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Abstract−Selective CO oxidation in the presence of excess hydrogen was studied over supported Pt catalysts promoted

with various transition metal compounds such as Cr, Mn, Fe, Co, Ni, Cu, Zn, and Zr. CO chemisorption, XRD, TPR,

and TPO were conducted to characterize active catalysts. Among them, Pt-Ni/γ-Al2O3 showed high CO conversions

over wide reaction temperatures. For supported Pt-Ni catalysts, Alumina was superior to TiO2 and ZrO2 as a support.

The catalytic activity at low temperatures increased with increasing the molar ratio of Ni/Pt. This accompanied the

TPR peak shift to lower temperatures. The optimum molar ratio between Ni and Pt was determined to be 5. This Pt-

Ni/γ-Al2O3 showed no decrease in CO conversion and CO2 selectivity for the selective CO oxidation in the presence

of 2 vol% H2O and 20 vol% CO2. The bimetallic phase of Pt-Ni seems to give rise to stable activity with high CO2

selectivity in selective oxidation of CO in H2-rich stream.
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INTRODUCTION

The polymer electrolyte membrane fuel cell (PEMFC) has been

considered to be a promising candidate for utilizing hydrogen gas

to produce heat and electricity in the application to electric vehicles

or residential power-generation [Son, 2004]. Hydrogen is generally

produced from hydrocarbons such as oil, natural gas, and biomass

via several catalytic reactions including reforming and water-gas

shift reactions. Typically, 0.5-1 vol% of carbon monoxide exists un-

avoidably after them. Because platinum, an anode of PEMFC, is

prone to be poisoned in the presence of small amounts of CO in

hydrogen stream, carbon monoxide should be removed to a trace-

level. The acceptable CO concentration is <10 ppm at Pt anode and

<100 ppm at CO-tolerant alloy anodes [Shore and Farrauto, 2003].

Several different methods for the CO removal have been studied

including purification with metal membrane [Wieland and Melin,

2003], selective CO oxidation [Shore and Farrauto, 2003], and CO

methanation [Takenaka et al., 2004]. Among them, selective oxi-

dation has been accepted as the most attractive way to achieve this

goal [Lee et al., 2002]. In this system, the following two reactions

can occur.

CO+1/2O2→CO2 (1)

H2+1/2O2→H2O (2)

A number of catalysts more active for the first reaction than the sec-

ond reaction have been reported [Shore and Farrauto, 2003]. Among

them, supported platinum catalysts have been considered to be pro-

mising. However, they usually showed noticeable activities only

above 423 K [Oh and Sinkevitch, 1993; Manasilp and Gulari, 2002].

Because PEMFC is operated below 423 K not to degrade polymer

membrane, catalysts operating at low temperatures can be more

plausible. To increase catalytic activities at low temperatures, dif-

ferent methods have been tried for supported platinum catalysts.

The pretreatment of Pt catalyst with water vapor was reported to

enhance low-temperature catalytic activities for selective CO oxi-

dation by increasing Pt dispersion [Son et al., 2002]. Several groups

have reported that the selective CO oxidation at low temperatures

could be enhanced by the addition of 2
nd

 metals such as Fe [Korot-

kikh and Farrauto, 2000; Liu et al., 2002; Sirijaruphan et al., 2004;

Watanabe et al., 2003], Ce [Son and Lane, 2001], Co [Suh et al.,

2005; Kwak et al., 2005], Ni [Suh et al., 2005], Mn [Suh et al., 2005],

and alkali metals [Pedrero et al., 2005; Kwak et al., 2005; Mine-

mura et al., 2005; Cho et al., 2005]. Even though each catalyst has

proven its superiority by comparison with Pt catalyst, it is difficult

to assess each catalyst because different reaction conditions have

been adopted. Until now, no comparison among promoted platinum

catalysts has been conducted at the same reaction condition. Fur-

thermore, most groups have utilized Pt precursors containing chlo-

rine compounds, which can cause different activities depending on

the residual chloride. In this work, transition metal-promoted plati-

num catalysts were prepared by a co-impregnation method using

catalyst precursors containing no chloride, and their catalytic per-

formance was compared at the same reaction condition. The pro-

motional effect of alkali and alkali earth metals was not examined

in this work because they generally showed much less catalytic ac-

tivity compared with those containing transition metals at low tem-

peratures in the presence of H2O and CO2.

