl as well as microwave activation.

The mineralogy of the clay fraction was characterized by X-ray Diffraction using a Bruker D8 advance diffractometer equipped with a copper tube (CuKα, 40 kV, 40 mA). The powder diffractograms were acquired between 2 and 65 ° 2θ with a step of 0.025 ° 2θ and a counting time of 0.6 s. To better identify clay minerals, oriented preparations were prepared by depositing a small amount of suspension prepared with 25 mg of dried samples brought into contact with 3 mL of ultra-pure water and then disaggregated by ultrasound for 30 s. The suspension was stirred for two days before being deposited on a glass slide. The clay mineral film should be sufficiently thick (10 mg/cm 2 ) to ensure infinite thicknesses for X-rays. The oriented preparation enhances 00l reflections series and measurement of layer thickness that is specific of clay mineral groups. The XRD patterns were recorded both in an air-dried (AD) state and after ethylene glycol solvation (EG, vapour at 50ºC overnight) using the same equipment with steps of 0.025 ° 2θ and a counting time of 0.6 s over the range 2 -35 ° 2θ.

The in situ X-ray diffraction was performed in a Bruker D8 Advance X-ray powder The specific surface areas (S BET ) and pore volume were determined by nitrogen adsorptiondesorption isotherm obtained at -196°C using a Tristar 3000 Micromeritics apparatus. Prior to adsorption experiments, the samples were outgassed at 250°C under vacuum overnight. The specific surface area was calculated using the BET equation and pore size distribution was obtained using the BJH method.

Hydrogen Temperature-Programmed Reduction (H 2 -T ) e periments were performed with a Micromeritics AutoChem . The samples ( 120 mg) were first outgassed under pure Ar (30 mL/min) at 300°C for 30min with the heating rate of 10°C min -1 . The samples were then cooled to 50°C under Ar (30 mL min -1 ) for 10 min. Finally, TPR was performed from 50°C to 700 or 900°C for 1 hour under a flow of diluted hydrogen (10% H 2 /Ar, 30 mL min -1 ) with a heating rate of 5°C min -1 .

Transmission Electron Microscopy (TEM) observations were done using a TEM/STEM JEOL 2100 UHR 0.19 nm resolution, equipped with an Energy-Dispersive spectrometer EDS and High-Angle Annular Dark-Field HAADF. The samples were either dispersed in ethanol or dispersed in Milli-Q® ultra-pure water (18 MΩ.cm) by ultrasound. TEM images were then processed using ImageJ software.

A scanning electron microscope (SEM JEOL/MP JSM-IT500 15 kV, probe current 1nA, 11mm working distance), equipped with an Energy Dispersive Spectrometer (EDS BRUKER X-Flash 4010) was used in backscattered electron mode The chemical analyses were (counting time 60 s.) carried out on the raw sample (AS-ANi3) previously compressed to form a pellet 5 mm in diameter and 1 mm thick coated with a layer of carbon.

Methane Dry Reforming: Catalytic test

The catalysts were tested in catalytic methane dry reforming under different experimental conditions in order to study their performances in a pilot described in detail in [START_REF] Gomes | Study of the main reactions involved in reforming of exhaust gas recirculation (REGR) in gasoline engines[END_REF]. In a typical experiment, 150 mg of catalyst (with a diameter of grains between 40 and 100µm) diluted with 150 mg SiC and packed between quartz wool plugs were introduced in a quartz fix-bed reactor at atmospheric pressure. The pressure of the reactor was controlled online by a pressure sensor (Keller PR21S, 0-5 bar) to verify the absence of pressure drop. In a first step, the catalyst sample was reduced in situ under a flow of pure H 2 with a ramp rate of 10 °C min - 1 . A reactant mixture containing CH 4 /CO 2 /N 2 = 1/1/0.5 molar ratio was switched into the catalyst bed. The temperature of reduction as well as the flow-rate of each reactant and the temperature of reaction varied according to the studied parameters and will be detailed later in the text. The outlet gas is analyzed online using two Varian GC: one, with He as carrier gas, equipped with three columns (13X Molecular Sieve, two Porapak Q) and two FID and one TCD detectors to determine the concentration of CH 4 , CO 2 , CO and N 2 ; the other GC was dedicated to the H 2 analysis, with Ar as carrier gas, equipped with a 5A Molecular Sieve column and a TCD detector.

