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Abstract − Cu-Ce/γ-Al2O3 and Cu-Ce-Co/γ-Al2O3 promoted with 0.2 wt.% Co were prepared and their catalytic performance

was evaluated for the selective oxidation of CO in a H2-rich condition (1 vol.% CO+1 vol.% O2+60 vol.% H2 in N2 balance).

When CO2 and H2O were present in the reformed gas feed, both Cu-Ce/γ-Al2O3 and Cu-Ce-Co/γ-Al2O3 showed decrease in
oxidation activity of CO at low temperatures especially under 200oC. Compared with the Cu-Ce/γ-Al2O3, however, the Cu-Ce-

Co/γ-Al2O3 showed higher resistance for the CO2 and H2O and also there existed a temperature window of T99.9 from 210 to

225oC corresponding to the conversion of 99.9% CO. From CO2/H2O-TPD, it can be concluded that the main cause for the
decrease in catalytic activity may be attributed to the blockage of the active sites by competitive adsorption of water vapor and

CO2 with the reactant at low reaction temperatures.
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1. � �
 

�� �� � �� �	
� ��
 ����(PEMFC) ���� �

�� ���� �� ���� �  ���!" #$-�%�� -�&/

'& �(�!)* +,-. (/, 0+��� 1," 234)* ��

(53%), 2�56�(0.5-1%), (�56�(13%), 76(2.4%), ��(30%)

)* -8 9:. ; �  ���!�< =,> ��� ����� ?


-� �@<A BC> CO� DE� �F ppm (�* GH8 I8J

�:. KL �M, ���� �N� ��O P+� 98< CO DE� Q

(R( S TU ��
V)* +,> �O(Pt)( CO W�� ��X �

�� ,Y( �Z[ '�-� /\(:[1]. ]^< (� �� _`� �

a* �  ���!�< =,> ��b� Cc-8 9A COde fN

4)* gh�� �� fN4 �5(preferential oxidation, PrOx) ij�

kl[ �+-� 9:[2-4].

fN4 �5ij� mH8Jn op)* qr 4�� !E� s � 9

:. t, u 300oC (�� '& vw�< CO� _� x" �5k,, y

�5� ��� _� CO� x" �5 fNE, z 99% (R� CO �{

|e a}~A �" &E�(T99), � ��V)* '& �, �( 3�e

h� �  ��� ?
-8J �� /\� �  ���� ~� BC-

8 9A CO2� H2O �� �" ���� _� U�� W� '�,(

o+-� 9:.

�� I* �+-� 9A fN4 �53� ij* Pt, Ru � Au �

� ���� ij[5-13]� Cu-Ce� �(�� ij� s � 9:[14-17].

(s ijs" CO �5� jU x" k,e a}~�d �&�<�

CO� _� �5 fNE� G�< ��� ��� ��-A \g�e m

� 9). �� b� BC-8 9A H2O � CO2� _� v�� 98

<A (s ijs( <* :� �,e a}~� 9:.

2�*, Pt(2 wt.%)/γ-Al2O3 ij� TU 3��� ��( ���M

CO �53� k,( 110-190oC ���< �Z[ %��., �53�

k,5 ���� 74 kJ/mole�< 37 kJ/mol* G��r >:. 3M, CO2

� ��-r -M �5 3�k,(  8�� �����( ¡��r >

:. (� ¢( 3�k,(  8�A £" u {	 �Y� ���5� ¤

¥ ¦M� carbonate(CO3
2−)� �,-8 �53�� §o� �� g�

e ¨@ ©ha ªA y («��� g��A Pt ¬!� ­®¯a �M

?(� CO2� °±-8 �� («e g��� /\)* @²-� 9:

[18, 19]. �³, (s ��� CO2� «�� ��n TU�A CO 3��

E� R_4)* %��., ́ _ �{|e a}~A 3� &E� 170oC

�< 150oC* G��r -Aµ, (A ��� �� �5k, R¶·�

� CO2� �� �5k, ¡�·�¸: q� /\)* @²-� 9:

[20]. (¹� �� � CO2� v�" ¤¥� º»� ]^<E v�e ©

A:. ­®¯a� �¼ carbon� ¤�> Ru � Pt ij� 98<A �

�� CO2� ���� ½A ����<A Ru ij� Pt ij¸: x"

'& �5k,e a}~�d ��� CO2� C¾ ��n TUA ¿ i

j �¿ �5k, '�� a}~. Ru ij� ÀÁ Â� k,'�� a

}~A £)* ¸��� 9:[21]. (R�< CO2� �� 3�k, '�

� �,�� �(3�� w3�Ã Ä (1)� 3�( iÅ-8 CO DE

� %��� /\)* ÆÇ-� 9)., Ru ijÃ TUA 765 3

�Ã Ä (2)� 3�( «�� iÅ-8 ÀÁ À k,( '�-A £)*

ÆÇ-� 9:. ��� �� k,'�A ��( 3� k,�� °± ª

A CO-H2O È�¥(complex)� �,C)*É CO DE� %��Ê�

/\)* @²-� 9:.