EXPERIMENTAL

All the catalysts were prepared by a wet impregnation method

from an aqueous solution of Pt precursor, Pt(NH3)4(NO3)2, and tran-

sition metal precursors, metal nitrates. Different supports such as γ-
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alumina (Alfa), TiO2 (P-25, Degussa), and ZrO2 (TZ-8YS, Tosoh)

were utilized. The content of Pt was 1 wt% and the molar ratio be-

tween each transition metal and Pt was 10 for all catalysts if not

mentioned explicitly. All the catalysts were calcined at 573 K with

air and reduced at 573 K with hydrogen stream for 1 h before a reac-

tion.

Bulk crystalline structures of catalysts were determined with an

X-ray diffraction (XRD) technique. XRD patterns were obtained

by using Cu Kα radiation using a Rigaku D/MAC-III instrument at

room temperature.

Temperature programmed reduction (TPR) was conducted over

0.2 g sample in a 10 vol% H2/Ar stream from 313 K to 573 K at a

heating rate of 10 K/min, monitoring TCD signals after samples

were pretreated with air at 573 K for 1 h.

Temperature programmed oxidation (TPO) was conducted over

0.2 g sample in a 2 vol% O2/He stream from 313 K to 573 K at a

heating rate 10 K/min monitoring TCD signals after samples were

pretreated with H2 at 573 K for 1 h.

CO chemisorption was conducted over 0.2 g sample in an He

stream at 300 K by a pulsed injection of 50 µl of CO after samples

were pretreated sequentially with air and H2 at 573 K for 1 h.

Experiments were carried out in a small fixed bed reactor with

catalysts that had been retained between 45 and 80 mesh sieves. A

standard gas of 1.0 vol% CO, 1.0 vol% O2, 2 vol% H2O and 10 (or

80) vol% H2 balanced with helium was fed to a reactor at atmo-

spheric pressure. The catalytic activity with increasing reaction tem-

perature was measured from 313 K to 473 K at a heating rate 1 K/

min. The effect of CO2 was examined with a gas mixture of 1.0 vol%

CO, 1.0 vol% O2, 20 vol% CO2, and 50 vol% H2 balanced with he-

lium. For all experiments, 0.10 g of catalyst without diluents was

contacted with a reactant gas at a flow rate of 100 ml/min. The con-

version of CO and O2 and the yield of CH4 were determined through

gas chromatographic analysis (HP5890A, molecular sieve 5A col-

umn) of the effluent from the reactor. The detection limit of CO

was 10 ppm. The CO conversion, O2 conversion, CO2 selectivity, and

the CH4 yield were calculated by using the following formulas:

CO conversion (%)={([CO]in−[CO]out)/[CO]in}×100;

O2 conversion (%)={([O2]in−[O2]out)/[O2]in}×100;

CO2 selectivity (%)

={0.5×([CO]in−[CO]out−[CH4]out)/([O2]in−[O2]out)}×100;

CH4 yield (%)=([CH4]out)/[CO]in)×100.

RESULTS AND DISCUSSION

The BET surface area of γ-Al2O3, TiO2, and ZrO2 was determined

to be 170 m2/g, 55 m2/g, and 9 m2/g, respectively. The preferential

oxidation of CO in H2-rich gas mixture was conducted over transi-

tion metal-promoted Pt/γ-Al2O3 as shown in Fig. 1 and Fig. 2. CO

conversion of more than 90% was obtained over Pt/γ-Al2O3 cata-

Fig. 1. CO conversion, CH4 yield, O2 conversion, and CO2 selec-
tivity for the selective CO oxidation over transition metal-
promoted Pt/γ-Al2O3 with increasing reaction temperatures.
Reactants: 1% CO, 1% O2, 10% H2, and 2% H2O in He. F/
W=1,000 ml/min/g

cat
.