The calculations for the quantification of CH 4 conversion (X CH4 ), CO 2 conversion (X CO2 ), the H 2 yield (Y H2 ) and H 2 /CO molar ratio are described in Eq. 5, Eq. 6, Eq.7 and Eq. 8

respectively where F x is the molar flow of component x. The molar flow was obtained by an external calibration of each gas, using the total flow-rate analyzed online by a flow-meter (Ritter) installed in the outlet gas position and confirmed by the N 2 used as an internal standard. CH 

H 2 CO = (F H 2 ) out (F CO ) out Eq. ( 8 
)
The yield of C in the dry reforming of methane (considered as the amount of coke formed) was calculated by closing the C balance

Results and discussion

Characterization of materials

Chemical composition

The elemental analysis was determined using ICP-OES analysis of Ni, Na, Mg and Fe elements (Table 1). Raw AS-ANi3 fraction exhibits a high content of Ni (23.8 wt. %) which can be located in the octahedral sheets, the interlayer spaces and the primary minerals as well.

The success of the cation exchange in the interlayer space is verified since the Na and Mg contents are respectively higher in AS-F (Na) (0.76 wt. % Na) and AS-F (Mg) ( 

Structural and textural characterizations

The The IR spectrum of AS-ANi3 sample, recorded in the wavenumbers range between 400 and 4000 cm -1 , is shown in Figure . 3. The bands at 710 cm -1 and 660 cm -1 , respectively assigned to Ni 3 OH and Mg 3 OH, confirm the tri-octahedral character of the smectite and the presence of Mg and Ni in the octahedral sheet (Mg/Ni stevensite) as described by Mano et al. [START_REF] Mano | MINERALOGICAL CHARACTERIZATION OF Ni-BEARING SMECTITES FROM NIQUELANDIA[END_REF].

In the range 3000 -3800 cm -1 corresponding to the stretching vibrational region of the hydroxyl groups (Ni and /or Fe and/or Mg)-OH, the absorption bands at 3575 and 3624 cm -1 are assigned to Fe 3+ Mg 3 OH and Ni 3 OH respectively. rigid aggregates of plate-like particles [START_REF] Thommes | Physisorption of gases, with special reference to the evaluation of surface area and pore size distribution (IUPAC Technical Report)[END_REF]. The specific surface area (S BET ) is similar for both samples with 68 and 66 m 2 g -1 for AS-ANi3 and AS-F (Na) respectively (Table 2). H 2 -TPR was also performed on AS-F (Na) sample (Figure . S6). The similarity between the H 2 -TPR profiles observed for AS-F (Na) and AS-ANi3 samples demonstrates that the absence of Ni 2+ in the interlayer space does not influence the redox behavior of the clay minerals. The reducible species (mainly Fe and Ni) at the origin of the H 2 consumption are therefore located in the octahedral sheets of the clay material. The absence of peak at high temperature on the H 2 -TPR profile of AS-F (Na) fraction for which primary minerals are supposed to be eliminated confirms the assignment of the peak at 810°C observed for AS-ANi3 sample. In-situ XRD patterns, recorded at room temperature (RT), 500, 600 and 700 °C, were analyzed to complete the understanding of AS-ANi3 reducibility (Figure. Transmission electron microscopy was used to compare the morphology of the Ni particles size depending on the temperature of reduction. AS-F (Na) sample was chosen for this characterization to limit the presence of primary minerals for the analysis. The pictures of AS-F (Na) reduced at 500°C and 700°C are presented on the Figure 6(a) and 6(b) respectively.

After reduction at 500°C, the crystalline structure of the smectite is preserved (upper image showing veil-like particles typical of smectite material) and a small quantity of particles is formed. Conversely, for the sample reduced at 700°C, the results showed that the crystalline structure of the smectite is altered and that the sample exhibits a large number of particles.

These results, therefore, suggest that a reduction at 700°C induces the destruction of the smectite structure and the formation of larger particles. It is confirmed with the zoom made on various particles even if small particles below 10 nm are visible for both temperature of reduction. The EDS analysis was used on various spots (white circles on the pictures) and relative mass Ni/Fe ratios were obtained. The corresponding values are given in the tables below the pictures of the Figure 6. On the basis of ICP result, the global mass Ni/Fe ratio expected for AS-F (Na) fraction is 5.15. It matches well with the ratio obtained for EDS5

analysis which corresponds to a very large spot (1 µm diameter) on AS-F (Na). However, by focusing the EDS analyses on small particles (10-20 nm), one can see that the Ni/Fe ratios obtained on AS-F (Na) reduced at 500 °C are high (EDS 1-4) whereas the ratios are around 3

for the sample reduced at 700°C (EDS 6-8). These results corroborate the hypothesis that increasing the temperature of reduction would promote the formation of FeNi 3 alloy clusters. 

