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Introduction

Biogas is a complex gas mixture, produced by the anaerobic digestion of biomass, primarily composed of methane (40-75 %) and carbon dioxide (25-55 %), with NH3, O2, H2S, N2, as minor compounds, and others as chlorines and siloxanes present in trace amounts. The exact composition varies from the type of feedstock and also the anaerobic digesters used [1][2][3][4]. The use of biogas for energy applications is attractive, because it will result in a lower net carbon dioxide emission than natural gas as it is produced from residual biomass. Biogas can be used for combined heat and power production by direct combustion, but it exhibits a lower heating value compared to natural gas due to the presence of CO2 [5]. A promising possibility is to reform biogas to produce H2 that can be supplied to a fuel cell [5]. Hydrogen can be produced through four different technologies, dry reforming (DR), steam reforming (SR), catalytic partial oxidation (CPOX), and auto thermal reforming (ATR). CO2 can be removed from the biogas before the reforming or both CO2 and methane can be fed to the reformer. Steam reforming is highly endothermic and produces a gas mixture with H2/CO ratio of 3. This process is widely used in industry for hydrogen production from natural gas and it is reported that 80-85% of H2 available worldwide is produced by steam reforming [6,7]. CO2 or dry reforming of methane produces the least amount of H2 and this process produces a gas mixture with a H2/CO ratio around unity. This process converts two greenhouse gases, however, but it suffers from rapid catalyst deactivation through carbon deposition [8][9][10][11][12][13][14][15][16]. Catalytic partial oxidation is the only exothermic reaction and produces syngas with H2/CO ratio of around 2.

Catalytic partial oxidation is actually believed to consist of oxidation of methane into steam and carbon dioxide followed by dry and steam reforming. In this respect it resembles auto thermal reforming, a process where a sufficient amount of oxygen is added to balance the exothermic and endothermic reactions inside the reactor to avoid the use of an external heat source.

Autothermal or tri-reforming (combined steam, dry and partial oxidation) is well adapted for small scale decentralized hydrogen production units, as it offers a compact reactor design [17].

Ni-based catalysts possess acceptable activity for the reforming reaction and Ni as the inexpensive metal is widely available, which is considered to be a promising candidate catalyst for biogas/methane reforming. Nickel can catalyze both the complete methane oxidation and the reforming [22]. Tri-reforming is widely reported for H2-rich gas production [18][19][20][21].

We reported previously on the development of a Ni-Rh/MgAl2O4 catalyst for the autothermal reforming of model biogas [22]. This catalyst showed good long-term performance. In this study we explore the effect of small amounts of H2S and NH3 on the catalyst stability and regenerability. H2S and NH3 are present in biogas, but will be removed before the biogas is sent to the autothermal reformer. However, during transient periods, such as start-up or shutdown, traces of these compounds might reach the catalyst. In order to better understand the mechanism of the deactivation a microkinetic model was adapted to account for the deactivation by H2S or NH3 and fitted to the experimental data. powder was added and stirred for 4 h at room temperature. Then the water was evaporated with the rotary evaporator, followed by drying at 90 °C overnight and calcined at 550 °C in a muffle furnace in static air for 4 h with a temperature ramp of 1 °C/min.

Experimental Section

A catalyst with a similar composition but synthesized by a slightly modified recipe (urea decomposition step at 90°C instead 100°C and drying step at 90°C instead of 120°C) was already prepared in our laboratory and tested for model biogas reforming. It showed good stability during 300 hours [22,23].

Catalyst characterization

The catalyst surface areas were measured by N2 adsorption at -196°C (BET method) with a BELSORP-mini II instrument (Bel-Japan). Prior to measurements, the samples were degassed under vacuum (≈10 -4 mbar) at 300°C for 2 h. The chemical composition of the fresh catalysts was analysed by inductively coupled plasma atomic emission spectroscopy (ICP-AES) using an Activa Spectrometer (Horiba Jobin Yvon). Transmission Electron Microscopy (TEM) examinations were performed on a JEOL 2010 microscope operating at 200 kV.