Fig. 2. CO conversion, O2 conversion, and CO2 selectivity for the
selective CO oxidation over transition metal-promoted Pt/
γ-Al2O3 with increasing reaction temperatures. Reactants:
1% CO, 1% O2, 10% H2, and 2% H2O in He. F/W=1,000
ml/min/g

cat
.
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lyst when the reaction temperature was higher than 433 K. As the

reaction temperature increased further from 453 K to 493 K, the

CO conversion decreased gradually from 100% to 98% due to O2

depletion via the side reaction (H2+1/2O2→H2O). Therefore, the

CO2 selectivity decreased from 50% to 49% when the reaction tem-

perature increased from 453 to 493 K. The dispersion of Pt was de-

termined to be 0.68 by CO chemisorption. Compared with Pt/γ-

Al2O3 catalyst, Pt-ZrOx/γ-Al2O3 catalyst showed the higher CO con-

version at low temperatures but the lower CO2 selectivity for all

reaction temperatures. This catalyst also showed more than 90% CO

conversion over a wide reaction temperature similar to Pt/γ-Al2O3

catalyst. When chromium oxide was added in Pt/γ-Al2O3 catalyst,

100% O2 conversion was achieved at lower temperature compared

with that of Pt/γ-Al2O3 catalyst. However, the maximum CO con-

version was only 83% at 433 K and much less CO conversion was

obtained above 433 K. Higher CO conversion was observed over

Pt-ZnOx/γ-Al2O3 catalyst at low temperatures compared with those

above catalysts. But, the CO2 selectivity was lower than that of Pt/

γ-Al2O3 catalyst when the CO conversion was more than 50%. When

cobalt oxide was added in Pt/γ-Al2O3 catalyst, 100% CO and O2

conversion was achieved at 393 K. The CO conversion decreased

from 100% to 95% gradually as the reaction temperature increased

from 393 K to 493 K. The methanation reaction proceeded at the

same time over this catalyst with consumption of H2 when the reac-

tion temperature was above 450 K. This could be observed by formed

CH4 species as shown in Fig. 1. In Fig. 2, the catalytic performance

for the selective oxidation of CO was compared with other transi-

tion metal-promoted Pt catalysts. Pt-Ni/γ-Al2O3 catalyst showed 100%

CO and O2 conversion at 393 K. The CO conversion decreased from

100% to 99% gradually as the reaction temperature increased from

393 K to 453 K. When manganese oxide was added to Pt/γ-Al2O3

catalyst, 100% CO and O2 conversion was obtained at 393 K. The

CO conversion decreased rapidly with increasing reaction temper-

atures above 393 K. Therefore, the CO2 selectivity over this catalyst

was lower than that of Pt/γ-Al2O3 catalyst when the CO conversion

was more than 50%. For Pt-CuOx/γ-Al2O3 catalyst, 100% CO and

O2 conversion was achieved at 353 K. CO2 selectivity over this cata-

lyst was quite high at low temperatures. As the reaction tempera-

ture increased from 353 K to 453 K, CO conversion gradually de-

creased from 100% to 90%. Therefore, the CO2 selectivity over this

catalyst was slightly lower than that of Pt catalyst at high tempera-

tures. When cerium or iron oxide was added to Pt/γ-Al2O3 catalyst,

100% O2 conversion was achieved at much lower temperature com-

pared with that of Pt catalyst. CO2 selectivity over Pt-FeOx/γ-Al2O3

catalyst was quite high at low temperatures. However, maximum

CO conversion was only 95% at 353 K and much less CO conver-

sion was obtained above 353 K. The dispersion of Pt in Pt-FeOx/γ-

Al2O3 catalyst was determined to be 0.57. With the results of the

above screening test for the selective oxidation of CO over various

transition metal-promoted Pt catalysts, we could compare catalytic

performance at the same condition. Upon various transition metal-

promoted Pt catalysts, each of them seems to have unique charac-

ters for the reaction of selective oxidation of CO, especially for CO

conversion and CO2 selectivity, which are most important require-

ments for excellent catalysts for this specific reaction of selective

oxidation of CO. In most cases of selective oxidation of CO, there

is another requirement for active and selective catalysts such as se-

lectivity in extremely high concentration of H2 in the reactant stream.