Catalytic performances

Behavior of the bare AS-ANi3 material

In a first set of experiments, AS-ANi3 sample (150 mg) was reduced at 700°C during 1 h under pure H 2 flow, heated under pure N 2 flow to 800°C and tested at 800°C with 87.5 mL.min -1 of gas mixture containing CH 4 /CO 2 /N 2 = 1/1/0.5 (Weight Hourly Space Velocity, WHSV = 35000 mL h -1 g -1 ). Between 700°C (plateau of reduction) and 800°C (temperature of reaction) the sample was thus flushed with pure N 2 . The results obtained in terms of reactant conversion and yield in H 2 are reported in the Figure . 7. One can see that the catalytic performances obtained in these conditions of reaction are quite low. AS-ANi3 fraction exhibits 29% conversion of CH 4 and 0.4 mol H 2 /mol CH 4 introduced after 3 hours of time on stream. A slight deactivation is observed during these 3 hours, the materials presenting 35% conversion after the first 30 min of reaction. In addition, it should be noted that the conversion of carbon dioxide (X CO2 = 44%) is greater than that of methane (X CH4 = 29%). This shows that the ore promotes the reverse water gas shift (RWGS) Eq. ( 2), which is consistent with the observed H 2 /CO ratio inferior to 1. The improvement of the catalytic performances was obtained by increasing the contact time between the reactant mixture and the catalyst. The total flow rate of the reactants was decreased from 87.5 to 43.7 mL min -1 and the mass of catalyst kept constant at 150 mg. As a consequence by decreasing the WHSV value from 35000 to 17500 mL h -1 g -1 , both CH 4 and CO 2 conversions increased from 29 to 49% and 44

to 63 % respectively. The difference of contact time has no influence on the occurrence of the RWGS reaction since the H 2 /CO ratio is preserved. It is worth noting that at WHSV = 17500 mL h -1 g -1 , the H 2 yield obtained is close to 0.8 mol per mol of CH 4 introduced which is still far from the expected yield at the thermodynamic equilibrium (1.6 mol or 1.8 mol of H 2 depending on the consideration of C as a product in the thermodynamic calculations; Table .   S2). The effect of the reaction temperature on the AS-ANi3 catalyst has been studied by varying the temperature of reaction between 700, 750, and 800°C with WHSV maintained at 17500 mL h -1 g -1 (Figure . S8). The highest conversion of CH 4 is logically reached at the highest temperature 65% at 800°C. The lowest deactivation is also observed for the test at 800°C. Indeed the formation of carbon is classically decreased at high temperature where the conversion is high [START_REF] Roger | CHAPTER 1 Design of Advanced Catalysts for Natural Gas Reforming Reactions[END_REF].

On the basis of the results obtained from H 2 -TPR and in situ XRD, a study comparing the catalytic performances depending on the pre-reduction temperature was performed. Figure . 8

shows a remarkable impact of the temperature of pre-reduction under pure H 2 on the conversion of the reactants and product yields: an optimum of activity appears with a reduction at 500°C. The sample pre-reduced at 700°C exhibits a similar behavior as the one directly heated under reactant mixture, with 50% of CH 4 conversion. When pre-reduced at 400 or 600°C, the conversion reaches 70% while after reduction at 500°C a maximum of methane conversion is obtained with 80%. In fact, by increasing the reduction temperature from 500°C to 700°C, the conversion of the reactants decreases by 30% whereas the yield in H 2 decreases by 50%. The difference between the drop of methane conversion and H 2 yield is explained by the higher activity in RWGS reaction when the sample is reduced at 700°C. This could be explained by the fact that at 500°C the structure of the clay is very little altered.

