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INTRODUCTION

Production of hydrogen has received much attention in recent years, due to the importance of hydrogen as a clean energy source as well as the increased demand in chemical industry. Steam reforming of methane is the most practical methods to obtain high concentration of hydrogen with higher H2/CO ratio ( > 3). So, the catalytic reforming of methane with steam to produce synthesis gas is useful to the plants which require high concentration hydrogen. Until now several reforming processes have been proposed, only steam reforming is commercially employed because other reforming reactions have some problems such as coke deposition and catalyst stability. In order to overcome the limits of reforming processes, it is necessary to develop new catalysts whose activity at high space velocity and stability at high temperature are higher than those of commercial catalysts. Conventionally, steam reforming catalysts use supports such as alumina and magnesiumaluminate due to their stabilities at high temperature [1]. Recently, zirconia has been applied to CO2 reforming of methane and good results were reported by our group. In contrast to the fact that other groups have failed to apply Ni/ZrO2 catalyst with high Ni loading to CO2 reforming reaction due to a serious plug of the reactor by coke [2], we have successfully performed the CO2 reforming on Ni/ZrO2 catalysts with more than 10 wt% Ni loading in spite of giving a birth of a large amount of carbon deposition [3]. Based on the previous results, in this work, we applied Ni catalysts supported on ZrO2 and Ce-doped ZrO2 with 15 wt% Ni loading to steam reforming of methane and compared the results with other catalytic systems whose supports are other than zirconia including commercially used supports. Ni/Ce-doped ZrO2 system showed best activity at high space velocity as well as stability at high temperature. 

EXPERIMENTAL

Supports employed in this study were zirconia (99%, Strem Chemicals), α-alumina (99.5%, Strem Chemicals), silica (99%, PQ Corp.), magnesiumaluminate (99%, Johnson Matthey), ceria (99%, Aldrich Chemicals). Ce-doped zirconia support was prepared by sol-gel method using the mixture of zirconyl chloride and the corresponding salt of Ce [4]. The weight ratio of ZrO2 to CeO2 is 4:1. The modified zirconia support was calcined at 1073 K for 6 h in static air. 15 wt.% Ni catalysts were prepared by molten-salt method with nickelnitratehexahydrates (97%, Junsei Chem.) [5]. The catalyst samples were calcined at 773 K for 6 h in static air. Catalytic measurements were conducted in a fixed-bed quartz reactor with inner diameter of 4 mm at atmospheric pressure. The reactant gas stream consisted of CH4 and H2O with a molar ratio of 1:3. N2 was introduced with the flowrate of 30 cc/min as a reference gas for GC analysis. Prior to each catalytic measurement, the catalyst was reduced in 5% H2-N2 (in vol.) at 973 K for 2 h. Effluent gases from the reactor were analyzed by a gas chromatograph (Chrompack CP9001) equipped with a thermal conductivity detector (TCD). GC column used in this study was a Fused Silica capillary column (CarboPLOT P7). The BET specific surface areas and pore volumes were measured by nitrogen adsorption at 77K (Micromeritics, ASAP-2400). XRD patterns were recorded using a Rigaku 2155D6 diffractometer (Ni-filtered Cu Kα, 40 kV, 50 mA).