Under that harsh condition, most catalysts could be easily com-

pared for CO2 selectivity in the selective oxidation of CO with that

of undesired reaction with H2. As shown in previous results in Fig. 1

and Fig. 2, much higher conversion of CO and the CO2 selectivity

at lower temperature was achieved over Pt catalysts promoted with

transition metals such as Fe, Cu, Co, and Ni compared with those

of Pt catalyst. Therefore, FeOx-, CuOx-, CoOx-, and Ni-promoted

Pt/γ-Al2O3 catalyst were selected for the selective CO oxidation in

the presence of 80% H2. As shown in Fig. 3, CuOx-promoted Pt/γ-

Al2O3 catalyst showed the highest CO conversion at low tempera-

tures, but the CO conversion decreased rapidly with increasing reac-

tion temperatures. This was also observed over FeOx-promoted Pt/

γ-Al2O3 catalyst with much less CO conversion at all reaction tem-

peratures compared with Pt-CuOx/γ-Al2O3 catalyst. Compared with

the remarkable decrease in CO conversions and CO2 selectivity over

CuOx- and FeOx-promoted Pt catalysts under the extremely high

concentration of H2 (80 vol%) in the reactant stream, both CoOx-

and Ni-promoted Pt/γ-Al2O3 catalysts showed high CO conversion

over wide reaction temperatures as revealed in Fig. 3. Furthermore,

these catalysts showed the higher CO2 selectivity for CO oxidation

than that in Pt/γ-Al2O3 catalyst even with higher CO conversions.

Thus, these catalysts could be suggested as excellent catalysts for the

selective oxidation of CO among various transition metal-promoted

Pt catalysts. Especially for the Pt-Ni/γ-Al2O3 catalyst, it showed higher

Fig. 3. CO conversion, CH4 yield, O2 conversion, and CO2 selec-
tivity for the selective CO oxidation over transition metal-
promoted Pt/γ-Al2O3 with increasing reaction temperature.
Reactants: 1% CO, 1% O2, 80% H2, and 2% H2O in He. F/
W=1,000 ml/min/g

cat
.
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CO conversions from 373 K to 493 K than those in Pt-CoOx/γ-Al2O3

catalyst. Therefore, Ni-promoted Pt/γ-Al2O3 catalyst was selected

for further study. The methanation reaction proceeded over both

catalysts at high temperatures above 433 K as shown in Fig. 3.

TPR was conducted to find the interaction between platinum and

transition metal oxides as shown in Fig. 4. Pt/γ-Al2O3 catalyst showed

one reduction peak at 465 K. For Fe oxide-, Co oxide-, and Ni oxide-

promoted Pt/γ-Al2O3 catalyst, one strong reduction peak at 405 K

with a weak broad shoulder reaching till 540 K was observed. Pt-

CuOx/γ-Al2O3 catalyst showed two strong reduction peaks at 395 K

and 440 K. Compared with each supported metal oxide, the reduc-

tion peak for transition metal oxides shifted to a much lower tem-

perature in the presence of Pt.

The effect of support on catalytic activities was studied over Pt-

Ni catalyst as shown in Fig. 5. The low temperature catalytic ac-

tivity was enhanced when ZrO2 and TiO2 were used as a support.

Fig. 4. TPR patterns of transition metal-promoted Pt/γ-Al2O3 cat-
alysts.

Fig. 5. CO conversion, CH4 yield, O2 conversion, and CO2 selec-
tivity for the selective CO oxidation over supported Pt-Ni
catalysts with increasing reaction temperatures. Reactants:
1% CO, 1% O2, 10% H2, and 2% H2O in He. F/W=1,000
ml/min/g

cat
.

Fig. 6. TPR-TPO-TPR patterns of Pt-Ni catalysts supported on
different supports such as γ-Al2O3, TiO2, and ZrO2.
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However, catalysts supported on them showed rather narrow oper-

ating temperature window showing more than 95% CO conversion.

The methanation reaction proceeded at much lower temperatures

compared with Pt-Ni/γ-Al2O3 catalyst.