The specific surface area of the final catalyst was 160 m 2 g -1 . Chemical analysis of the support gave the following composition: 33.45 wt.% Al, 14.78 wt.% Mg, which corresponds to an atomic ratio Mg/Al=0.49. Chemical analysis of final catalyst showed 10.21 wt.% Ni, 0.05 wt.% Rh.

Catalyst activity and stability test

Autothermal reforming of model biogas, a mixture of methane and carbon dioxide, was performed in a quartz reactor under atmospheric pressure. The catalyst powder was crushed and sieved to the particle size between 100-200 µm and the catalyst mass used was 150 mg diluted in 300 mg of quartz sand. Before reaction, the catalyst was pre-reduced in-situ in a gas mixture of H2/Ar (1:4, v/v) at 700 °C for 1 hour.

All gases were controlled by mass flow controllers (Brooks). Water was delivered by a HPLC pump (Shimadzu LC-20AD) and passed through a vaporizer before being mixed with the gases.

The composition of model biogas used is a CH4 and CO2 mixture with a CO2/CH4 ratio of 0.66. Ar was used as the carrier or dilution gas to obtain a mixture with 10 % of methane and He was used as the internal standard for the GC analyses. The compositions and reaction parameters are shown in Table 1. The stable flow of steam and products were monitored by on-line MS, in case of any interruption of steam flow during reaction. The composition of the effluent after reaction was analyzed by an on-line micro-GC (Agilent 3000) with two analytical modules equipped with thermal conductivity detectors. Module 1: Molesieve 5A column, analysis of He, H2, N2, O2, CH4, CO. Module 2: Plot U column, analysis of CO2 and CH4. Time intervals of 10 min for parameters study and 30 min for long term stability were used.

Table 1. Reaction parameters for the autothermal reforming

The methane and carbon dioxide conversions were calculated as:

= , = (1) 
Where Xi is the methane or carbon dioxide conversion, Fi is the methane or carbon dioxide flow (mol/s) and the subscript 0 indicates the inlet. Note that when there is a net production of carbon dioxide a negative conversion will be given. The carbon mass balance was closed within 5%.

The temperature was measured inside the reactor at the top and bottom of the catalyst bed.

During the experiments, temperature gradients were measured across the bed. Therefore, the oven temperature has been reported.

Reforming in the presence of H2S & NH3.

The autothermal and steam reforming experiments in the presence of H2S and NH3 were performed on a different lab-scale system described in details elsewhere [24]. The catalytic tests were carried out in a fixed-bed continuous-flow reactor consisting of a quartz tube (length 300 mm, 4 mm ID, 6 mm OD) containing the diluted catalyst (100 -200 μm) held between plugs of quartz wool. The catalyst was reduced in situ at 700°C (heating rate of 10 °C/min) for 1 h with a gas mixture of H2/Ar (1:4, v/v).

Mass flow controllers (MFC, Brooks Instrument) were used to control flow rates of H2, CH4, O2, H2S, NH3, N2 and Ar. For autothermal reforming experiments 100 mL/min of total flow was used, with O2/CH4=0.375, O/C=3, 9.5 mL/min of N2, 0 or 7.5 ppm of H2S and the rest argon. For steam reforming experiments 100 mL/min of total flow was used, with O/C=3; 0, 2.5, 5 or 7.5 ppm of H2S or 30 or 50 ppm of NH3, 10 mL/min of N2 and the rest argon. Approximately 20 mg of catalyst were tested diluted 3 times with the support.

On-line analysis of the effluent was performed with a Compact GC (Global Analyzer Solutions equipped with two analytical modules. Module 1: Poraplot Carboxen 1010 column with TCD detector (analysis of H2, N2, CO, CO2, CH4). Module 2: Apolar column Rtx-1 with FID detector (Analysis of C1-C7 hydrocarbons). The N2 signal was used as an internal standard for the TCD channel to convert other peak areas into molar flows. Similarly, the CH4 signal was used as an internal standard for the FID channel.

Microkinetic modeling

In order to better understand the impact of traces of H2S and NH3 on the catalyst performance, the experimental data were compared to a kinetic model for steam reforming including H2S and NH3 adsorption. Due to the non-steady-state experiments a microkinetic model was employed.

