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Abstract − The kinetics and reaction mechanism of the reverse water-gas shift reaction (RWGS) over CuO/ZnO/Al2O3 cat-

alysts were studied using a differential reactor. The experiments were carried out at 523 K and 2.9-5.7 atm. Effect of reactants
composition on the reaction rate was checked by changing P0

CO2
 and P0H2

. When the P0CO2
 and P0H2

 were low, the reaction rate was

dependent on partial pressures of both reactants and there was a strong dependency on P0
H2

. At high P0
CO2

 and P0H2
, reaction order

with P0
H2

 was zero, and order with P0
CO2

 was 0.23. The data was analysed using rate equations based on power law, Langmuir-
Hinshelwood mechanism, and surface redox mechanism in which Cu was considered as an active site. The reaction rate derived

from surface redox mechanism matched well with the reaction rate derived from power law, and the calculated r0 values, based

on surface redox mechanism, was in good agreement with the experimental values. Also, a linear relationship between P0
CO and

reaction rate indicated that the surface redox mechanism was operative under these conditions. Therefore, it was conclued that

the RWGS at 523 K proceeds by surface redox mechanism via oxidation and reduction of the Cu active site.
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R <D. E>?, ;WU VH 2,� A/ ���� ����4 @��
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,� Ax @���� ����� <S surface redox Nj$k4

Langmuir-Hinshelwood Nj$k� [�EM u py )z�� [{/

�� Nj$k4 �� h65� 67ER| /D.

2. �  �
 

���� ����
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 r �> ��� 3� R <D[7-9].
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M �� ��ER _�~	 �J�D. ��/ ‘surface oxidation’ ��

��
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3. �  �

py	 Fig. 14 �	 ÄÅ ���L ��E�D. ��	 R+Æ �¥

����� 2, Ç�Æ f£	 12.7 mm ID, 55 mm length�R, 'È
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Fig. 1. Schematic diagram of the apparatus.
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¡� Ë�Ì� ¡�lÍ ����
 H6 ª�L Ê+E�D. 2,�

CuO/ZnO/Al2O3�� ICI 83-3
 vw[ 2,L ��E�R, ��� �

�� 2, lÎ ²	 0.4 g�D. ��� �� � �� 2,� 503 K E

�� 5% H2/N2 mixture, 200 ml/min�� 4l� Xs �JE�D. ��

	 523 K, 2.99, 4.35, 5.72 atm E�� �mE�R, ���4 ���


£À	 GCL ��E�D. TCD� �� S <� Hewlett-Packard

chromatograph model 6,890���, Molecular Sieve column�� 50-

180oC
 ¾H� 
x CO2, H2, CO, N2L £ÀE�D.

�� h65(kinetic) py� �mE� ¡x, 2,
 Ï| Ð�L 0.30-

0.43 mm dia.� EM internal diffusion resistanceL (gE�D.  /

external diffusion resistanceL (gE� ¡x, �� ��� Ñ¿� 200

ml/min�� E�D. ���� ���� ^Ò Ñ>lÍ Ã£ ����

xÀE��! ta� �� h6L, r=X/(W/FCO2
), U�E�D.
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��� )
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�� �� h6� H2 £e� 
�ß� Ü � <D. E>?, H2 £e�

1 atm� àS�� H2 £e� A/ �� h6 
��� v{] á�E�

�, P0
CO2
� 1.74 atm Y �-, P0

H2
� A/ �� h6 
��� d� P0

H2

� 1 atm �v��� �� h6� H2 £e� â�ß� Ü � <D. �

� CO2 £e ¯4i Y�E� ����, �� h6� H2 £e� ^	

�-�� CO2 £e4 H2 £e #r� 
�E>?, H2 £e� �	 �

-�� CO2 £e�? 
�E� �� dM�=D.  / ��/ ¯4�

Gines 8[17]� dR/ �4 XY/ H2 £e 
����, �	 H2 £e

Á@��� P0
H2
� A/ �� ��L 0µ� ã]R <D.

CO2 £e4 H2 £e� t« �� h6 
����, power law� t

a �� h65� Ñ6x dCD.