Moreover, on the basis of the TPR results, it was shown that 500°C corresponded to the 

Behavior of the -AS-ANi3 saturated with different interlayer cations

The AS-ANi3 sample was then modified to better understand the location of the Ni active sites inside this natural ore. The impact of the reduction temperature was also investigated by pre-treating the materials using two temperatures of reduction, which gave strong differences on AS-ANi3 sample: 700 °C and 500°C. A first step consisted in treating the sample by replacing interlayer cations with Na + in order to recover the smectite fraction (without secondary phases) with particle size inferior to 2 µm. As shown by elemental analyses ( although sodium is rather presented as a promoter in the literature in particular since it would limit the coke deposition [START_REF] Nemeth | Na-promoted Ni/ZrO2 dry reforming catalyst with high efficiency: details of Na2O-ZrO2-Ni interaction controlling activity and coke formation[END_REF]. Then, for the sample saturated with Ni 2+ two protocols were The best catalytic performances over AS-ANi3 (raw ore) being obtained for a reduction pretreatment at 500°C, catalytic tests over clay fractions saturated with various cations were repeated in order to study the effect of the interlayer cation under the optimal conditions determined previously (P = 1 atm, F = 43. These new results of catalytic tests, therefore, seem to show that after pre-reduction at 500 ° C, the exchangeable nickel does not have a tremendous impact on the catalytic activity of the catalysts contrary to the conclusion obtained after reduction to 700 °C. Indeed, a noticeable difference is observed in the catalytic performances of the AS-F (Na) clay fraction containing sodium in the interlayer space and in which the Ni is only present in the octahedral sheets.

While it is only very slightly active in the case of a pre-reduction at 700 °C ( CH 4 = 13%, C = 24% and H 2 = 0.01 mol /mol of CH 4 ), it shows, after reduction at 500 °C, the best catalytic performances CH 4 = 84%, C = 95% and H 2 = 1.61 mol /mol of CH 4 (Table S2). In view of the high conversion values, close to those expected at thermodynamic equilibrium, when pre-reduction at 500°C is undertaken, a new set of experiments was carried out by decreasing the contact time (75 mg catalyst, WHSV = 35000 mL g -1 h -1 ). The results of the tests, presented in Figure . 10, logically reveal that, whatever the sample tested, the catalytic performances decrease when the catalyst mass decreases and consequently for The TEM analysis was also performed for the AS-F (Na) fraction (reduced at 500°C and 700°C) after the MDR reaction (Figure . 11). The crystalline structure of the smectite is completely altered which is expected since the temperature of the reaction was 800°C.

Furthermore, the Ni-Fe-containing particles noticeably grew compared with the pictures collected before the reaction (Figure . 6) with size estimated between 20 nm and 80 nm for the AS-F (Na) sample reduced at 700 °C and between 15 nm and 50 nm when reduced at 500 °C.

The TEM images also show some carbon nanotubes present after the catalytic test for the catalyst reduced at 500°C. This is a well-known drawback for active catalyst in MDR when [START_REF] Kustov | CO methanation over supported bimetallic Ni-Fe catalysts: From computational studies towards catalyst optimization[END_REF][START_REF] Huynh | Promoting effect of Fe on supported Ni catalysts in CO2 methanation by in situ DRIFTS and DFT study[END_REF]. It is reinforced by the previous studies which clearly reported that FeNi 3 alloy is less active than the dispersed particles of metallic Ni [START_REF] Akri | Novel nickel promoted illite clay based catalyst for autothermal dry reforming of methane[END_REF]. In the present study, the different characterization techniques corroborate that the reduction at 700°C which can be the subject of a future investigation.

Conclusion

The catalytic performances of Ni-bearing clay minerals obtained from natural nickel lateritic ores from Niquelândia (Brazil) were investigated in methane dry reforming reaction. The raw material, AS-ANi3, directly extracted from the Niquelândia deposit was studied. XRD, FTIR, and XRF/ICP analyses showed that the material is composed of tri-octahedral smectites of the stevensites group with 23.8 wt% Ni and 1.67 wt% Mg located within the octahedral sheets (octahedral Ni) and the interlayer space (exchangeable Ni). The ore also contained 5.20 wt% Fe present in the octahedral sheets. This variety of elements can also be present in other primary minerals that composed the raw ore. An extraction procedure enabled the

CO 2 +

 2 CH 4 ↔ 2H 2 + 2CO (ΔH 0 298K = +247 kJ mol -1 )Eq.

Figure. 1 .