This corresponds to a sequence of elementary steps without any a priori assumptions on the rate-determining step.

Many microkinetic models are described in the literature for steam reforming of methane over nickel or rhodium catalysts [25][26][27][28][29][30][31][32], but no model specifically for Rh/Ni catalysts has been reported in the literature. In a previous study we showed that the steady-state methane reforming over the Rh-Ni/MgAl2O4 catalyst coated on a foam could be adequately described by the reforming kinetics of Xu and Froment [19]. Therefore, a microkinetic model based on the reaction mechanism of Xu and Froment [33] was again favored in this study. Sprung et al. modeled a large data set for methane steam reforming over Ni/NiAl2O4, using a microkinetic model based on the reaction mechanism of Xu and Froment [31]. The set of elementary reaction steps making up this mechanism are presented in Table 2. It consists of one reaction path for the formation of CO and two parallel reaction paths for the formation of CO2, one through adsorbed CO*, the other through species derived from adsorbed methane, CHO*. Only one site, a nickel surface atom, is considered in this model, thus neglecting the role of the Rh atoms. Due to a different basis of the rate constants (different units) and the need to have a fully thermodynamically consistent parameter set, the pre-exponential factors presented in Table 2 were fitted by using a set of the experimental data at 600°C presented in reference [34].

The procedure to recalculate the parameters and the corresponding parity plots are given in the SI.

Appari et al. [35] developed a detailed microkinetic model for the deactivation of a Ni catalyst by H2S during biogas steam reforming. The model contains 26 reaction steps involving sulfur containing species. Brute force sensitivity analysis showed that the adsorption and desorption of H2S were the most influential reaction steps. Based on these results we have simplified the effect of H2S to single adsorption step (step 13) in the mechanism.

To model the site blockage by NH3, a reversible NH3 adsorption/desorption step (step ( 14)) on a nickel site followed by a decomposition of NH3* into NH* + H* (step (15)) was added to the model.

The reactor for the steady-state experiments is assumed to be an isothermal plug-flow pseudohomogeneous packed bed reactor, without any heat and mass transfer limitations. It is modeled by the following differential equations for each component:
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where Fi is the molar flow rate of component i (mol/s), W is the catalyst mass (kg), Ns the concentration of active sites (mol/kg), kj is the rate constant of the elementary step j, νij the stoichiometric coefficient, Pgas,i is the partial pressure of component i in the gas phase (Pa), Ɵ is the fractional surface coverage of the surface intermediate, n, m are reaction orders that correspond to the stoichiometry of the elementary step (mass action law). The rate constants, kj were calculated by Arrhenius law with the activation energies listed in Table 2. All reaction rates were calculated with respect to the reaction orders given by the elementary steps in Table 2, except step 2, which was considered first order in the empty site fraction (instead of 3) and first order in the H* surface fraction (instead of 3). In a microkinetic model the pseudo-steady state approximation is applied to the surface intermediates, setting their net production rate equal to zero. A site balance equation completes the set of equations that are solved numerically.

The transient model is based on a one-dimensional pseudo-homogeneous fixed bed reactor, thus assuming no radial and no external and internal mass-and heat transfer limitations. The gas velocity is assumed to be constant. The continuity equations are then given for the gas phase and adsorbed phase respectively as:
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Where t is the time (s), Lt is the number of active sites per catalyst volume (mol/m 3 cat), u the superficial gas velocity (mr/s) and Dax the axial diffusion coefficient (mg 3 /mr/s), εb the bed void fraction (mf 3 /mr 3 ), Ci the gas phase concentration of each species (mol/mf 3 ), kads,j the adsorption constant for the gas phase species (forward rate constants 1,3, 10-14 in Table 2) (Pa -1 s -1 ), kdes,j the desorption constant for the gas phase species (reverse rate constants 1,3, 10-14 in Table 2) (s -1 ) and z the reaction axial coordinate (m).

The following initial and boundary conditions are applied for all gas phase species i:
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Where L is the reactor length (m). This set of partial differential equations is transformed into a set of ordinary differential equations by the methods of lines and integrated numerically using the ODEPACK library [START_REF] Hindemarsh | ODEPACK, A systematized collection of ODE solvers[END_REF].