CO2+H2ËCO+H2O (1)

CO2+4H2ËCH4+2H2O (2)

�³, ´Ì s8 ÍÎÏ ��� ij� _¥�� �� �+� 2{)

* Cu-Ce� ij� �+-� 9)a, (s ij w� �� � CO2�

�� �5k, '� � fNE ¡�� ��)* �4-� 9:[17]. ]

^< (� _� 	ÃÐÇe ��X �,�²e Ñ� k,'� ¨� �

+� o+-� 9:. ; �+�<A Cu-Ce/γ-Al2O3 ij� �� � CO2

� �� k,'�� OÈ�� ��X '& �5Y( U�� £)* ­

ÒÅ Co� ���Ó Cu-Ce-Co/γ-Al2O3� g1�X 3�� b� BC

> CO2� H2O� fNE, T99 &E� QÔ� �� ���� ¯ÕA v

�e Ö×¸Ø:. ª�, CO2/H2O-TPD �, �²e Ñ�X 3�k,�

v�e ¯ÕA Ã
s�� RÙ,e 1?�Ú:.

2. � �

2-1. �� ��

ij g1� ��X Cu(NO3)2·3H2O, Ce(NO3)3·6H2O, Co(NO3)2·6H2O

�� �� �+¥� ?
�X �Û 
Ü CÝÞ(excess solution impregnation)

)* γ-Al2O3(Aldrich, 150 m2/g) ¤¥� ¤� �Ú:. Uf �+� s

e 	�A  �Î* γ-Al2O3 ß�àW� 1.3á� @â�A %»�� ã

Ã ä γ-Al2O3 ¤¥� å8 R&�< æ3�ç:. (� Å� è� %l

�� å8 70oC�< _à�� ��e gh� ä 110oC p1��< 12

�é «` ê� p1�ç)., ´º4)* 500oC� �� ��� ��

< 4�é «` �,�X �5� ijÃ Cu-Ce/γ-Al2O3� g1�Ú:.

Co� ��> Cu-Ce-Co/γ-Al2O3 ijA Iij �+¥Ã Cu(NO3)2·3H2O,

Ce(NO3)3·6H2O� Co(NO3)2·6H2O� C¾ ãX< ��< �ë� «2

� ¨Þ)* g1�Ú:.

2-2. �� ��

fN4 CO �53�e ��X Rì �!í ¯� 3��� ?
�Ú

)., (� _� +¥4Ã ~
" î< l¦> ï\� 
ß[ �ë-8

9:[22]. CO2A  �c��(mass flow controller)� Ñ�X ���Ú

)., (/� �? � ��~� CO2 DEA 13 vol.% (ð:. H2O(10

vol.%)A ¯� I? ñò(micro syringe pump, Cole-Parmer(74900

series))* !� IP�Ú)., �óe V� ��X �� ^Ãe 100oC

(R)* �ô�Ó ä 3��* IP�Ú:. CO� CO2* �5�Aµ

§o� ��o+�" 2[O2]/[CO] õÎ* !�> j� ö� λ* ¦�n

� 9)., λ=1" CO� ê� �53�e �� ÷ø4 ��DE� �

¯�:. ; ùú�<A λ� 2* �!�X ùú�Ú:.

3�� � =,� b� BC> H2, O2, N2A HP-Molsiv ûü(Agilent

?) � ô�E ý0�(TCD)( þ±> GC(HP 6890N)� (
�X �²

�Ú:. CO, CO2, CH4 �²" Ni-catalyst� þ±> methanizer� Ñ�

�ÿ 765(methanation)�Ó ä CarboxenTM 1006 PLOT ûüe (


�X �� (&5ý0�(FID)* �²�Ú:.

CO� fN4 �53�� 98 CO �{|, �� ��| � fNE �

" ��� ¢( !��Ú:.

2-3. 	
����(CO2-, H2O-TPD)

ij� CO2 � H2O� °#± �,e Ö×¸� ��X ô�E ý0

�(TCD)� þ±> Autochem 2910(Micromeritics Inc.) ¶& ùúþÕ

� ?
�Ú:. ��Ô� ��X ij 0.1 ge U-type ̄ � 3��� �

Å�Ó ä, 3% O2/Ar� ����� ��< 500oC, 1�é �Ô� ä �

XCO %( )
CO[ ]inlet CO[ ]outlet–

CO[ ]inlet

------------------------------------------------- 100×=

XO2
%( )

O2[ ]inlet O2[ ]outlet–

O2[ ]inlet

--------------------------------------------- 100×=

SCO %( )
0.5 CO[ ]inlet CO[ ]outlet–( )

O2[ ]inlet O2[ ]outlet–
------------------------------------------------------------- 100×=
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566 �����������������������
���� ��< 50oC�� 	��Ó ä 1�é c��Ú:. ��Ô�

ij� _�X, � �" (�56�� �� 50oC�< °±�Ó ä, �

Ô °±> £e gh�� ��X 20 cc/min� ��e 
ÔM< ��[

purging �Ó :�, 20oC/min� ¶&�E* 500oC�� f�4)* &

E� R¶�ÿ< #± �fe 
ð:.