TPR was also conducted to find the interaction between plati-

num and nickel oxides for Pt-NiO catalysts supported on different

supports as shown in Fig. 6. Pt-NiO/ZrO2 showed two reduction

peaks at 380 K and 480 K. These can originate from reduction of

Pt-Ni oxide and NiO, respectively. The reduced Pt-Ni/ZrO2 cata-

lyst consumed O2 from room temperature to 573 K, which was de-

termined by TPO experiment. Only one reduction peak at 490 K

was observed in TPR after TPO experiment. This can be due to re-

duction of NiO which was oxidized in TPO experiment. Pt-NiO/

TiO2 showed two reduction peaks at 350 K and 470 K. With simi-

larity to the Pt-NiO/ZrO2, these also can originate from reduction of

Pt-Ni oxide and NiO, respectively. The reduced Pt-Ni/TiO2 catalyst

consumed O2 from room temperature to 523 K, which was also de-

termined by TPO experiment. Two reduction peaks at 340 K and

490 K were observed in TPR after TPO experiment as revealed in

Fig. 6. These peaks were due to reduction of Pt-Ni oxide and NiO,

respectively. However, no noticeable O2 consumption was observed

over Pt-Ni/γ-Al2O3 catalyst in TPO and only a very weak reduction

peak at 350 K was observed in TPR after TPO experiment in Fig. 6.

Therefore, the metallic phase of Pt-Ni should play an important role

in the selective CO oxidation over Pt-Ni/γ-Al2O3 catalyst. The pres-

ence of NiO, which can be formed over TiO2 and ZrO2, can promote

low temperature catalytic activity but cause a decrease in the CO2

selectivity at high reaction temperatures. For the Pt-Ni/γ-Al2O3 cata-

lyst, the metallic phase of Pt-Ni seems to lead to stable activity and

selectivity in selective oxidation of CO without sacrificing additional

O2 consumption for oxidation of metallic compounds.

The effect of molar ratio between Ni and Pt was examined as

shown in Fig. 7. As the molar ratio of Ni/Pt increased from 0.5 to 5,

the catalytic activity at low temperatures increased. The CO2 selec-

tivity also increased with increasing the molar ratio of Ni/Pt. No

noticeable increase in activity could be found when the molar ratio

of Ni/Pt increased from 5 to 10.

TPR was also conducted to find the interaction between plati-

num and nickel oxides with different molar ratio of Ni/Pt as shown

in Fig. 8. When the molar ratio of Ni/Pt was 0.5, one reduction peak

at 465 K was observed, which was similar to Pt/γ-Al2O3 catalyst.

Pt-NiO/γ-Al2O3 catalyst showed one reduction peak at 430 K with

a broad shoulder reaching until 550 K when the molar ratio of Ni/

Pt was 2.0. As the molar ratio of Ni/Pt increased further, the reduc-

tion occurred at lower temperature and its peak intensity increased,

which could be compared in TPR peak in Fig. 6 and Fig. 8 for Pt-

NiO/γ-Al2O3 catalysts. The strong peak around 450 K and a broad

shoulder above 450 K in TPR pattern can be due to the reduction

of Pt-Ni oxide and NiO, respectively. The increase of peak inten-

sity around 450 K with a molar ratio of Ni/Pt appeared to be closely

related to the increase of the interaction between Pt and Ni. NiO/γ-

Al2O3 catalyst showed one reduction peak at 540 K with a shoul-

der at 573 K. The addition of nickel oxide appeared to decrease the

reduction temperature of platinum oxide. The presence of Pt also

decreased the reduction temperature of NiO.

XRD patterns were obtained to determine bulk crystalline struc-

ture of all the above catalysts. However, no peak representing crys-

talline phase due to platinum and transition metal compounds was

found except peaks representing supports. Therefore, it can be as-

sumed that these metals were present in a highly dispersed form,

which was also supported by the CO chemisorption for some cata-

lysts.

The effect of presence of H2O and CO2 on the selective CO oxi-

Fig. 7. CO conversion, CH4 yield, O2 conversion, and CO2 selec-
tivity for the selective CO oxidation over Pt-Ni/γ-Al2O3 with
different molar ratio of Ni/Pt with increasing reaction tem-
perature. Reactants: 1% CO, 1% O2, 80% H2, and 2% H2O
in He. F/W=1,000 ml/min/g

cat
.

Fig. 8. TPR patterns of Pt-Ni/γ-Al2O3 catalysts with different molar
ratio of Ni/Pt.
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dation was further examined over Pt-Ni/γ-Al2O3 catalyst at 393 K.