Equation ( 3) is the diffusion-convection equation with a reaction term. It is commonly used for tracer studies in packed bed reactors [START_REF] Delgado | [END_REF]. Due to the short catalyst bed, the axial dispersion cannot be neglected. The axial dispersion coefficient was calculated by the correlation given in [START_REF] Delgado | [END_REF]. The last term of the right-hand side of equation ( 3) corresponds to the adsorption/desorption steps for each gas phase species. It is used to fit the microkinetic model of Table 2 to the full data set (shown below) of the molar exit flows of all reactants and products during steam reforming of methane in the presence of H2S or NH3. Initially the reactor is at steady-state but the site poisoning by H2S or NH3 requires a dynamic, time-dependent, modeling approach. In the case of H2S addition the parameters of step ( 14) in Table 2 have been estimated by non-linear regression analysis. The full data set was used in the modeling, which includes steady-state data before introduction of H2S or NH3.

To check the intrinsic reaction conditions during the reforming experiments the appropriate criteria were evaluated by using the EUROKIN spreadsheet for assessment of transport limitations in gas-solid fixed beds [START_REF]EUROKIN spreadsheet for assessment of transport limitations in gas-solid[END_REF]. Figure 1 shows that the reaction has a negative reaction order in methane. Therefore, the transport limitation criteria were calculated assuming a reaction order of methane of -0.5. Further details are given in the supporting information. Table SI-1 shows that all the criteria are respected, indicating that no mass or heat transfer limitations occur under these conditions, although the radial temperature gradient is close to the criterion, corresponding to a 5% deviation in the rate. This is still acceptable with respect to the experimental errors. A value of 76 mol/m 3 for Lt was used as determined by hydrogen adsorption [19].

Table 2. Elementary steps for methane steam reforming with the corresponding parameter

values used in the microkinetic model of Table 2.

Step The reaction conditions used for this study are outside the domain in terms of temperature and absolute methane and water pressures for which the above model has been developed [33]. To check if this model is able to predict the correct trends, the model was compared to the autothermal reforming data over the same catalyst but coated on a silicon infiltrated silicon carbide (Si-SiC) foam, previously reported in [19]. Because the model is for steam or dry reforming and not for autothermal reforming, it was assumed that the oxidation step is very fast and that the reactor inlet composition can be taken as the composition after the oxidation step (CH4 + 2O2 => CO2 + 2H2O) with complete oxygen consumption. The data over the foam catalyst were not conducted under isothermal conditions and therefore only the trends are considered.

The temperature profiles are reported in [19]. Figure 1 shows that the trends as a function of the CH4, CO2 and H2O partial pressures and the temperature are correctly described by the model both in terms of conversion as selectivity (H2/CO ratio). To reach the approximate H2/CO ratio, the pre-exponential factors for step 8 were adjusted to 3.5 10 10 s -1 and 6.0 10 7 s -1 , for the forward and reverse steps, respectively. These values were kept to model the data over the powder sample as well.

Results and discussion

Reaction parameter studies in absence of H2S, NH3

For all autothermal reforming experiments the oxygen conversion was always complete and therefore not shown in the corresponding Figures. The effect of various parameters (temperature, GHSV, O2/CH4 and TOS) on the autothermal reforming of model biogas under steam-rich (H2O/CH4=3) and steam-lean (H2O/CH4=0.75) conditions was investigated. The evolution of CH4 and CO2 conversion and H2/CO ratio profiles are displayed in Figure 2a-d.

Conversions of CH4 increased from 60 to ≈100 % (a trace of CH4 was still detected by GC) as the oven temperatures increased from 500 to 750 °C for steam rich conditions (H2O/CH4=3). Due to the net CO2 formation, conversions of CO2 at different temperatures appear to be negative and increase from -80 to -55 %. The H2/CO ratio decreases from 13 to 4 (when increasing the temperature), which results from the "activation" of the reverse WGS reaction (which is endothermic) favored at higher temperatures, leading to CO formation at the expense of H2 and CO2. Thus, whenever a slight decrease of the formation of CO2 is noticed, this is most probably a result from the reverse WGS reaction and not from any dry reforming of CH4. At steam-lean conditions (H2O/CH4=0.75), a lower H2/CO ratio and a lower amount of CO2 was obtained compared to the steam rich conditions (H2O/CH4=3), due to the shift of the WGS equilibrium to the left. At H2O/CH4=0.75 CO2 positive conversion becomes possible above 700°C, but these conditions are not favorable for H2 production. At 750°C a GHSV of 9 10 4 h -1 was necessary to avoid complete methane conversion both at rich and lean-steam conditions.