3. �� 	 
�

3-1. CO2
 ��� ����� ��� ��

CO2� CO� fN4 �53�� ¯ÕA v�e ­�¸� ��X Cu-

Ce � Cu-Ce-Co� γ-Al2O3� ¤�> Cu-Ce(4:16 wt%)/γ-Al2O3((�

CuCe/A) � Cu-Ce-Co(4:15.8:0.2 wt%)/γ-Al2O3((� CuCeCo0.2/A)�

¿ �� ij� _�X 3�&E� ]� CO �{|, fNE QÔ� �

� ��|� _�X 1?�Ú). Q ¬�� Fig. 1� a}~ð:. Q�

� a}� �� ¢(, CuCe/A� CuCeCo0.2/A ¿ ij �¿ 3���

CO2� ��n TU Q�� ½" TU� Î�X �5Y(  8� CO

�{| � O2 ���( �¿ ¡�Ce ­ � 9:(Fig. 1(a), (b)). t, CO

� �{|( 50%Ã T50 &E� ��)* Îæn /, CO2� ����

½A TU� Î�X CuCe/AA 10oC, CuCeCo0.2/AA 35oC !E �&

�)* («�X, '& �5k, vwÃ 190oC (��< ��� k,

¡�� a}~ð:. (¹� �5k, ¡�A '&vwÃ 150oC (��

< ÀÁ ¿�¹� CO2� ��C)* Ã�X CO �{|( CuCe/A�

<A 20%, CuCeCo0.2/A�<A 40% ¡��Ú)., (� ]� �� �

��E �� 10%� 20%� ¡��Ú:. ��d, CO2� fNE� ¯Õ

A v�� 98<A :� T�e a}~ð:. CuCe/A ijÃ TUA

CO2 �� Xà� Ù��( fNE� 98 � �(� a}~� ½Ø)

a, CuCeCo0.2/A ijÃ TUA CO2 ��� fNE� �[Ò %�C

e ­ � 9Aµ (A 1ij*< ��� Co� ��X �Ã> £)*

��>:. t, CuCe/A ij� Co� ��n TU CO� _� �5Ye

�R�ÿ ��� ¸: ·|4)* k
n � 9�e �@ I., CO2 �

�� ��� ¸: ·|4)* k
-� /\� fNE� %��ÊA £

)* ��>:.

CO2� �� ��� � fNE� ¯ÕA v�e «2 CO �{|�<

Îæn TU�E Î�� T�e a}~ð:. t, CO2� � �� b�

��n TU ij� �5Y ¡�� 28a� /\� ¢" CO �{|e


� �� &E� CO2� ���� ½e TU¸: 10-35oC !E %�

��d �� ��� � fNE� 98<A ¡�� 28a� ½Ø:. (

A 3�� b� BC> CO2� '& �5k, ¡�� ��� �5&E

R¶e ����d, �5 fNEA qr v�e I� ½�e �¯�:.

CO� fN4 �53�� 98, 99% (R� CO �{|e a}~A

T99 &E � &E�� ��A R 4 4
e �Òn / jU bo� �

¯� mA:. CuCe/A ij� TU CO2 ��� T99 &E�( Q�� ½

" TU� Î�X 15oC !E �&)* («C� «�� &E� ��E

20oC !E ¡��X 190-215oC� ��� mr -., CuCeCo0.2/A�

TUA T99 &E�( ! 40oC !E �&)* («C� «�� Q ��

� ! 30oC !E "8s8 190-230oC� ��� mr >:. (� ¢(

� �� b� CO2� CcS TU T99� �#&E %� � &E� �

� ¡� �� ¨@ ·�� a}$e ­ � 9:. ª�, fNE� TU

«2 &E� ��)* Îæ�A £" �¯� �). «2� CO �{|

e ��)* =�n TU CO2� ��n TU 3�&E� �&)* Õ

UÕr -%* fNE� G�Å:� �n � 9:. ]^< T99 &E�

�<� fNE� Ö×¸M, CuCe/A ij� 98< CO2� ���� ½

A TU T99 �#&EÃ 175oC�< 80%� fNE�, &aA &EÃ

220oC�< 50%� fNE� a}~�d, CO2 ��� T99 �#&EÃ

190oC�< 70%� fNE�, &aA &EÃ 215oC�< 51%� fNE

� a}~ð). CO2 ��� T99 &E� ���< ! 10%!E fNE

� ¡�Ce ­ �� 9:. ª�, CuCeCo0.2/A ij� TU CO2� �

��� ½A TU T99 �#&EÃ 150oC�< 94%� fNE�, &aA

&EÃ 220oC�< 50%� fNE� a}~�d, CO2 ��� T99 �#

&EÃ 190oC�< 83%� fNE�, &aA &EÃ 230oC�< 51%�

fNE� a}~ð)., w� CO2 ��� T99 &E� ���< ! 10%

Fig. 1. Change of (a) CO conversion, (b) O2 consumption and (c) selec-
tivity depending on the presence of CO2 in the reactant for the
selective oxidation of CO over CuCe/A (circle) and CuCeCo0.2/A
(triangle down) (Solid symbol=without CO2, open symbol=with
13 vol.% CO2). Reaction condition: 1 vol.% CO+1 vol.% O2+60
vol.% H2 in N2 balance, flow rate=100 cc/min, GHSV=60,000 h−1.
���� �41� �5� 2003� 10�



Cu-Ce-Co/γ-Al2O3 ����� CO� ��	 
��
-CO2� H2O� �� 567
!E fNE� ¡�Ce ­ �� 9:. ��d, T99 &E� vw�< Co

� 1ij* ��> CuCeCo0.2/A ij� CuCe/A ij¸: CO2 ��

� ¸: x" fNE� a}~ð:.

'�*, �&Ã 250oC (R�< CO �{|( �Z[ G��Aµ, (

A CO2� H2� 3��X <ø�< (�� Ä (1)� w �,�� �(

3�( Å)-8 CO� �=,-� /\Ã £)* ��-., Q� _�

(c� *�< +¥4)* (��Ú:. 

3-2. H2O
 ��� ����� ��� ��

Fig. 2A �? � �� ~� CO2 _+ 10 vol.%� ��( BC-ð

e /� CuCe/A� CuCeCo0.2/A ij R�< 3�&E� ]� k,ö

5� ¸XI� 9:. Q��< a}� �� ¢( � �� ~� ��(

��n TU, CO2� ���A TU� c?�r 50%� CO �{|e a

}~A T50 &E� ��( ���� ½e TU¸: CuCe/A ij�<

15oC, CuCeCo0.2/A ij�< 40oC !E �&�)* («�A �

190oC (�� '&vw�< �5k,( qr '�,e ­ � 9:. Q

¹a î<� Fig. 1(a)� CO2� �� CO �5k, '�� Îæ@ - /,

Fig. 2(a)� ��� �� �5k, '�A CuCeCo0.2/A̧: CuCe/A ij

R�< ¸: À Â�r 28$e ­ � 9:. t, CO2 ��� 3�&E

� ]� CO �{| �f( CuCe/A� CuCeCo0.2/A ij�< h� 2

Õ�� 9)a, �� ����A CuCe/A ij� CO �{| �f(

CuCeCo0.2/A ij¸: ¸: À �& �� �Õ�� 9�e ­ � 9

:. (A, CO �5Y .M�<, CuCe/A ij� CuCeCo0.2/A ij¸

: ��� ��X ¸: À v�e ©�e �¯�:.

� �� b� ��( ��n TU �� ��� � fNE� ¯ÕA

v�e «2 3�&E 1p�< Ö×¸M, CuCe/A � CuCeCo0.2/A i

j �¿ �� ���" ¡��� fNEA %��A T�e a}/:.

(� ¢( «2 3�&E�<� ¬�de Ö×¸M, ��( ��C)*

Ã�X Î0 CO �{|" 2à ¡���d, �� ���e GH� f

NE� %��ÊA 1!4 ·�* @²n � 9:. Q¹a (s ���

�� � fNE� CO� �{|� qr ���� /\� (s Ã
s�

_� v�e ág� ä�J !2� Îæ� S � 9:. t, CO� fN

4 �53�� 98 �� ���" CO �{| %�� Î��X %��

�, fNEA Î��X ¡��:. ]^< '& �5k, vw b CO �

{| 90%Ã T90e ��)* �� �� Xà� ]� CuCe/A �

CuCeCo0.2/A ij� �� ��� � fNE� Ö×¸M :�� ¢:.

CuCe/A ij� TU, �� �� � T90�<� �� ��� � fNE

A �� 50%, 92%� a}~ð)., ��( ���� ½e TU� 48%,

92%Ã TU� Îæ�M �� ���( ! 2% !E� %���A �Ú

)a � �(� a}~� ½Ø:. 3M, CuCeCo0.2/A ij� TU, �

� �� � T90�<� �� ��� � fNE� 98 �� 50%, 85%

� a}~ð)., ��( ���� ½e TU� 43%, 99%Ã TU� Î

æ�M �� ���( 3� fNE� qr G�4e ­ � 9:. (�

¢(, T90� vw�<A CuCeCo0.2/A ij� CuCe/A ij¸: À �

�� _� v�e À ©�e ­ � 9:.

99%(R� CO �{|e a}~A T99 &E� vw�<� 3��,

e Ö×¸M, � �� ~� ��( ��n TU CO2� ���A TU

� ¢( �#&E� �&�)* («�� &E�� ��� ¡��A �

� ¨@ ·�� a}$e ­ � 9:. t, CuCe/A ij� TUA ��

��� Q�� ½" TU� Î�X 25oC!E �&)* («C� «�

� &E� ��� 10oC!E ¡��X 200-235oC� ��� a}~ð

)., CuCeCo0.2/A� TUA T99 &E�( ! 35oC!E �&)* (

«�� Q ��� ! 25oC !E "8s8 185-230oC� ��� a}~

ð:. t, �� ��� CuCeCo0.2/A ij� CuCe/A ij¸: G" T99

�#&E� �" &E�e a}~ð:.