99% CO conversion and 100% O2 conversion was achieved when

100 ml/min of reactant composed of 1 vol% CO, 1 vol% O2, and

50 vol% H2 in He was contacted with 0.10 g of catalyst. The same

CO conversion and CO2 selectivity was obtained in the presence

of 20 vol% CO2 and 2 vol% H2O. Furthermore, deactivation did

not occur during 10 h reaction.

Finally, we could compare catalytic performance of various tran-

sition metal-promoted Pt catalysts on the selective oxidation of CO

under the same reaction condition. Among various Pt catalysts pro-

moted with different transition metal species, Pt-CoOx/γ-Al2O3 and

Pt-Ni/γ-Al2O3 could be proposed as effective catalysts for selective

oxidation of CO in the presence of H2 in the reactant stream. Espe-

cially for the Pt-Ni/γ-Al2O3, which showed better catalytic perfor-

mance over wide operating temperature window, the bimetallic phase

of Pt-Ni seems to give rise to stable activity and selectivity in selective

oxidation of CO in H2-rich stream.

CONCLUSIONS

Pt-CoOx/γ-Al2O3 and Pt-Ni/γ-Al2O3 showed high CO conversion

over wide reaction temperatures in the selective CO oxidation in

the presence of excess H2 among supported Pt catalysts promoted

with various transition metals such as Cr, Mn, Fe, Co, Ni, Cu, Zn,

and Zr. Pt-Ni/γ-Al2O3 catalyst was superior to Pt-CoOx/γ-Al2O3 cat-

alyst in the presence of high concentration of H2. The alumina-sup-

ported Pt-Ni catalyst showed high CO conversion over a wide range

of reaction temperatures compared with TiO2- and ZrO2-supported

ones. The catalytic activity at low temperatures increased with in-

creasing the molar ratio of Ni/Pt. This accompanied the TPR peak

shift to lower temperatures. The optimum molar ratio between Ni

and Pt was determined to be 5. The bimetallic phase of Pt-Ni can

enhance the catalytic activity for the selective CO oxidation. This

Pt-Ni/γ-Al2O3 showed no decrease in CO conversion and CO2 selec-

tivity in the presence of 2 vol% H2O and 20 vol% CO2.

ACKNOWLEDGMENT

We acknowledge financial support from the Samsung Advanced

Institute of Technology (SAIT).

REFERENCES

Cho, S.-H., Park, J.-S., Choi, S.-H. and Kim, S.-H., “Effect of magne-

sium on preferential oxidation of carbon monoxide on platinum cat-

alyst in hydrogen-rich stream,” J. Power Sources, in press.

Korotkikh, O. and Farrauto, R., “Selective catalytic oxidation of CO in

H2: fuel cell applications,” Catal. Today, 62, 249 (2000).

Kwak, C., Park, T.-J. and Suh, D. J., “Preferential oxidation of carbon

monoxide in hydrogen-rich gas over platinum-cobalt-alumina aero-

gel catalysts,” Chem. Eng. Science, 60, 1211 (2005).

Kwak, C., Park, T.-J. and Suh, D. J., “Effects of sodium addition on the

performance of PtCo/Al2O3 catalysts for preferential oxidation of

carbon monoxide from hydrogen-rich fuels,” Appl. Catal. A, 278,

181 (2005).

Lee, S. H., Han, J. and Lee, K.-Y., “Development of PROX (preferen-

tial oxidation of CO) system for 1 kW
e
 PEMFC,” Korean J. Chem.

Eng., 19, 431 (2002).

Liu, X., Korotkikh, O. and Farrauto, R., “Selective catalytic oxidation

of CO in H2: structural study of Fe oxide-promoted Pt/alumina cata-

lyst,” Appl. Catal. A, 226, 293 (2002).

Manasilp, A. and Gulari E., “Selective CO oxidation over Pt/alumina

catalyst for fuel cell applications,” Appl. Catal. B, 37, 17 (2002).

Minemura, Y., Ito, S., Miyao, T., Naito, S., Tomishige, K. and Kunimori,

K., “Preferential CO oxidation promoted by the presence of H2 over

K-Pt/Al2O3,” Chem. Comm., 1429 (2005).