The influence of O2 concentration in the feed on the CO2, CH4 conversions and H2/CO ratio for both steam concentration cases are displayed in Figure 2c. Increasing the oxygen concentration, led to higher water and carbon dioxide concentrations and resulted in slightly higher methane conversions. It did hardly affect the H2/CO ratio, probably because the simultaneous production of water and carbon dioxide did not change the WGS equilibrium significantly.

To assess the Rh-Ni/MgAl2O4 catalyst stability, autothermal reforming of 15% methane and a H2O/CH4 ratio of 3 was examined at 750°C (Figure 2d). An initial decrease in activity was observed, followed by a slowly decreasing conversion of CH4 during 75 hours on-stream. An overall loss of 0.6% methane conversion was observed during approximately 100 hours of TOS.

At this high conversion, this corresponds to a much higher loss of active sites. Using the microkinetic model, a loss of 7% of the active sites was estimated.

The long-term performances of the Ni-Rh/MgAl2O4 catalyst during autothermal reforming of a model biogas (10% CH4 + 6.6 % CO2) under O2/CH4= 0.375 and H2O/CH4=3 were investigated at 750 o C. The catalyst achieved complete conversions of O2 and CH4 with stable H2/CO ratios during 240 hours of time on stream (TOS) (data not shown). However, due to the total conversion of methane, the catalyst stability cannot be assessed. The comparison of TEM micrographs of fresh and post-reaction (240 h) 10%Ni-0.05%Rh/MgAl2O4 catalyst (Figure 3)

clearly evidenced a sintering of the Ni particles. In the fresh catalyst sample (Fig. 3A), the Ni was homogeneously distributed on the MgAl2O4 support as spherical Ni particles in the 4-10 nm size range, with an average diameter close to 6 nm. Rh could not be observed due to the low Rh loading. In the post-reaction sample (Fig. 3B), many small Ni particles (around 10 nm) remained, but large Ni particles (≈50 nm) were also observed. Importantly, neither encapsulating carbon nor carbon whiskers were found, suggesting that carbon deposition is marginal and cannot account for a possible catalyst deactivation. 

Reforming studies in the presence of H2S

Addition of H2S, at 2.5 -7.5 ppm level, to the reactants under autothermal reforming conditions led to an immediate loss of methane, water and oxygen conversion, as shown in Figure 4. The fact that oxygen was detected at the reactor outlet implied that the active sites for methane oxidation have been blocked by H2S. In that case, oxygen will oxidize the remaining nickel sites rendering them inactive for the reforming reactions. Indeed after removal of H2S no further catalytic activity was observed and the sample upon removal had a blue/green color, indicating the presence of nickel oxide. This oxidation process leading to catalyst deactivation was reported in a previous study [22]. Thus, although the sulfur will desorb from the active sites after the H2S is removed from the gas phase, the presence of oxygen in the feed will deactivate the catalyst by formation of nickel oxide. Then a catalyst reduction with H2 is necessary to regain the initial activity. Izquierdo et al. [START_REF] Izquierdo | [END_REF] also observed the complete loss of the catalyst activity after exposure to 25 ppm H2S for their Ni/Al2O3 and Ni/Zr-Al2O3 catalysts and the activity could not be restored after subsequent H2S removal. ( ): autothermal reforming 10% CH4, 3.75% O2, 30% H2O, 6.25% N2 in the presence of 7.5 ppm H2S.