RESULTS AND DISCUSSION

It has been recently reported that Ni/ZrO2 catalysts with more than 10 wt% Ni loading showed high activity at 750℃ for 30 h in the CO2 reforming in spite of giving a birth of a large amount of carbon deposition. The carbon species deposited on the Ni/ZrO2 catalyst at an initial stage of the reaction were characterized to play a role as an active reaction intermediate in the reaction. However, its stable activity can be obtained only under diluted reaction conditions [3]. In steam reforming reaction, coke resistance is not so important as that in CO2 reforming, because excess steam can be supplied to the reaction. However, thermal stability at high temperature and high activity against coke deposition at high space velocity are still important. Commercially in steam reforming of methane, alumina and magnesiumaluminate have been used as supports due to their thermal stabilities at high temperature. Especially the latter has been employed by Haldor Topose, because it is less acidic than alumina resulting in lower coke deposition and it has high surface area resulting from spinel structure. Zirconia has also thermal stability at high temperature as well as high surface area. Furthermore, because it has both basic and weak acidic sites, zirconia can have high resistance on coke formation [3]. In addition to these superior physical properties, the surface area of zirconia can be increased by the change of its phase from monoclinic to tetragonal using doping of other metals. The modification of a zirconia support with ceria reveals the most profound effect for coke resistance of catalyst [4]. 15% Ni/supports mentioned above were tested at 750℃ and 144,000 cc/g cat.h space velocity, and activities in CH4 conversion and H2 concentration with time on stream were presented in Fig. 1 and Fig. 2, respectively. 15% Ni/SiO2 showed somewhat initial activity, but its activity decreased dramatically and after 60 min it showed no activity in steam reforming of methane. This indicates that Ni/SiO2 system does not have high activity in steam reforming of methane and does not have thermal stability at 750℃, either. It is due to the fact that there is the interaction between silica and Ni resulting in the deactivation of the catalysts. 15% Ni/Al2O3 catalyst showed rather high activity at the initial stage but the activity decreased gradually with increasing time. It is due to the fact that the steam reforming reaction was operated with rather low steam over carbon ratio and high gas hourly space velocity. Commercially steam per carbon ratio is over 4 and usually  steam reforming of methane process is operated with steam per carbon ratio of 5. So, carbon was deposited gradually on the Ni/Al2O3 catalyst and the catalyst was deactivated gradually. In contrast to these two systems, 15% Ni/MgAl2O4 showed high activity (79% CH4 conversion and 58% H2 concentration) and also stability with time spending. Because MgAl2O4 is less acidic than Al2O3, it has coke resistance resulting in thermal stability. 15% Ni/CeO2 did not show high activity but the activity was maintained with increasing time. 15% Ni/ZrO2 showed high activity (77% CH4 conversion and 57% H2 concentration) and high thermal stability also. So, it is confirmed that both CeO2 and ZrO2 have thermal stabilities at high temperature. In the case of 15% Ni/Ce-ZrO2, it showed the highest activity (97% CH4 conversion and 62% H2 concentration) as well as thermal stability. 97% CH4 conversion and 62% H2 concentration are almost 
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correspond to the equilibrium values (99.4% CH4 conversion and 62.7% H2 concentration). This fact that Ni supported on Ce-doped zirconia showed high activity and stability can be explained as following. Ce displays synergistic effect as a modifier of ZrO2 on the steam reforming of methane. The presence of ceria in this high performance catalyst has beneficial effects on the catalyst performance such as improving the catalyst stability and enhancing concentration of the highly mobile oxygen species. The role of ceria in the catalyst is assigned to form a thermally stable solid solution with zirconia and to give high capacity of oxygen storage. This solid solution is identified as a tetragonal phase to have high surface area. The surface area of Ce-doped ZrO2 depends on the calcination temperature, and the support calcined at 1073K has the surface area of 55 m2/g which was confirmed by BET analysis. This high surface area is due to the Ce doping effect which makes zirconia tetragonal phase which was confirmed by XRD analysis. In contrast to Ce-doped zirconia support, undoped zirconia has surface area of 18 m2/g. After loading Ni on the support, 15% Ni/Ce-ZrO2 has surface area of 40 m2/g. High oxygen storage capacity of ceria is based on the ability to store and release reversibly a large amount of oxygen, responding to the reaction condition. Ceria in the catalyst is partially reduced under reductive condition and the partially reduced ceria site produces active oxygen species from water molecule, which reacts with the deposited carbon with the help of oxygen spillover from the support onto the Ni sites.


[image: image2.wmf]0

50

100

150

200

0

10

20

30

40

50

60

Equilibrium concentration

 

 

H

2

 concentration (%)

Time (min)

 Ni/CeO

2

-ZrO

2

 Ni/ZrO

2

 Ni/CeO

2

 Ni/SiO

2

 Ni/MgAl

2

O

4

 Ni/Al

2

O

3



In summary, 15% Ni/Ce-ZrO2 catalyst reveals high activity as well as high stability in the steam reforming of methane compared with commercially used catalytic system such as a 15% Ni/MgAl2O4 or a 15% Ni/Al2O3. The high catalyst stability is mainly ascribed to synergy effect of a Ce modifier for coke resistance and high temperature catalyst aging.  
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Fig. 1. CH4 conversion with time on stream during steam reforming of methane over supported Ni catalysts. (GHSV = 144,000 cc/g cat.h; N2 = 30 cc/min)





Fig. 2. H2 concentration with time on stream during steam reforming of methane over supported Ni catalysts. (GHSV = 144,000 cc/g cat.h; N2 = 30 cc/min)
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