 1 Figure. 1. Tri-octahedral (a) and di-octahedral (b) structures of smectite from Niquelândia deposit [42].

  diffractometer operated at 40 kV and 40 mA, using CoKα radiation (λ = 1.790307 Å), equipped with a Position Sensitive Detector, VANTEC-1, kβ filter (Ni), used in scanning mode. The 2θ range analyzed was 3 to 70°, step of 0.025°, step time equal to 2 s. The flow of reduction was composed of 10 % H 2 /He and the XRD patterns were collected at different temperatures (room temperature, 300 °C, 500 °C, 600 °C, 700 °C and room temperature after reduction).

  powder XRD pattern of the AS-ANi3 sample shows the presence of three major phases, enstatite (MgSiO 3 ), quartz (SiO 2 ) and smectite (Figure. S2). The position of the reflection at 1.52-1.53 Å (60-61 ° 2) indicates that the smectites are tri-octahedral smectite which is in good agreement with the chemical composition obtained by SEM-EDS plotted in Si -Mg+Ni -Fe+Al ternary diagram (Figure. S3). The XRD oriented pattern of the air-dried AS-F (Na) fraction, shown in Figure. S4, reveals an intense and wide (001) reflection at 12.5 Å and a less intense (003) reflection at 3.15 Å, characteristic of the smectite sample saturated with Na + . After solvation with ethylene glycol (EG), the basal spacing expanded from 12.5 Å to 16.5 Å due to the incorporation of two layers of EG in their interlayer space corresponding to a typical behavior of smectite [42]. The peak at 8.5 Å was attributed to the (002) reflection of smectite in EG-solvated state. The other diffraction peaks related to quartz or enstatite are almost undetectable. This is indicative of the removal of primary minerals and the concentration of the smectite in this AS-F (Na) sample. The XRD oriented patterns for AS-ANi3 and fractions with different exchangeable cations (AS-F (Na), AS-F (Mg), AS-F (Ni), AS-F (Na-Ni)) are represented in Figure.2. As expected, the position of the characteristic (001) reflection for the smectite depends on the cation present in the interlayer space. It is observed at 12.5 Å for the AS-F (Na) and at 15 Å for the samples saturated with divalent cations (Ni 2+ , Mg 2+ ). The (001) reflection at 15 Å for AS-F (Na-Ni) shows that Na + is re-exchanged by Ni 2+ in the second step of cation exchange. The presence of peaks characteristic of amphibole, enstatite and quartz on As-F (Mg) and AS-F (Ni) diffractogramms indicates that the extraction/concentration of < 2 µm smectites is more efficient with NaCl 2 than with MgCl 2 or NiCl 2 .

Figure. 2 :

 2 Figure. 2: XRD oriented patterns of (a) AS-ANi3; (b) AS-F (Na); (c) AS-F(Mg); (d) AS-F (Ni) and (e) AS-F (Na-Ni); A: Amphibole (Actinolite: Ca 2 (Mg,Fe II ) 5 Si 8 O 22 (OH) 2 ,PDF n°01-080-0521 -Tremolite: Ca 2 (Mg) 5 Si 8 O 22 (OH) 2 , PDF n°00-009-0437) ; Q : Quartz (SiO 2 , PDF n°01-085-1054) ; E : Enstatite (MgSiO 3 , PDF n°00-022-0714)

Figure. 3 :

 3 Figure. 3: FTIR spectrum of AS-ANi3 sample

Figure. 4 :