The rate of deactivation in the presence of 7.5 ppm H2S is similar for autothermal reforming as for steam reforming, see Figure 4. Therefore the catalyst stability in the presence of H2S was further investigated during steam reforming conditions, without any oxygen in the feed, to avoid catalyst deactivation by oxidation and to see if the activity can be recovered after H2S removal. conditions. However, the addition of 2.5 ppm of H2S to the mixture results in an almost linear drop of the conversion. The higher the concentration of H2S in the feed the faster the deactivation occurs. Once the addition of H2S is stopped, the catalytic activity is restored quickly. At the 2.5 ppm H2S level the activity is restored to the initial level (Figure SI-2), but at the 7.5 ppm H2S level a loss of activity can be noticed, after removal of H2S (Figure 6). This has been reported in several other studies [START_REF] Izquierdo | [END_REF][40][41].

TEM with EDS analyses were used to characterize the catalysts after the SR experiments in the absence and presence of H2S in the feed (Figure 5). Compared to the fresh catalyst (Figure 3), that exhibited an average Ni particle size of 6 nm with a few larger Ni particles (up to 10 nm), the post-reaction catalysts still presented many small Ni particles (< 10 nm) but also some larger EDS analyses carried out on the sample tested with 2.5 ppm H2S detected sulfur in only ≈36% of the analyzed areas. When detected, the average sulfur content at moderate magnification (x25,000) was 0.11 wt.%, this amount being close to the detection limit. At higher magnification (x500,000), i.e. analysis of single Ni particles, the sulfur amount could reach locally 0.5-1 wt.%, which suggested the preferential deposition of sulfur on the Ni particles. On the catalyst sample tested in the presence of 7.5 ppm H2S, EDS analyses revealed the presence of sulfur in 62% of the analyzed areas, with an average content of 0.38 wt.%. This amount is approximately 3 times higher than for the sample tested with 2.5 ppm H2S, in good agreement with the inlet H2S contents and suggests that sulfur deposition is directly proportional to the inlet H2S content. Several different steps for the adsorption and conversion of H2S were explored. Stepwise dehydrogenation of adsorbed H2S* to HS* and S* as well as oxidation of S* to SO2. All these variations on the reaction mechanism did not result in a better description of the experimental data than the one-step reversible adsorption of H2S. The latter route was retained here, as it required the smallest number of parameters to be adjusted. However, the actual chemistry might be much more complex. This is in line with the conclusion by Appari et al. [35] who also indicated the highest sensitivity for the H2S sorption step.

A value of 3.3 10 2 Pa -1 s -1 was estimated for k13, which corresponds to a sticking coefficient of 0.36, a value in line with the value of 0.6 used by Appari et al. [35]. For the reverse reaction a typical value for the pre-exponential factor for desorption of 10 

Reforming studies in presence of NH3

Both the autothermal reforming and steam reforming activity of the Ni-Rh/MgAl2O4 catalyst were only slightly impacted by the addition of NH3 in the feed. In both cases the rate of deactivation was the same. For autothermal reforming the activity could be restored after removal of the NH3 in the feed. NH3 does not seem to poison the oxidation sites as was the case for H2S. Increasing the level from 30 ppm of NH3 to 50 ppm led to a faster decrease of the methane conversion during 5 hours of time-on-stream, as shown in Figure 7. This decrease of activity was modeled using the microkinetic model for steam reforming by including steps for NH3 adsorption and decomposition. The deactivation could be described adequately by an adsorption of NH3 on the nickel sites. However, the adsorption was not quasi-equilibrated as expected for a molecular adsorption at 700°C. This was evidenced by the ratio of the forward rate of adsorption to the sum of the forward and reverse rate. Moreover, a very low value of the sticking coefficient for ammonia adsorption of approximately 10 -6 was found, much lower than the reported values of 0.01 [43]. Nickel is a good catalyst for NH3 decomposition into nitrogen and hydrogen [44]. DFT calculations showed that NH3 adsorbed on nickel and then underwent consecutive dehydrogenation steps [43]. Using the DFT rate constants given in [45],

and reported in Table 2, steps 14 and 15 were added to the microkinetic model for steam reforming, thus taking into account the first step of the dehydrogenation of ammonia. This results in an adequate description of the deactivation process by NH3 adsorption and decomposition with physically meaningful parameters. Extending the model by considering further dehydrogenated NHX* adsorbed species did not result in a better fit of the deactivation curve. The model shows that surface coverage of NH2* species increases steadily to approximately 12% for the addition of 50 ppm of NH3 (Figure 8). But given the data in the literature, NH3 will decompose over Ni at 700°C into N2 and H2. In that case the rate of deactivation should level out, which has not been observed here experimentally, probably due to the too short TOS or too low surface coverages of N* species.