T99 &E� vw�<� fNE w� CuCeCo0.2/A ij� CuCe/A i

j¸: !é U�� �,e a}~ð:. CuCe/A ij� TU �� �

�� T99 �#&EÃ 200oC�< 71%� fNE� QÔ� &aA &E

Ã 215oC�< 51%� fNE� a}~ð)a, CuCeCo0.2/A ij� T

UA T99 �#&EÃ 185oC�< 78%� fNE�, &aA &EÃ 230oC

Fig. 2. Change in (a) CO conversion, (b) O2 consumption and (c) selec-
tivity depending on the presence of H2O in the reactant for the
selective oxidation of CO over CuCe/A (circle) and CuCeCo0.2/A
(triangle down) (Solid symbol=without H2O, and open sym-
bol=with 10 vol.% H2O). Reaction condition: 1 vol.% CO+1 vol.%
O2+60 vol.% H2 in N2 balance, flow rate=100 cc/min, GHSV=
60,000 h−1.
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568 �����������������������
�< 50%� fNE� a}~ð:. (� ¢(, T99 &E� vw�< Co�

1ij* ��> CuCeCo0.2/A ij� CuCe/A ij¸: CO2 ���

¸: x" fNE� a}~ð:. (R� ¢(, �� ��� CuCeCo0.2/A

ij� T99 &E� vw�<� �5�," CuCe/A ij� � �(�

a}~� ½�e ­ � 9:.

3-3. CO2� H2O �� �
� �� ��

�? � �� ~� 13 vol% CO2� 10 vol% H2O� «�� ��n

TU CuCe/A� CuCeCo0.2/A� 3�&E� ]� k,ö5� Ö×¸Ø

)., Q ¬�� Fig. 3� a}~ð:.

¿ ij �¿, 3��� CO2� H2O� «�� ��n TU CO2�

H2O� ��)* ��n TU¸: �5Y( ÀÁ À '�-8 &E�

]� CO �{| � fNE� ¡�Ce ­ � 9)., �[, 200oC(�

� '& vw�< Q �R( ¿�¹4e ­ � 9:. CO� 50% �{

-A T50 &E� Ö×¸M, CO2� H2O� «�� ��n TU ���

� ½e TU� Î�X CuCe/A ijA 45oC QÔ� CuCeCo0.2/A i

jA 60oC !E �& �)* («Ce ­ � 9:. (s CO2� H2O�

«�� ��n TU� CO2 ªA H2O� ��)* ��n TU� Îæ

@ ¸M, CuCe/A ij� TU T50 &E� CO2d ��� 10oC, H2O

��� 15oC �& �)* («�Aµ 3�X CO2� H2O «� ���

A 45oC �& �)* («�Ú)., CuCeCo0.2/A ij� TU T50 &

E� CO2 ��� 35oC, H2O ��� 40oC �& �)* («�Aµ 3�

X CO2� H2O «� ���A 60oC �& �)* («�Ú:. (A CO2

� H2O� � �� ~� «�� ��C)* Ã�X Qs( ��)*

��n TU¸: ij k,�� 3��¸: À T54)* °±�X

CO� �53�e ¨@�� /\)* =�>:.

QÔ� 99%(R� CO �{|e a}~A T99 &E� vw�<� 3

��,e Ö×¸M, (s w� CO2� H2O� ��)* ���A TU

¸: CO2� H2O� «�� ���A TU� CO �5�,( ¸: À

65,e ­ � 9:. CuCe/A� TU CO2� H2O� «�� ��C)

* Ã�X T99 �#&E� 35oC !E �& �)* («�� &E��

��� 20oC !E "87 210-230oC ��� a}~ð)., CuCeCo0.2/A

TUA T99 �#&E� 55oC !E �& �)* («�� &E�� �

�� 45oC !E "87 205-230oC ��� a}~ð:. (s T99 &E

� w� CO2� H2O� «�� ��n TU CO2� H2O� ��)* �

�n TU� Î�X �#&E� x��� Q ��� 8�4e ­ � 9

:. t, CuCe/A ij� TU T99 &E�( CO2 ��� 190-215oC, H2O

��� 200-235oC ��� mAµ 3�X CO2� H2O «� ���A

210-230oC ��� ��., CuCeCo0.2/A ij� TU T99 &E�(

CO2d ��� 190-230oC, H2O ��� 185-230oC��� mAµ 3�

X CO2� H2O «� ���A 205-230oC ��� mA:.

Table 1" � �� ~� CO2� H2O� ���� ½e TU, (s(

��)* ��n TU QÔ� (s( «�� ��n TU� _�X CO

� 99% � 99.9% �{-A T99 � T99.9 &E� �,� fNE� o!

