연료전지 자동차용  가솔린  연료 프로세서의 개발

문동주, K. Sreekumar, 이상득, 이병권

한국과학기술연구원, CFC 대체연구센터
Development of Gasoline Fuel Processor System for Fuel-Cell Powered Vehicles

Dong Ju Moon, K. Sreekumar, Sang Deuk Lee and  Byung Gwon Lee
 CFC Alternatives Research Center, Korea Institute of Science and Technology,

Introduction
       Recently, the possibility of using fuel cells as the power source for highly fuel efficient transportation vehicles has gained substantial attention.   The fuel cell technology favored by most vehicle manufacturers is proton exchanged membrane (PEM) fuel cells operating with H2 from hydrocarbon steam reforming or partial oxidation. The successful development of fuel-cell powered vehicle is depending on the developement of fuel processor.  Hydrogen is the ideal fuel for a PEM fuel cell because it simplifies the system integration [1].  However, since no hydrogen fuel supply infrastructure currently exists, fuel supply for fuel cell vehicles is directed at developing on-board fuels such as methanol and gasoline.  Regarding the existing reforming process to generate hydrogen rich-gas on board of a vehicle, methanol yields the highest vehicle efficiencies among all available liquid fuels [2].   However, the lower efficiency of gasoline in comparison with methanol can be compensated by the much higher energy density of gasoline compared to methanol and also by the well developed infrastructure for gasoline [3].  Considering the favorable factors required for the on board generation of H2 in a fuel cell vehicle, POX reforming (or autothermal reforming, ATR) attracts much attention primarily because of a low energy requirement [4].   The fuel cell performance is progressively degraded by CO poisioning of Pt anode catalyst.  Therefore, CO conversion process such as water gas shift reaction (WGS) and/or preferential partial oxidation is needed to remove CO from the hydrogen-rich stream [5-6].

       As part of the development of gasoline fuel processor system for intergration with PEM fuel cell, we investigated POX reforming reaction of iso-Octane with/without 100ppm S and reformulated naphta over a commercial naphta reforming catalyst.  We also investigated high temperature water gas shift (HTS) reaction over Fe3O4-Cr2O3 catalysts and low temperature shift (LTS) reaction over Cu/ZnO/Al2O3 catalyst to remove CO from the hydrogen-rich stream produced by fuel processing section.
Experimental

1. Catalysts

       The commercial naphtha reforming catalyst (ICI) was used for the POX reforming experiment.  To clean up of CO from the hydrogen-rich stream produced by fuel processing section, two commercial HTS (Fe3O4-Cr2O3, S.A. = 57 m2/g) and LTS (Cu/ZnO/Al2O3, S.A. = 60 m2/g) catalysts were used.  The BET surface area and pore size distributions were characterized by N2 physisorption using a Quantachrome autosorb-I sorption analyzer.
2. Evaluation of catalytic properties
       The performance of commercial catalysts were measurred by a gasoline fuel processor system.  The gases were delivered by mass flow controllers, and H2O and liquid fuels were fed by a liquid delivery pump (Young Lin co., model M930).  The POX reforming catalyst of 1g was pretreated for 1h at 700oC under hydrogen (flow rate, 60cc/min).  All runs were conducted at reaction temperature of 550-750oC, space velocity of 1000-40000 h-1,feed molar ratios of  H2O/C= 0.5-3 and O/C=0.5-2 at atmospheric pressure. The vaporized fuel and water were mixed with oxygen and passed over the heated catalyst zone.  The HTS and LTS catalysts were respectively reduced at 400 and 250 oC  for 2 hr in H2 gas.  The gas effluent was analyzed on-line by gas chromatography (HP-5890 Series II) equipped with TCD and using a Carbosphere 80/100, 10’x1/8” SS column.  
Results and discussion 

       The overall POX reforming reaction of iso-octane in gasoline fuel processor is given by :  
CnHmOp + x(O2 + 3.76N2) + (2n-2x-p)H2O  (  nCO2 + (2n-2x-p+m/2)H2 + 3.76xN2
where  x is a ratio of oxygen/fuel.  The effect of O/C on the reaction heat in POX reforming reaction of iso-octane is presented in Fig.1.  The reaction heat is calculated by the Gibbs free energy minimization method.  As can be seen from the figure, there is a gradual change from endothermic at sufficiently low O/C ratios to exothermic at high O/C ratios. As per the figure, if the O/C ratio is less than 0.6, the reaction is endothermic, whereas if the O/C ratio is more than 0.6, the reaction is exothermic. Hence an O/C ratio ( 0.6 is favorable for the reaction based on the Gibbs free energy changes.  