 4 Figure.4: H 2 -TPR profile of AS-ANi3 sample.

  S7 and Figure. 5). The in situ XRD patterns were registered using a cobalt anode and the sample support of the device is made of Kanthal (FeCrAl alloy) characterized by an intense peak at 2= 51.9° that shifts to lower angle values with increasing temperatures. The diffraction pattern recorded at room temperature (RT) presents the peaks related to the smectite, amphibole (actinolite: Ca 2 (Mg,Fe II ) 5 Si 8 O 22 (OH) 2 -Tremolite: Ca 2 (Mg) 5 Si 8 O 22 (OH) 2 ), pyroxene (enstatite: Mg 2 Si 4 O 10 ). In these minerals part of Mg can be substituted by Ni. The 5-35 ° region reported in the Figure. S7 displays the thermal behavior of the smectite. The diffractograms collected at higher temperature show a progressive shift of the peak 001 of the smectite from 12.5 Å at room temperature towards 10 Å at 500°C. This corresponds to a collapse of the smectite by dehydration of the interlayer space and partial dehydroxylation. There is also a decrease in the diffracted intensities at higher temperatures which corresponds to a destruction of the structure of the smectite (formation of amorphous phases). The range 2= 30-65° is shown on the Figure 5 to have a focus of the diffraction peaks expected for metallic Ni. The diffractogramm monitored at RT after heating was also added to take into account the angle shift due to the temperature. The comparison of the two diffractograms collected at RT before and post-heating ramp under H 2 clearly reveals that the reduction process leads to the Sample H 2 -consumption (mmol H 2 /g) estimated on the basis of NiO and Fe2O3 reduction to Ni 0 and Fe 0 taking into account the Ni and Fe contents determined by ICP-OES broadening of the X-ray peak of Kanthal support around 51.9° and the appearance of a new wide and less intense peak around 2= 61°. These peaks are characteristic of the formation of metallic Ni clusters but the reflections expected for FeNi 3 alloy are very close[START_REF] Marinho | Highly active and stable Ni dispersed on mesoporous CeO2-Al2O3 catalysts for production of syngas by dry reforming of methane[END_REF][START_REF] Kim | Cooperativity and Dynamics Increase the Performance of NiFe Dry Reforming Catalysts[END_REF].Considering the high content of Ni compared to Fe loading in AS-ANi3, it is reasonable to conclude that isolated small metallic Ni particles appears from 600°C (peaks at 52.1° (100% relative intensity) and 60.9° (45%), ICDD-PDF n°01-070-1849). Because of the width of the diffraction peaks, the formation of FeNi 3 is also speculated ((peaks at 51.5° (100%) and 60.3° (45%) ICDD-PDF n°03-065-3244).

Figure. 5 :

 5 Figure. 5: In situ XRD patterns of AS-ANi3 sample under H 2 from room temperature (RT) to 700°C and return to RT. Q : Quartz (SiO 2 , PDF n°01-085-1054) ; E : Enstatite (MgSiO 3 , PDF n°00-022-0714); Ni (metallic Ni, PDF n°01-070-1849); FeNi 3 (PDF n°03-065-3244) ; * : Kanthal support of environmental chamber.

Figure. 6 :

 6 Figure. 6: TEM pictures associated to EDS analysis of AS-F (Na) sample reduced under H 2 at (a) 500 °C and (b) at 700°C.

Figure. 7 :

 7 Figure. 7: Catalytic performances of AS-ANi3 ore in MDR reaction depending on WHSV at 800°C (m = 150 mg and P = 1 bar); (a): CH 4 conversion (%); (b): CO 2 conversion (%); (c): yield in H 2 (mol/mol CH 4 ) and (d): yield in CO (mol/mol CH 4 ).

  beginning of the reduction peak for the reduction of Ni while at 700°C reduction of both Ni and Fe cation was reached with the possible formation of Fe-Ni alloy at high temperatures 700°C. A 7h duration catalytic test was performed after pre-reduction of the AS-ANi3 material at 500°C which confirms the high activity in these conditions of pre-treatment even if a slight deactivation is noticeable with time-on-stream (Figure. S9).

Figure. 8 :

 8 Figure. 8: Catalytic performances of AS-ANi3 sample in MDR reaction depending on the temperature of reduction under flow of pure H 2 (150 mg catalyst, WHSV = 17500 mL g -1 h -1 , T = 800°C; comparison is made with heating under the reactant mixture); (a) CH 4 conversion; (b) CO 2 conversion; (c) yield in H 2 and (d) yield in CO.

  used, (i) a direct saturation of raw AS-ANi3 sample with NiCl 2 and extraction of the < 2 µm fraction (AS-F (Ni)); an extraction of the < 2 µm fraction after Na saturation followed by an exchange of Na + by Ni 2+ (AS-F (Na-Ni)). The catalytic behavior of AS-F (Ni) sample is very similar to the one of the raw AS-ANi3 ore despite the small decrease of Ni content likely due to the removal of Ni-containing primary minerals. AS-F (Na-Ni) sample exhibits the highest conversion of CH 4 with 64% and the highest H 2 yield with 1.15 mmol H 2 produced because of a better initial activity and a better stability during the 2h of time on stream. The H 2 /CO ratio calculated for AS-F (Na-Ni) sample is very close to the ratio expected at the thermodynamic equilibrium. It means that on this sample, the RWGS reaction is not favored.