The model predicts a similar rate of recovery of the activity after removal of 30 ppm of NH3 from the feed, as the experimental data, although the large scattering in the data makes the comparison difficult. Inspection of the microkinetic model showed that at steady-state conditions, all the molecular adsorption/desorption steps are much faster than the surface reactions and can thus be considered to be in in quasi-equilibrium. In the presence of H2S or NH3 the hydrogen dissociative adsorption step becomes less quasi-equilibrated. The coverage of free nickel sites is around 0.9 during steam reforming. Figure 6 shows that adding 7.5 ppm of H2S leads to a H2S* coverage of around 0.8, while Figure 8 shows that adding 50 ppm of NH3 leads to a NH2* coverage of around 0.12. Addition of 30 ppm of NH3 leads to a NH2* coverage of around 0.08. Thus both H2S and NH3 impact significantly the surface reactions for steam reforming. The net reaction rate for step 9, the surface oxidation of CO* was approximately zero, indicating that CO2 production only proceeds through one reaction path.

2. 1 preparation 2 . 1 . 1 2 . 1 . 3

 1211213 Catalyst Preparation of Mg-Al spinel support. Mg-Al spinel support was prepared by coprecipitation method. An aqueous solution containing Mg and Al nitrates (Fluka, Mg/Al molar ratio of 2) was added dropwise to an ammonium carbonate aqueous solution under fast magnetic stirring. A large excess of ammonium carbonate (2 moles per mole of nitrate ions) ensures the complete precipitation of Mg and Al cations. The precipitates were aged at 90 °C for 4 h, vacuum filtered, followed by washing with water and ethanol for 3 consecutive runs. The powders were then dried at 90 °C overnight and calcined at 800 °C in a muffle furnace for 5 h with a temperature ramp of 5 °C/min in static air. Chemical analysis of the support gave the following composition: 33.5 wt.% Al, 14.8 wt.% Mg 2.1.2 Preparation of Ni/MgAl2O4. 10 wt.% Ni/MgAl2O4 was prepared by urea precipitation. An aqueous suspension containing Ni nitrate (Fluka) and urea was mixed with the Mg-Al spinel. The suspension was heated at 90 °C for 4 h under stirring and filtered under vacuum, followed by washing with water and ethanol for 3 consecutive runs. The powder was dried at 90 °C overnight and calcined at 550 °C in a muffle furnace in static air for 4 h with a temperature ramp of 1 °C/min. Preparation of Ni-Rh/MgAl2O4. Ni-Rh/MgAl2O4 with 0.05 wt.% Rh loading was prepared by wet impregnation. Rh(NO3)3•2H2O (0.004 g) was dissolved in 40 mL of water containing approximately 0.02 mL of nitric acid to improve the dissolution of Rh nitrate. The Ni/MgAl2O4

Figure 2 .

 2 Figure 2. Autothermal reforming of methane over Ni-Rh/MgAl2O4 with Mg:Al=0.49. a-c: 10% Methane, CO2/CH4=0.66, O2/CH4=0.375, GHSV=67500 h -1 , T=750°C. d: 15% Methane, CO2/CH4=0.66, O2/CH4=0.375, GHSV=67500 h -1 , T=750°C. Open symbols: H2O/CH4=3, full symbols: H2O/CH4=0.75

Figure 3 .

 3 Figure 3. TEM micrographs of 10%Ni-0.05%Rh/MgAl2O4 catalyst in fresh state (A) and after 240 h autothermal reforming at 750°C (B).

Figure 4 .

 4 Figure 4. Steam and autothermal reforming at 700°C, 10% CH4, 30% H2O, 10% N2 & Ar with a total flow of 100 NmL/min, 21 mg catalyst (10 wt.% Ni-0.05 wt.% Rh/MgAl2O4), 1.2 bar. Introduction of 0 ppm ( ), 2.5 ppm ( ), 5 ppm ( ) and 7.5 ppm H2S ( ).