(13)

i) P0
H2

<1 atm, P0CO2
<1 atmY �-,

k=0.0219

α=0.41, β=0.63

ii) P0
H2

>1 atm, P0CO2
>1 atmY �-,

k=0.0163

α=0.23, β=0

M��, r0� ä� �� h6 [mol CO2 h
−1 gcat−1]L '�»R, k� �

� h6 v� [mol CO2 h−1 gcat−1 atm−(α+β)]�! α, β� §§ CO2i

H2
 £e� t« �� ��L '�ÖD.

@���� ����
 �� Nj$k� å·E� ¡x, Langmuir-

Hinshelwood Nj$k4 surface redox Nj$k
 r �> #æ� ¶

+E�D. Langmuir-Hinshelwood Nj$k	 ���� ������

�� Nj$k�� çW Üèé <��[13], �� @���� ����

� [�� êëx dCD. Nj$k	 D�4 �D.

(14)

(15)

(16)

(17)

r0 k PCO2
0( )α PH2

0( )β=

CO2 g( ) S
k1
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k 1–

+  CO2 S⋅

H2 g( ) S
k2
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k 2–

+  H2 S⋅

CO2 S⋅ H2 S⋅
k3
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k 3–

+  CO S H2O S⋅+⋅

CO S
k4

 �
k 4–

⋅  CO g( ) S+

Fig. 2. Dependency of the rate of the RWGS reaction upon CO2 partial
pressure at five fixed H2 pressure. Catalyst CuO/ZnO/Al2O3,
T=523 K, P=4.35 atm.

Fig. 3. Dependency of the rate of the RWGS reaction upon H2 partial
pressure at three fixed CO2 pressure. Catalyst CuO/ZnO/Al2O3,
T=523 K, P=4.35 atm.
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(18)

 M��, qU[16]
 �� �� qUL �� �h qU� �+ER, �

� h6L ÑìE�,

(19)

4 �� �D. ta� ä� �� h6 r0� %¤i �D.

(20)

 

íî�, surface redox Nj$k	 D�4 �D.

(21)

(22)

M��� 2, _�~� COi H2O
 �� qUL (ïE���, ��

Gines 8[17]� 
x 3�� Cu(110) ¡��
 COi H2O
 ^	 ðñ

ò� GgE�D.  / P0
H2

/P0
CO2

<3 �E
 H2 £e� ^	 py )z�

cEM, H2 xW �� qUL (ïE�D. ta� § �� qU��


�� h6�,

(23)

(24)

� �D. M�� r=rA=rBa ER, �� h6L '�»�,

(25)

�R, ta� ä� �� h6 r0�

(26)

�D.

CO2 £e4 H2 £e� t« ä� �� h6 r0 
��� ta Langmuir-

Hinshelwood Nj$k4 surface redox Nj$k
 �� h6 v�L

;°D.

Langmuir-Hinshelwood Nj$k
 �-,

k=0.2363 mol h−1 gcat
−1 atm−2

K1=0.8302 atm−1

K2=1.4939 atm−1

�D.  / surface redox Nj$k
 �� h6 v�� D�4 �D.

kACt=2.11×10−2mol h−1 gcat
−1 atm−1

kBCt=1.86×10−1mol h−1 gcat
−1 atm−1

ta� power lawi Langmuir-Hinshelwood, surface redox Nj$k

�� ó	 ä� �� h6 r0� Ax §§ pyô4 ��EM Fig. 4�

'�»=D.

^	 H2 £e��� power law� �� h6L Þ '�»>?, �	

H2 £e��� ³� ��� <�� Ü � <D. Langmuir-Hinshelwood

Nj$k� t« ä� �� h6  / py ô4 D� ��� <D. E

>?, surface redox Nj$k� t« ä� �� h6� py ¯4i õ

	 �Â�� dµ� Ü � <D. ö¤� power law� t« �� h65

4 surface redox Nj$k� t« �� h65� ��x dCD.

Surface redox Nj$k� 
/ �� h65 (26)	 D�4 �� ª¥

÷ � <D.

(27)

�� ax/(1+ax) ¥��� bxn, bi n	 v��R 0<n<1
 ¥�� �ø

Ô � <D.