Figure. 9 :

 9 Figure. 9: Catalytic performances of all samples in MDR reaction at 800°C after reduction at 700°C (150 mg catalyst, WHSV = 17500 mL g -1 h -1 ) (a) CH 4 conversion; (b) CO 2 conversion; (c) yield in H 2 and (d) yield in CO.

  7 mL/ min, CH 4 /CO 2 /N 2 = 1/1/0.5, T (reduction) = 500°C, T (reaction) = 800°C, WHSV= 17500 mL.h -1 .g -1 ). The results presented in Figure. S10 and in Table. S2, show that the catalytic performances completely differ when the temperature of reduction is limited to 500°C with high CH 4 conversion values around 85 % for all the samples close to the values expected at the thermodynamic equilibrium. The distribution of products obtained from raw ore and clay fractions containing nickel and magnesium (AS-F (Ni), AS-F (Mg), and AS-F (Na-Ni)) are almost similar.

  shorter contact time. However, the interest of these last experiments with conversion and yield values which are moving away from thermodynamic equilibrium is to better observe the differences between the samples. It is then confirmed that the best performances are observed for the sample AS-F (Na-Ni), i.e. the fraction which contains Ni cations within the interlayer space and the octahedral sheets.

Figure. 10 :

 10 Figure. 10: Catalytic performances of all samples in MDR reaction at 800°C after reduction at 500°C (75 mg catalyst, WHSV = 35000 mL g -1 h -1 ) as a function of time; (a) conversion of CH 4 and (b) yield in H 2.

  followed by the reaction at 800°C results in a very strong interaction between Ni and Fe with possible but not demonstrated formation of Ni-Fe alloy. Deeper investigation is still needed, for instance using XAS-XRD analysis, to confirm the formation of FeNi 3 alloy or other Fe-Ni alloy compositions.

Figure. 11 :

 11 Figure. 11: TEM pictures obtained after the MDR test for AS-F (Na) sample pre-reduced (a) at 500°C and (b) at 700°C.

Table . 1

 . : Chemical composition of the different fractions determined by ICP-OES.

	AS-ANi3	0.05	23.80	1.67	5.20
	AS-F (Na)	0.76	22.24	1.79	4.39
	AS-F (Ni)	0.05	22.81	1.78	4.36
	AS-F (Mg)	0.05	20.38	2.42	4.43
	AS-F (Na-Ni)	0.04	22.66	1.35	4.32
		Na	Ni	Mg	Fe

Sample

Chemical analysis: ICP-OES (wt. %)

Table 2 :

 2 Textural properties of AS-ANi3 and AS-F (Na) samples RT to 900°C with a plateau of reduction at 700 °C during 1 h exhibits three main reduction peaks (Figure. 4). The amounts of H 2 consumed for each of the three peaks were determined by area integration and the corresponding values are reported in Table3. A first

	Sample		N 2 -Physisorption	
		S BET (m 2 /g)	V P (cm 3 /g)	D P (nm)
	AS-ANi3	68	0.07	1.37
	AS-F (Na)	66	0.08	1.28

3.1.3 Study of the reducibility

As the catalyst has to be reduced before the MDR reaction, H 2 -TPR and in-situ XRD under H 2 were used to evaluate the reducibility of the Ni ore. The H 2 -TPR profile of AS-ANi3 sample, from presence of other oxidized forms for one or both elements. It is worth noting that other reducible elements present in the ore such as Cu or Mn, might also be implied in the amount of H 2 consumed. On the basis of previous literature

[START_REF] Liu | Natural clay-based Ni-catalysts for dry reforming of methane at moderate temperatures[END_REF][START_REF] Kim | Cooperativity and Dynamics Increase the Performance of NiFe Dry Reforming Catalysts[END_REF]

, the first peak can be assigned to the partial reduction of Fe III into Fe II while the reduction to metallic Fe would occur around 575 °C. The larger peak at 700°C would be due to the reduction of Ni II into metallic Ni.

Finally, the peak of H 2 consumption centered at 810°C could be due to the reduction of reducible primary minerals like amphibole (actinolite: Ca 2 (Mg,Fe II ) 5 Si 8 O 22 (OH) 2 ) or pyroxene (enstatite: Mg 2 Si 4 O 10 ) in which part of Mg can be substituted by Ni. Fe II and Ni II in these structures could require higher temperature to be reduced into metallic form.