Oh, S. H. and Sinkevitch, R. M., “Carbon monoxide removal from hy-

drogen-rich fuel cell feedstreams by selective catalytic oxidation,” J.

Catal., 142, 254 (1993).

Pedrero, C., Waku, T. and Iglesia, E., “Oxidation of CO in H2-CO mix-

tures catalyzed by platinum: alkali effects on rates and selectivity,” J.

Catal., 233, 242 (2005).

Shore, L. and Farrauto, R. J., PROX catalysts, Handbook of Fuel Cells:

Fundamentals Technology and Applications, Vielstich, W., Lamm,

A. and Gasteiger, H. A., eds., John Wiley & Sons Ltd. (2003).

Sirijaruphan, A., Goodwin, Jr., J. G. and Rice, R. W., “Effect of Fe pro-

motion on the surface reaction parameters of Pt/γ-Al2O3 for the selec-

tive oxidation of CO,” J. Catal., 224, 304 (2004).

Son, I. H. and Lane, A. M., “Promotion of Pt/γ-Al2O3 by Ce for prefer-

ential oxidation of CO in H2,” Catal. Lett., 76, 151 (2001).

Son, I. H., Shamsuzzoha, M. and Lane, A. M., “Promotion of Pt/γ-Al2O3

by new pretreatment for low-temperature preferential oxidation of

CO in H2 for PEM fuel cells,” J. Catal., 210, 460 (2002).

Son, J.-E., “Hydrogen & fuel cell technology,” Korean Chem. Eng. Res.,

42, 1 (2004).

Suh, D. J., Kwak, C., Kim, J.-H., Kwon, S. M. and Park, T.-J., “Re-

moval of carbon monoxide from hydrogen-rich fuels by selective

low-temperature oxidation over base metal added platinum catalysts,”

J. Power Sources, 142, 70 (2005).

Takenaka, S., Shimizu, T. and Otsuka, K., “Complete removal of car-

bon monoxide in hydrogen-rich gas stream through methanation over

supported metal catalysts,” Int. J. Hydrogen Energ., 29, 1065 (2004).

Watanabe, M., Uchida, H., Ohkubo, K. and Igarashi, H., “Hydrogen

purification for fuel cells: selective oxidation of carbon monoxide

on Pt-Fe/zeolite catalysts,” Appl. Catal. B, 46, 595 (2003).

Wieland, S. and Melin, T., Membrane reactor concepts, Handbook of

Fuel Cells: Fundamentals Technology and Applications, Vielstich,

W., Lamm, A. and Gasteiger, H. A., eds., John Wiley & Sons Ltd.

(2003).



<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /All
  /Binding /Left
  /CalGrayProfile (Dot Gain 20%)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Warning
  /CompatibilityLevel 1.4
  /CompressObjects /Tags
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJDFFile false
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /ColorConversionStrategy /LeaveColorUnchanged
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams false
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveEPSInfo true
  /PreserveHalftoneInfo false
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 300
  /ColorImageDepth -1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 300
  /GrayImageDepth -1
  /GrayImageDownsampleThreshold 1.49667
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 1200
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile ()
  /PDFXOutputCondition ()
  /PDFXRegistryName (http://www.color.org)
  /PDFXTrapped /Unknown

  /Description <<
    /FRA <>
    /JPN <FEFF3053306e8a2d5b9a306f30019ad889e350cf5ea6753b50cf3092542b308000200050004400460020658766f830924f5c62103059308b3068304d306b4f7f75283057307e30593002537052376642306e753b8cea3092670059279650306b4fdd306430533068304c3067304d307e305930023053306e8a2d5b9a30674f5c62103057305f00200050004400460020658766f8306f0020004100630072006f0062006100740020304a30883073002000520065006100640065007200200035002e003000204ee5964d30678868793a3067304d307e30593002>
    /DEU <>
    /PTB <>
    /DAN <>
    /NLD <>
    /ESP <>
    /SUO <>
    /ITA <>
    /NOR <>
    /SVE <>
    /ENU <>
  >>
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [612.000 792.000]
>> setpagedevice