!Ô�X a}~� 9:. Table 1� a}� �� ¢(, fNE� 98<

A CO2� H2O� «�� ��n TU� CO �{| � T99 &E� ¡

�� ÀÁ À 28aA £�A 9Ô (s( ��)* ��n TU� Î

�X Q:� qr �(� a}~� ½�e ­ � 9:. t, CuCe/A i

j� TU T99 �#&EÃ 210oC�< 75%� fNE� QÔ� &aA

&EÃ 230oC�<A 50%� a}~ð)., CuCeCo0.2/A ij� TU

T99 �#&EÃ 205oC�< 80% fNE� QÔ� &aA &EÃ 230oC

�< 50%� a}~ð:.

CO� 99.9%�� �{-A T99.9 &E�" � ��� BC> CO�

DE� 10 ppm (�* GH� �� CO� fN4 �53�� 98 j

U bo� �¯� mA:. CuCe/A ij � CuCeCo0.2/A ijA CO2

� H2O� ��)* ªA «�� ��� T99.9 &E� vw� 98 jU

� �(� a}:e ­ � 9:. t, CuCe/A ij� TUA CO2� H2O

� 3�� b� ��n TU CO� 99.9% (R �5 ghn � 9A

T99.9 &E vw( ���� ½Aµ 3�X, CuCeCo0.2/A� TUA CO2

� H2O� «�� ���XE 210-225oC &E ��� T99.9 &E�(

Fig. 3. Change in the (a) CO conversion, (b) O2 consumption and (c)
selectivity depending on the presence of H2O and CO2 in the
reactant for the selective oxidation of CO over CuCe/A (circle)
and CuCeCo0.2/A (triangle down) (Solid symbol=without H2O
and CO2, open symbol=with 10 vol.% H2O and 13 vol.% CO2).
Reaction condition: 1 vol.% CO+1 vol.% O2+60 vol.% H2 in N2

balance, flow rate=100 cc/min, GHSV=60,000 h−1.
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��Ce ­ � 9:. (� ¢" CO �{|( %�> £" �5Y( U

�� Co� CuCe/A� 1ij* ��,)* Ã�X �Ã> £)* ��

>:.

3-4. � !

Fig. 4A CO� fN4 �5Y( U�� CuCeCo0.2/A ij� 3��

b� BC> CO2 �" H2O� �� W� �w, Xà� a}~� 9:.

; ùú" 3�&E 160oC, GHSV 60,000 h−1�< )�Ú)., 3��

b� CO2� H2O� ���� ½e TU, ��( ��)* ��n TU

QÔ� «�� ��n TU� 98<� CO �{|, �� ���, fN

E QÔ� CH4 =,� �� ö5� ¸XI� 9:. (s ¬� b CO2

� H2O� ��-� ½" ¬�s" (s 3��� ��e b�� ä 50

cc/min� N2 ��� ��< 300oC* ¶&�X 30�é purging� :�

:� 160oC* 	��ÿ CO� fN4 �53�e �)� ¬�� a}

~� 9:.

Fig. 4� 98 ; <= 3���Ã, 3�� b� CO2� H2O� ��

�� ½A TU� ¬�� ¸M, CO� ê��5� 28a 100%� CO

�{|� 100%� CO �5 fNE� a}:e ­ � 9)., 3��

b� BC> ��� ! 50% !E� ��,e ­ � 9:. �³, CO2

�" H2O� �� �� ªA «�� 3��� C¾ ��S TU�A CO

� �{|( qr  8�, �� 80%, 55% QÔ� 30% !E* G�4

e ­ � 9)., �� ���� 98<E 40%, 25% QÔ� 18% !E

* ¡�Ce ­ � 9:. Q¹a CO2a H2O� ��( b�-8 3�

� b� ���� ½e TU�A >�� R?* èÈ-8 CO� ê��

�5� 28$e ­ � 9:. t, CO2a H2O� �� �" «�� ��

S TU�A ij� W��ÿ 3�k,( �Z[ G���d, (s�

��e b��r -M 3�k,( >�R?* @��A �w4 W�A

e ­ � 9:. (R� ¬�*àB CuCeCo0.2/A ij� CO2a H2O�

�� W�" CO� '& �5Ye mA k,�� CO� (s( T54

)* °±�X �53�e '@�� /\)* =�@ - � 9:.

CO� fN4 �53��< ª� �Ò@ - ?�" <ø� �ë>

Ä (2)� 765 3�� �� CH4� =,-A�� Xà(:. Fig. 4�

a}� �� ¢(, CuCeCo0.2/A ij R�<A CO2 ªA CO2� H2O

� «�� ��A TU�E CO� fN4 �53� 1p�< CH4� =

,�A 765 3�" Å)-� ½A £e 2Ã�Ú:.

3-5. " #!
$ %&��(reverse water-gas shift reaction)

fN4 CO �53�� 98, CO� �5� ��X =,> CO2� 3

�� b ���A CO2� ��� w�,�� �(3�)* :� CO�

=,�r -M 3�� à!4 v�e CÕr >:. ]^< Fig. 5A

CuCe/A� CuCeCo0.2/A¿ ij R�< CO2� H2� 3��X CO ª

A CH4� =,�A w �,�� �(3�(Ä (1))� 765 3�(Ä (2))

Fig. 4. Deactivation mode of CuCeCo0.2/A catalyst in the presence of CO2

and H2O. Reaction condition: 1 vol.% CO+1 vol.% O2+60 vol.%
H2+(0-13) vol.% CO2+(0-10) vol.% H2O in N2 balance, flow
rate=100 cc/min, reaction temperature=160oC, GHSV=60,000 h−1.