Table 3 :

 3 Quantification of H 2 consumption during TPR on AS-ANi3 sample.

Table . 1

 . ), the obtained sample, denoted AS-F (Na), contains 22.24 wt% Ni and 0.76 wt% Na. It indicates that Ni present in the interlayer and the secondary phases of AS-ANi3 sample (primary minerals) represents a very minor part of the Ni. Surprisingly, despite the high remaining content in Ni, the catalytic activity of the AS-F (Na) sample was dramatically inhibited after pre-reduction of the sample at 700°C (Figure. 9). Indeed compared with AS-ANi3, the conversion of CH 4 decreases from 49 to 13 % and the yield in H 2 from 0.76 to 0.01 mol/molCH 4 (Table. 4). If Mg 2+ substitutes Na + in the saturation process, part of the activity observed for AS-ANi3 is recovered with 35% conversion of CH 4 and 0.44 mol H 2 produced per mol of CH 4 introduced. It shows that the loss of activity observed for AS-F (Na) is not only due to the absence of Ni in the smectite interlayer but also to the presence of Na + ,

Table . 4

 . : Reactant conversion and product distribution for reaction at 800°C on samples prereduced at 700°C (CH 4 /CO 2 /N 2 = 1/1/0.5, 150 mg catalyst, WHSV = 17500 mL g -1 h -1 )

  Ni particles size are growing above 5 The carbon deposit is almost absent for the postmortem catalyst which was reduced at 700°C. It is explained by the very low activity of this sample which exhibited 13% conversion of CH 4 and no production of H 2 (Table.4).Moreover one can see that the conversion of CO 2 is 24 % and CO is the unique product detected. The results allow suggesting that with large Ni-Fe-containing particles the syngas and C which are produced by the MDR reaction are further reacting with CO 2 via RWGS (CO 2 + H 2  CO + H 2 O) and the carbon gasification (CO 2 + C  2 CO). The Sabatier reaction (CO 2 + 4 H 2  CH 4 + 2 H 2 O) can also explain the absence of hydrogen production for this sample. Indeed it has been well reported that 25Fe75Ni alloy was very active for the methanation of CO 2
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concentration of the smectite phase. Supplementary saturation steps the smectite with NaCl, MgCl 2 or NiCl 2 were undertaken to study the behavior of the AS-ANi3 depending on the exchangeable cation present in the interlayer space. The corresponding AS-F (Na), AS-F (Mg), AS-F (Ni) were consequently obtained. A last sample AS-F (Na-Ni) was prepared by using two consecutive saturation steps with NaCl followed by NiCl 2 . The temperatureprogrammed reduction performed under a flow containing 10% H 2 combined with situ XRD on reduced samples showed that the Ni started to be reduced at around 500 °C with possible formation of Ni-Fe alloy at higher temperature. Complementary TEM associated with EDX analyses corroborated the presence of Ni-rich Ni-Fe alloy with heterogeneous particle size.

The catalytic tests were performed at atmospheric pressure and 800°C with two different weight hourly space velocities (WHSV) of 35 000 and 17 500 mL h -1 g -1 and a gas composition of CH 4 /CO 2 /N 2 = 1/1/0.5. After reduction of the raw AS-ANi3 at 700°C, the lower WHSV value permitted the conversion of 49% CH 4 and 63 % CO 2 with a yield in H 2 of 0.76 mol per mol of CH 4 introduced. This result shows that the natural clay without any purification step was able to produce syngas with reasonable yield and limited deactivation.

With the same conditions of test but decreasing the pre-reduction from 700°C to 500°C, the conversions and yield obtained indicated that the thermodynamic equilibrium was reached.

The very strong influence of the reduction temperature was confirmed with the tests performed on the exchanged clay fractions. In particular AS-F (Na) was inactive for H 2 production after reduction at 700°C and reached the thermodynamic equilibrium expected in terms of syngas production when the sample was pre-reduced at 500°C. The highest efficiency was obtained for AS-F (Na-Ni) pre-reduced at 500°C which showed that in these conditions of reduction, there is a benefit to have Ni within both structural and exchangeable locations. Finally, the loss of activity resulting from the reduction at 700°C was related to the formation of large Fe-Ni containing particles which are very less active for dry reforming reaction and that favors the consumption of H 2 via the methanation of CO 2 and/or the reverse water gas shift reaction.
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