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INTRODUCTION

Methane reforming reactions are important routes for H2 or synthesis gas production [1]. Because the demand of H2 increases and H2 or synthesis gas is the major feedstock for C1 chemistry and fuel cell, the importance of methane reforming reactions becomes considerable. For effective production of H2 or synthesis gas, the role of the reforming catalyst becomes more significant. Especially, highly active and stable catalyst is necessary for on-site H2 generation system or compact fuel system. 

Catalytic steam reforming of methane (SRM) is a well-established process for converting natural gas into hydrogen or synthesis gas in industry [1]. However, a large amount of energy is necessary because SRM is highly endothermic reaction and excess steam is introduced to prevent carbon formation. Moreover, it produces syngas with a high H2/CO ratio (>3) due to the side water gas shift (WGS) reaction, resulting in low selectivity and yield for CO. Therefore, from the industrial point of view, it is quite attractive to develop a new steam reforming catalyst which can work under low steam-to-carbon ratio or to develop a new process to replace the conventional steam reforming. 

Catalytic oxy-reforming of methane (ORM) represents a promising alternative to steam reforming of methane (SRM) due to mild exothermicity, high conversion, high selectivity, suitable H2/CO ratio (=2.0), and very short residence time. Since Green and co-workers [2] reported that some noble metals could catalyze ORM, Ni/MgO [3] has been reported as the best catalyst in the reaction. 

As another alternative, oxy-steam reforming of methane (OSRM) could be considered. By co-feeding steam and oxygen, one can avoid explosion danger in ORM, lessen additional steam cost in SRM, shorten start-up time, and control H2/CO ratio by changing the feeding rate of steam or oxygen per methane. Furthermore, enhanced CH4 conversion and H2 yield can be obtained by combination of those two reforming reaction. Besides these advantages, increasing the portion of exothermic ORM reaction could reduce required energy for the reforming reaction. Consequently, it was suggested that the coupled process can be made mildly exothermic, nearly thermoneutral, or mildly endothermic by manipulating the process conditions [4]. 

Recently, we have tested various supported Ni catalysts for each methane reforming reaction, resulting in finding out novel catalytic system of Ni/Ce-ZrO2. We report here that Ni/Ce-ZrO2 reveals highly stable and active catalytic performance for all the reactions tested. 

EXPERIMENTAL
Support materials employed in this study were zirconia, ceria, Ce-doped zirconia, magnesium aluminate, (-alumina, and magnesia. Ce-doped zirconia support was prepared by sol-gel method using the mixture of zirconyl chloride and the corresponding salt of Ce. The weight ratio of ZrO2 to CeO2 is 4:1. The modified zirconia support was calcined at 800 oC for 6 h in air. Supported Ni catalysts were prepared by the molten-salt method with Ni(NO3)2∙6H2O [5]. Activity tests were carried out using a conventional fixed-bed microreactor [6-8]. The reaction temperature was measured and controlled by a thermocouple inserted directly into the top layer of the catalyst bed. Prior to reaction tests, the catalysts were reduced in 5% H2/N2 at 700 oC for 3 h. Steam was supplied to the feed using a micro-syringe pump and an evaporator. Effluent gases were analyzed by an on-line gas chromatograph (Chrompack CP9001). TPR was carried out in conventional apparatus using 5% H2/H2 gas with a heating rate of 10 oC/min.

RESULTS AND DISCUSSION
Figure 1 summarizes the activities of the supported Ni catalysts for all reforming reactions. First of all, the catalysts were examined for SRM using stoichiometric feed (steam/carbon = 1.0) at 750 oC. Ni/(-Al2O3 and Ni/MgAl2O4 deactivated remarkably with time on stream due to the carbon formation. Yamazaki et al. [9] reported similar result that under the condition of low steam/carbon ratio (H2O/CH4 = 1.0) commercial reforming catalyst (Ni/Al2O3-MgO) deactivated due to the carbon formation. but the rest kept their activities. Especially, Ni/Ce-ZrO2 executed SRM under low steam per carbon ratio (S/C = 1.0) without deactivation for 12 h. Moreover, Ni/Ce-ZrO2 showed the highest H2 and CO yields and the lowest H2/CO ratio among the catalysts examined in this work. The trends of both H2 and CO yield are similar to that of CH4 conversion. Generally, the catalyst having high activity shows rather low H2/CO ratio. It is due to the fact that water gas shift (WGS) reaction is more negligible when amount of excess steam is relatively small. Thus, Ni/CeO2, which showed the lowest activity, showed the highest H2/CO ratio. H2/COx ratios on the catalysts are in the range of 3.0 – 3.3 showing little difference.
The ORM activities of the supported Ni catalysts mentioned above were tested at 750 oC and space velocity of 55200 ml/hgcat. In the case of Ni/(-Al2O3 catalyst, the activity decreased gradually with increasing time due to the carbon which was formed during the reaction. Ni/MgAl2O4, which is generally used as a commercial steam reforming catalyst, showed high initial activity (82% conversion), but the activity decreased by degrees with time due to the coke deposition like Ni/(-Al2O3 catalyst. Ni/MgO showed 78% CH4 conversion and it was maintained. So far, Ni/MgO has been considered as the best catalyst system for ORM [3]. Ni/CeO2 showed about 75% CH4 conversion and the activity was maintained during the reaction. By the way, Ni/ZrO2 showed both high activity and stability. Its activity is almost same as that of Ni/MgO. Furthermore, Ni/Ce-ZrO2 showed the highest activity (85% CH4 conversion) as well as high stability. The activity was maintained during the reaction for 100 h.

