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INTRODUCTION

    In recent years, the CO2 reforming of methane to produce low H2/CO ratio syngas has received an increasing attention in order to reduce the greenhouse effect caused by the emission of CO2, which is economically suitable for Fischer-Tropsch synthesis and oxo-synthesis. The supported nickel catalyst is the most promising and economical for the reaction[1,2]. However there exists one serious problem of catalyst deactivation caused by coke formation. Recently, we have reported that Ni/ZrO2 catalysts can exhibit not only a high activity but also a good catalytic stability under dilution conditions of adding quartz to the catalyst and adding nitrogen to the feed. It was also found that the supports modified by different metal oxides have strong effects on activity and coke formation[3]. In the present study, we introduce basic oxides of alkali and alkaline-earth metals to Ni/ZrO2 catalyst in order to improve the coke resistance of the catalyst. It is known that addition of alkali and alkaline earth metals to nickel catalysts can reduce coke formation while catalytic activities towards CH4 and CO2 conversions were also decreased. Here, we compare alkali and alkaline-earth metals modified Ni/ZrO2 catalysts and find that Ni-Mg/ZrO2 catalyst is the best one among the catalysts studied, wherein the catalyst shows not only higher activity but also much lower coke capacity than the Ni/ZrO2 catalyst. Characterization of Ni-Mg/ZrO2 catalyst has been made by means of XRD, XPS, SEM and EXAFS to recognize the promotion of magnesium.
EXPERIMENTAL

1. Catalysts

    The supported nickel catalysts were prepared by impregnation of zirconia (Analytic Pure, Strem Chemicals) with the solution of nickel nitrate and nitrate salts of alkali and alkaline-earth metals, drying at 373 K overnight, and calcination at 773 K for 4 h. The molar ratio of Ni to modifier is 1:1. 

2. Activity Tests

    Activity tests were carried out under atmospheric pressure in a quartz reactor. 50 mg catalyst particles mixed with 250 mg quartz sand particle of 15-20 mesh were used. The reactant gas with 20%CH4+20%CO2+N2 (in vol.) was controlled via mass flow controllers at a flow rate 50 cm3 min-1. Prior to reaction tests, the catalyst was reduced in 5%H2-N2 (in vol.) at 973 K for 2 h. The effluents from the reactor were on line analyzed on a thermal conductivity detector of Chromopack CP9001 equipped with a PLOT Fused Silica capillary column. 
3. Characterization 

    X-Ray powder diffraction (XRD) was measured on a Rigaku diffractometer with a Ni-filtered Cu-K( radiation. X-Ray photoelectron spectroscopy (XPS) was performed on VG ESCALAB Mark II photoelectron spectrometer using Al-K radiation. Scanning electron microscopy (SEM) of 10%Ni-Mg/ZrO2 sample was performed on a Jeol LSM 840 scanning electron micrograph after the sample was reduced and then proceeded the reaction at 1023 K for 4 hours. Extended X-ray absorption fine structure (EXAFS) and X-ray absorption near-edge structure (XANES) spectra were measured on the beam line 3C with the ring energy of 2.2 GeV and stored current of 150-250 mA at the Light Source of Pohang Accelerated laboratory, Pohang University of Science and Technology, Korea. 
RESULTS AND DISCUSSION

    Fig. 1 is comparison of CH4 and CO2 conversions over the alkaline-earth modified catalysts. It was observed that the 10%Ni-Mg/ZrO2 shows the highest activities towards CH4 and CO2 conversions among the catalysts tested. The others show lower activity than the non-promoted one at 1023 K. Furthermore when increasing reaction temperature to 1123 K, Mg, Ca, and Ba promoted Ni/ZrO2 catalysts exhibit a similar activity with that on the non-promoted catalyst. We also compared reaction activity over the alkali metal modified catalysts. It was observe that the 10%Ni-Li/ZrO2 shows the best results among the alkali metal modified catalysts. However it was also seen that the reactor wall was contaminated by evaporation of the alkali metal for all the alkali metal modified catalysts after the CO2 reforming of CH4 at 1123 K, which is due to a much low melting temperature of these alkali metals or their oxides.

    So that, we focus our attention on 10%Ni-Mg/ZrO2 in the present study in order to recognize the function of magnesium in the catalyst. Fig. 2 is XRD patterns of 10%Ni-Mg/ZrO2 samples in oxide, reduced states, and proceeded the reaction at 1023 K for 4 hours. It was observed that a stable phase was formed between NiO and MgO as assigned by Tomishige and Fujimoto[4]. On the reduced sample or the samples proceeded the reaction, the characteristic peaks of Ni0 crystallite were not detected by XRD. These results demonstrate that the formation of the stable phase resulted in a high dispersion of NiO on the surface, therefore only a part of nickel oxide in Ni-Mg/ZrO2 was reduced.

    Fig. 2 is XPS results of oxide and reduced Ni-Mg/ZrO2 and the sample proceeded reaction at 1023 K for 4 h. It is clear that the deposited carbon resulted in a new peak at 281.8eV. The deposited carbon on the sample proceeded the reaction at 1023 K for 4 h was further examined by SEM to be in a filamentous form with a much less amount than that formed on Ni/ZrO2 catalyst. The less amount of coke formation on Ni-Mg/ZrO2 catalyst can be ascribed to the high dispersion of Ni0.

    The Ni-Mg/ZrO2 samples were also characterized by EXAFS as seen in Fig. 3. By using nickel foil as reference, a characteristic peak of Ni0 was observed to exist with NiO on the sample. As prolonging the reaction time at 1023 K or increasing the reaction temperature to 1123 K, the intensity of the characteristic peak of Ni0 increased significantly while the intensity of NiO decreased. These results indicate that more NiO were further reduced to produce Ni0 during the reaction, which may contribute to the high activity measured during the reaction performance.
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Fig. 1 Methane and CO2 conversion over alkaline-earth metal promoted Ni/ZrO2 catalysts.
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Fig. 3. Radial function for 10%Ni-Mg/ZrO2 catalysts. (a) Oxide; (b) reduced sample; (c), (d), (e) and (f)  the sample proceeded the reaction at 1023 K for 1 and 4 h, at 1123 K for 1 and 4 h, respectively.





Fig. 2. XPS spectra of C1s for 10%Ni-Mg/ZrO2 sample. (a) Oxide; (b) after reduction at 973 K for 2 h; (c) after reaction at 1023 K for 4 h.
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