       Based on the result of estimation of reaction heat for POX reforming of iso-octane, the effect of reaction parameters such as O/C ratio, H2O/C ratio, reaction temperature and space velocity were investigated.  Hydrogen concentration at the reaction condition of 700oC, space velocity=8776 h-1 and H2O/C=3/1 progressively decreases with increasing the O/C ratio with a concomitant rise in the CO2 concentration.  The hydrogen concentration of 67.3 % was observed at an O/C ratio of 0.5 and it decreased up to 49.5 % at the O/C ratio of 2.   CO2 concentration increased from 14.7 % to 41.9 % as the O/C ratio increased from 0.5 to 2.0.  CH4 concentration virtually remained unaffected with O/C variation whereas CO concentration decreased with incraasing the O/C ratio.  The overall trend reveals that an O/C ratio of 1 is most ideal for the reaction at the H2O/C ratio of 3.   Hydrogen concentration at the reaction condition of 700oC, space velocity=8776 h-1 and O/C=1/1 increased from 53.7 to 64.7 % as the H2O/C ratio increased from 0.5 to 3.0.  The influence of H2O/C ratio on the CO concentration is much more evident as its value decreased from 29 % at the H2O/C ratio of 0.5 to nearly 11.5 % at the molar ratio of 3, giving an overall decrease of 60 %.   CH4 concentration also decreased with increasing H2O/C ratio.  If there is no coke deposition, a high H2O/C value is preferred for generating the fuel gas mixture containing high concentration of hydrogen and low concentrations of both CO and CH4. 

       The effect of reaction temperature on product distribution is investigated at the reaction condition of space velocity of 8776 h-1 and feed molar ratio of O/C=1/1 and H2O/C=3/1.  Hydrogen concentration increased up to 700oC and remained unaffected with further rise in temperature. However, CO concentration also increased with rise in temperature and a drastic increase occurs after 700oC. CO concentration, which was nearly 8% at 550oC, increased up to 15% at 750oC.  Concentrations of both CO2 and CH4 decreased with increasing temperature.  Thus, hydrogen enrichment in the effluent mixture is possible by operating the POX reactor at high reaction temperatures; however, at sufficiently high temperatures there occurs an adverse effect due to drastic increase in the CO concentration.  Hence, a reaction temperature of 700oC is found to be ideal for operating the system.   Fig. 2 showed the effect of space velocity variations for the POX reforming at 700oC, H2O/C = 3 and O/C = 1.  Hydrogen concentration remained fairly stable in the space velocity range of 4000 h-1 to 17000 h-1.   At sufficiently high space velocities, hydrogen concentration decreased significantly with a concomitant increase in the CO concentration.  At sufficiently high space velocities, the contact time is too short for the water gas shift reaction of the initially formed CO from iso-octane and, hence, there is a rise in the CO concentration at the expense of H2 concentration.
       The stability of the reforming catalyst for POX reforming reaction was checked over a period of 25 hours using iso-octane feed containing less than 5 ppm of sulfur.  The catalyst exhibited good stability over the time period investigated, indicating the catalyst is coke deposition resistant under the experimental conditions.   In order to study the sulfur tolerance of the system, we have carried out a sulfur tolerance test using a standard iso-octane feed containing 100 ppm of sulfur.  The data are presented in Fig. 3.  It was found that the commercial reforming catalyst was pron to be poisoned by sulfur contained in i-octane.  The effluent gas mixture from the POX reactor gave progressively lesser concentrations of H2 and CO and higher concentrations of CO2 and CH4 as a result of sulfur-poisoning over the catalyst surface. 
       To increase the hydrogen concentration, the synthesis gas undergoes a water gas shift reaction where steam is reacted with CO to form H2 and CO2 as represented below:

CO  +  H2O   (   CO2  +  H2
The reaction is moderately exothermic with (H = -41.1 kJ/mol.  Reaction rate over HTS catalyst is a maximum in the temperature range of 350-400oC giving a sufficiently low concentration of CO.  As the reaction temperature exceeds 450oC an increase in the H2 and CO concentrations observed at the expense of CH4, indicating the possibility of reverse methanation of CH4 in the presence of steam, giving  CO and H2, as represented below: 

CH4  +  H2O   (  CO  +  3 H2
The exit gas from the HTS reactor is cooled and passed into the LTS reactor which operated at 150-250oC.  Thus the fuel gas mixture from the out let of the LTS reactor is enriched with hydrogen giving a very low concentration of CO.   The product distribution data from three different reaction stages over the commercial catalysts such as ICI naphtha reforming catalyst, HTS catalyst and LTS catalyst are shown in Fig. 4.  We confirmed that the concentration of CO in hydrogen-rich stream is reduced less than 3000 ppm after reformated gas from gasoline over naphta reforming catalyst was passed through HTS and LTS reactors.  In order to reduce the concentration of CO in hydrogen-rich stream  and compact the size of fuel processor, a preferential partial oxidation (PROX) reactor and new high-performance catalysts with sulfur- and coke-resitance will be needed.
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