The OSRM activities were also tested with the molar ratio of CH4/O2/H2O = 2/1/2 at 750 oC. Ni/MgAl2O4 showed 93.1% CH4 conversion. Ni/MgO exhibited 91.5% CH4 conversion. In the case of Ni/CeO2, though CH4 conversion was relatively low (32.8%) in SRM, it revealed 95.3% conversion, which is higher than that of Ni/MgO. This seems to be due to the high oxygen capacity of ceria, which would probably result in effective oxygen transfer during oxy-steam reforming. In other words, the ability to produce mobile oxygen species from oxygen molecules is higher than that from water molecules. Ni/ZrO2 showed 83.8% conversion. The Ce modification in the support resulted in much more enhanced catalytic performance - the resultant Ni/Ce-ZrO2 showed the highest CH4 conversion. It showed 99.1% conversion. It can be suggested that Ni/Ce-ZrO2 can make mobile oxygen species, which play beneficial role in producing syngas, from water molecules as well as oxygen molecules. This suggestion is supported by both TPR results and mobile oxygen data. In all cases, O2 conversions were 100%, namely no oxygen peak was detected. This indicates that ORM was executed primarily and then SRM and WGS reaction was carried out.

The catalytic properties of the supported Ni catalysts have been compared parallel to different types of reforming reactions and the results are summarized in Fig. 1. From this figure, it is apparent that CH4 conversion in OSRM showed the highest value among all the reactions examined. Especially, CH4 conversions in OSRM were higher than those in SRM using the feed of H2O/CH4 = 3. For example in OSRM over Ni/Ce-ZrO2, CH4 conversion was 99.1% which is even higher than that (97.0%) in SRM with 3 S/C ratio. This result offers the possibility that excess steam (at least 1 mole per 1 mole methane) in the present SRM process can be replaced by oxygen (at most 0.5 mole per 1 mole methane), which would bring the benefit of decreasing additional steam cost. Furthermore, combined steam and oxy-reforming could be carried out continuously in adiabatic reactor without supply of heat owing to the combination of exothermic ORM and endothermic SRM. Besides these advantages, explosion danger in ORM could be eliminated due to the steam introduction. 
With the Ni/Ce-ZrO2 catalyst, reaction data such as CH4 conversion, CO yield, H2/CO ratio, and H2/COx ratio depending on reaction type are summarized in Table 1. CO yield is quite dependent on the reaction type. In SRM using feed of H2O/CH4 = 3 and OSRM, owing to WGS (CO + H2O ( H2 + CO2) resulting from using excess steam, rather low CO yield was obtained. In ORM and SRM, rather high CO yield was attained though CO yield was still lower than CH4 conversion. This can be explained as follows. In the stoichiometric SRM, WGS reaction was still executed due to the reaction between unconverted water molecule and produced CO molecule. On the other hand, in ORM, because the ratio of O2/CH4 was slightly higher than stoichiometry, somewhat CO2 formation takes place via total combustion [7]. Another implication can be drawn from the data of H2/CO ratio and H2/COx ratio. The ratio of H2/CO was 2.1 in ORM and more than 3.0 in SRM due to WGS reaction. In OSRM, H2/COx was 2.3 which is adjacent to 2.0, suggesting that ORM was carried out totally and a small portion of SRM and WGS reaction was added. The ratio of H2/COx was 3.4 in the SRM with excess steam and 3.2 in the stoichiometric SRM, indicating that WGS reaction becomes more considerable with higher H2O/CH4 ratio. From the above results, it is evident that Ni/Ce-ZrO2 is more active and stable than Ni/MgAl2O4, which has been widely used as steam reforming catalyst, and Ni/MgO, which has been reported as a fairly good ORM catalyst, in all the reforming reactions. The outstanding catalytic properties of Ni/Ce-ZrO2 can be explained as follows. The presence of ceria has beneficial influence on the catalyst performance such as increasing concentration of the highly mobile oxygen species, forming a thermally stable solid solution with zirconia and giving high capacity of oxygen storage.
In summary, Ni/Ce-ZrO2 catalyst reveals high activity as well as high stability in SRM, ORM, and OSRM compared with widely used catalytic systems such as Ni/MgAl2O4 or Ni/MgO. The high catalyst stability is mainly ascribed to the synergistic effect of Ce dopant resulting from strong interaction between Ni and Ce-ZrO2, high oxygen storage capacity, and high ability to produce mobile oxygen species during the reaction. 
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Fig. 1. Dependence of CH4 conversion on the reaction types over supported Ni catalysts.

Table 1. Comparison of the activity over Ni/Ce-ZrO2 among various reaction types

	Type
	CH4 conv. (%)
	CO yield (%)
	H2/CO ratio
	H2/COx ratio

	OSRM* 
	99.1
	67.9
	3.4
	2.3

	ORM 
	85.0
	76.3
	2.1
	1.9

	SRM (S/C=3.0)
	97.0
	67.0
	4.7
	3.4

	SRM (S/C=1.0)
	81.2
	78.0
	3.3
	3.2


*Condition (CH4: 30 ml/min; CH4/O2/H2O = 2/1/2; 50 mg cat.; Temp. = 750 oC). In all reactions, CH4 flow rate was 30 ml/min for comparison.
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