Fig. 5. Reverse water-gas shift (circle) and methanation (reverse trian-
gle) activities of CuCe/A (open) and CuCeCo0.2/A (solid). Reac-
tion condition: 1 vol.% CO2+60 vol.% H2 in N2 balance, flow
rate=100 ml/min.

Table 1. Temperature windows for T>99 and T>99.9 over CuCe/A and CuCeCo0.2/A with and without CO2 and H2O in the reactant

Condition Catalyst T99,S
c T99,E

d ∆T99 (S)e T99.9,S
c T99.9,E

d ∆T99.9

without CO2 and H2O CuCe/Aa 175 220 45 (80-50%) 190 215 25
CuCeCo0.2/Ab 150 220 70 (94-50%) 160 210 50

with CO2 CuCe/A 190 215 25 (70-51%) - - -
CuCeCo0.2/A 190 230 40 (83-51%) 195 220 25

with H2O CuCe/A 200 235 35 (71-51%) 210 230 20
CuCeCo0.2/A 185 230 45 (78-50%) 190 220 30

with CO2 and H2O CuCe/A 210 230 20 (75-50%) - - -
CuCeCo0.2/A 205 230 25 (80-50%) 210 225 15

aCuCe/A: Cu-Ce[4:16 wt%]/γ-Al2O3
bCuCeCo0.2/A: Cu-Ce-Co[4.0:15.8:0.2 wt%]/γ-Al2O3
cS: start temperature (oC) 
dE: end temperature (oC)
e(S): selectivity
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570 �����������������������
( 28aA� Xà� 2Ã�� ��X 1 vol.% CO2+60 vol.% H2+39

vol.% N2 1,� ��� 
ÔM< &E� ]� CO� CH4 DEö5�

Ö×¸Ø:.

Fig. 5� a}� �� ¢(, ��ijÃ CuCe/A� TUA 240oCàB

w �,�� �( 3�ÃDCO2+H2ËCO+H2OE3�� ��X CO�

=,-� �#�Aµ 3�X, Co� ��> CuCeCo0.2/A ij� TU

A w �,�� �(3� k,( ¸: x� 170oCàB CO� =,-�

�#�:. (s ijs� w �,�� �(3�� _� k," 3�&

E� %�n�0 ÀÁ À � �(� a}~ð:. 3�&E� 300oC�

-M CuCeCo0.2/A ij� TU ! 3,200 ppm� CO� =,-ð).,

(A ! 800 ppm� CO� =,-A CuCe/A ij� TU¸: ! 4á

!E x" Í(:. (� ¢(, CuCeCo0.2/A ijA CuCe/A ij� Î

�X w �,�� �(3� k,( F)* Ã�X 3�� b� CO2�

���� 3�&E� xe TU CO =,� _� à¤( G4e ­ �

9:.

Q¹a (s ¿ ijs �¿ 300oC�� CH4� l=( �H �A £

)* - / 765 3�Ã Ä (2)�DCO2+4H2ËCH4+2H2OE� _�

3�k," �A £)* ��>:.

3-6. 	
����(H2O-/CO2-TPD)

� �� b� BC> CO2 � H2O� fN4 CO �53�� ¯ÕA

v�e ­�¸� ��X, �� ijÃ CuCe/A� X�� 0.2 �" 0.5

wt.%� Co� ���Ó CuCeCo0.2/A � CuCeCo0.5/A ij� _�X

H2O � CO2 ¶&#±ùú(TPD)e )�Ú)., Q ¬�� Fig. 6 �

Fig. 7� a}~ð:.

H2O-TPD ¬�� ¸M, CuCe/A ij� TU 150oC àÌ�< ��

#± Wq� a}I)a(Fig. 6(a)), Co ���( %�C� ]^ ��i

jÃ CuCe/A� Î�X �� #± Wq� '&�)* («Ce ­ �

� 9:(Fig. 6(b), (c)). �[ Co� 0.2 wt% ��> CuCeCo0.2/A ij

� 115oC* 0.5 wt.% ��> CuCeCo0.5/A ij� #± Wq� a}

aA 130oÇ : '&�< #± Wq� a}$e ­ �� 9:. ª�,

Co� ���( %�n�0 (s #± Wqs� q�E %��A £e

­ � 9:. ; H2O-TPD ¬�A Fig. 2� a}/ CO� fN4 �53

�� 98<� �� v�e J ÆÇ@ I� 9:. 3�� b� ��(

���� 3�&E� ��� #± &E¸: Gr -M, (s ��( i

j k,�� °±�X CO� �5 k,e  8KÔr >:. ]^< i

jA ��� _� °±ß�� !n�0 cÔn £)* ��>:. ��

#± Wq� CO �5k,� Ù�� Ö×¸M, CuCeCo0.2/A ij� T

UA 115oC�< °±> ��( _à� #±,e ­ � 9)., ]^<

99%� CO �{|e a}~A T99 &E� vwÃ 185-230oC�<A 3

��< =,> ��( ij¦M)*àB Lr #±-84e ­ � 9:.