Figure 4

 4 Figure 4 shows the conversion for the steam reforming of methane over the Ni-Rh/MgAl2O4 catalyst as a function of time on stream in the presence of 2.5, 5 & 7.5 ppm of H2S. Without H2S in the feed, the Ni-Rh/MgAl2O4 catalyst shows good stability, like under autothermal reforming

Figure 5 .

 5 Figure 5. TEM micrographs of 10%Ni-0.05%Rh/MgAl2O4 catalyst after methane SR at 670°C in the absence of H2S (A), with 2.5 ppm H2S (B) and with 7.5 ppm H2S (C) in the feed.

Figure 6

 6 Figure6compares the model simulations with the experimental molar exit flows. Before introduction of H2S to the feed, the molar flows of CH4, H2, CO and CO2 are well described by the model. A rather good description for the loss in activity due to the addition of 7.5 ppm H2S is achieved. In the case of 2.5 and 5 ppm of H2S the deactivation rate is either slightly over or underestimated (Figs S2). However, the model fails to predict the fast gain in activity once the H2S has been stopped, for all H2S levels. Whereas the model predicts a slow regain of the activity, the experimental data show an almost immediate gain in catalyst activity. Several studies indicate a restoration of the activity after H2S removal[START_REF] Izquierdo | [END_REF]40], but no modeling has been carried out.

Figure 7 . 3 Figure 8 .

 738 Figure 7. Methane steam reforming at 700°C, 10% CH4, 30% H2O, 10% N2 & 50% Ar with a total flow of 100 NmL/min, 21 mg catalyst (10 wt.% Ni-0.05 wt.% Rh/MgAl2O4), 1.2 bar. Introduction of 0 ( ), 30 ( ) & 50 (o) ppm NH3.

  Thus the high experimental value of 212 kJ/mol probably indicates that a dissociative adsorption of H2S in S* and 2H* takes place during the steam reforming.

	Figure 6. Methane steam reforming at 700°C, 10% CH4, 30% H2O, 10% N2 & 50% Ar with a total
	flow of 100 NmL/min, 21 mg catalyst (10 wt.% Ni-0.05 wt.% Rh/MgAl2O4), 1.2 bar. Introduction
	of 7.5 ppm H2S after 80 minutes TOS. Symbols : experimental data, lines : microkinetic model
	simulations.
	13 s -1 was set and desorption
	activation energy (kJ/mol) was adjusted. The desorption energy was found to be equal to 212
	kJ/mol. This value corresponds very well to the value of 211 kJ/mol for dissociative H2S
	adsorption into S* + 2H* on Ni(111) from DFT calculations [42]. According to the same DFT

study, the adsorption energy of molecular H2S is much lower and ranges between 25-60 kJ/mol.
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Conclusions

Both autothermal and steam reforming of model biogas have been studied using a Ni-Rh supported on Mg-Al spinel catalyst. The impact of process parameters, including temperature, feed concentration and GHSV, on the H2/CO ratio and on the methane and carbon dioxide conversions have been explored. Next the impact of low concentrations of H2S and NH3 on the catalyst performance at 700°C have been studied. Addition of H2S to the feed leads to fast catalyst deactivation of both autothermal and steam reforming. During autothermal reforming H2S blocks both the oxidation and reforming sites. This leads to incomplete oxygen conversion, which causes irreversible catalyst deactivation through the formation of nickel oxide. Removal of H2S from the feed does not lead to the restoration of the activity. During steam reforming removal of H2S restores the activity partially, depending on the amount of H2S. Addition of NH3 leads to slow catalyst deactivation during both autothermal and steam reforming. Removal of NH3 allows to restore the catalyst activity.

A detailed kinetic model for methane steam reforming over Ni based catalyst was adapted to include the impact of H2S or NH3 and tested against the experimental data. Although in both cases the deactivation can be described by a simple molecular adsorption step, inspection of the values of the rate parameters shows that both H2S and NH3 dissociate over the nickel sites. In the case of H2S poisoning, the model underestimates the restoration of the activity.