3M, CuCe/A ij� TUA ��� _� °±M( x� CuCeCo0.5/A

¸: 15oC x" 130oC àÌ�< _à�� ��( #±,e ­ � 9

)., ]^< 99%� CO �{|e a}~A T99 &E� vw w�

CuCeCo0.2/A̧: 15oC xr �#�X 200-235oC� ��� �4e ­

� 9:.

Fig. 7" î� H2O-TPD ¬��< (�� 3�� ijs� _�X �

)� CO2-TPD ¬�� a}~� 9:. �� ijÃ CuCe/A� TU 155oC

àÌ�< Îæ4 G" x(� #± Wq� ¸Ã 3M, Co� 0.2 wt.%

��> CuCeCo0.2/A� 0.5 wt.% ��> CuCeCo0.5/A� TUA CO2

� _� °±Y( qr %��X, 160oC, 250oC QÔ� 410oC àÌ

�< #±( 28aA 3�� Wq� a}N:. (s Wq� x(A Co

� ���( %�n�0 qr a}I:. (A î< (�� CO2� CO

� fN4 �5k,� ¯ÕA v�e Îæ� ¬�� a}a 9O(,

CuCe/A� Î�X CuCeCo0.2/A� CO2� R_4)* P�r °±��

/\� CO2� �� �5k, '�� CuCeCo0.2/A R�< ¸: À Â

�r 28� £)* ��>:. (� ¢(, 3�� b� CO2� ��n

TU (s( CuCeCo0.2/A ij ¦M� P�r °±C)* Ã�X �

5Y( qr '�-8 ¬Q" CuCe/A� CO �{| �f� 2Õ�A

£)* ��>:(Fig. 1(a)).

(R� ¶&#± ùú ¬��< ¸O(, H2O� CO2� 3�� b�

���r -M, (s( ij� k,�� 3��Ã CO � O2 �� C¾

T54)* °±( 28a� /\� CO �5k,e '��ÊA I>

oÃ)* ��-., ]^< (s� �� ij W� v�e ¡��Ê�

�@<A (s� ij�� °±Me G0 � 9E0 ij� Æ�@ I

8Jd n £)* ��>:.

4. � �

Cu-Ce/γ-Al2O3 � Co� ��> Cu-Ce-Co/γ-Al2O3 ij R�<� CO

� fN4 �53�� 98 �? � �� ~� ���A CO2� H2O

� CO �5Y � &E�, fNE� ¯ÕA v�e Ö×¸Ø)., ª�

Fig. 6. H2O-TPD profiles for various types of γγγγ-Al2O3 supported cata-
lysts; (a) Cu-Ce[4:16 wt.%], (b) Cu-Ce-Co[4.0:15.8:0.2 wt.%],
(c) Cu-Ce-Co[3.9:15.6:0.5 wt.%].

Fig. 7. CO2-TPD profiles for various types of γγγγ-Al2O3 supported cata-
lysts; (a) Cu-Ce [4:16 wt.%], (b) Cu-Ce-Co[4.0:15.8:0.2 wt.%],
(c) Cu-Ce-Co[3.9:15.6:0.5 wt.%].
���� �41� �5� 2003� 10�



Cu-Ce-Co/γ-Al2O3 ����� CO� ��	 
��
-CO2� H2O� �� 571

he

lec-

a-

he

ef-

r-

de

r-

e

on-

,”

nd

ina

ion

ll-

.,

n

at-

nd
CO2� H2O� ¶&#± ùúe Ñ�X :�� ¢" ¬øe 
ð:.

(1) 3�� b� CO2 � H2O� ��n TU ij º»� Ù��(

(s( ij� W�� * #
�X CO �5Ye qr '��ç).,

ij� ]^ W� !E� 9Ô�Ú:.

- CO2� W�: CuCeCo0.2/A>CuCe/A

- ��� W�: CuCeCo0.2/A<CuCe/A

- CO2 � �� «�� �� W�: CuCeCo0.2/A<CuCe/A

(2) (s CO2 � H2O� �� ij W�" �w4 W�)*< 3��

*àB (se ghn TU ijk,( 	�� R?* èÈ-ð:.

(3) CuCeCo0.2/AA CuCe/A� Î�X CO� fN4 �5Y( U��

X, CO2� H2O� «�� ��n TU�E CuCe/A� TU�A 9Ô

99.9%� CO� �{-A T99 &E�( 210-225oC ���< ���Ú:.

(4) H2O/CO2-TPD ùú ¬�, CO2� H2O� #±&E� ij� fN

4 CO �5Y� RS� Ù�� 9�e 2Ã�Ú:.
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