(28)

¯ù, @���� ����� <S�
 power lawL �øEÒ �D.

(29)

M�� CO2 £e4 H2 £e� A/ �� ��L &E� 1�  ��,

power law �� h65�� CO2i H2 £e� 1 atm �EK �-
 CO2,

H2 £e� A/ �� �� &(0.63+0.41=1.04)4 ��x� Y� � ¯

4�D. ta� P0
H2

/P0
CO2

<3
 £e )z E�� ̄ +� surface redox N

j$k� 
/ �� h65	 �{ß� Ü � <D.

¡
 £À ¯4��, surface redox Nj$k� ta Ñ6� �� h

65� Langmuir-Hinshelwood Nj$k
 �� h65 dD py ̄ 4

L Þ '�»R <�� Ü � <��, ��	 @���� ����� u

:;
 py )z��� surface redox Nj$k�� ��� úmû�

dM�� ¯4�D.

Surface redox Nj$k��
 CO £e� A/ �� h6 v�, k−ACtL

;E� ¡x Fig. 5i �� CO £e� t« ä� �� h6 
��� )

�E�D. ö ¯4 surface redox �� Nj$k�� Ñì� �4 ��i

P0
COi �� h6
 @�, 1/(−γ0

CO2
)� õ	 b¥ �U� <=R, ���

��  / ��� surface redox Nj$k� ta úm�D� �� oKÔ

H2O S
k5

 �
k 5–

⋅ H2O g( ) S+

r

k PCO2PH2

PCOPH2O

Keq

---------------------– 
 

1 K1PCO2 K2PH2 PCO+ + + K4⁄ PH2O+ K5⁄( )2
--------------------------------------------------------------------------------------------------------=

r0

kPCO2
0 PH2

0

1 K1PCO2
0 K2PH2

0+ +( )2
------------------------------------------------------=

CO2 g( ) S
kA

 �
k A–

+  CO g( ) O S⋅+

H2 g( ) O S⋅
kB

 �
k B–

+  H2O g( ) S+

rA kA PCO2
Cv

PCOCO S⋅

KA

---------------------– 
 =

rB kB PH2
CO S⋅

PH2OCv

KB

------------------– 
 =

r

kAkBCt PCO2
PH2

PCOPH2O

Keq

---------------------– 
 

kAPCO2
k A– PCO kBPH2

k B– PH2O+ + +
------------------------------------------------------------------------------------=

r0

kAkBCtPCO2
0 PH2

0

kAPCO2
0 kBPH2

0+
--------------------------------------=

r0 kBCtPH2
0

kA

kB

-----
PCO2

0

PH2
0

-----------

1
kA

kB

-----
PCO2

0

PH2
0

-----------+

--------------------------

 
 
 
 
 
 

=

r0 bkBCtPH2
0

PCO2
0

PH2
0

----------- 
 

n

=

r0 k'' PCO2
0( )n PH2

0( )1 n–=

Fig. 4. Comparison of experimental data and calculated data by power
law, Langmuir-Hinshelwood and surface redox mechanism. P0CO2

=
0.44 atm, Catalyst CuO/ZnO/Al2O3, T=523 K, P=4.35 atm.
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� <=D. M�� CO
 £e� A/ �� h6 v�, k−ACt� %¤i �D.

¡�� ;/ �� h6 v�, kACt, kBCt, k−ACt ô4 250oC
 @��

�� ����
 ü¥ v�, Keq(=kAkB/k−Ak−B)�f¨ U�� k−BCt ô

� �ä� EM 5 (30)
 8H [£��� ¶U5� F[�Ô � <�

�� h6 v�L ;E�D.

(30)

(31)

�� h6 v� F[��� �

F��E� F�|¾ý� ��E�D. U�� �� h6 v�� D�4

�D.

kACt=0.022 mol h−1 gcat
−1 atm−1

kBCt=0.186 mol h−1 gcat
−1 atm−1

k−ACt=0.575 mol h−1 gcat
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Cv : concentration of vacant acitve sites [mol gcat
−1 ]

Ci·S : concentration of active sites covered by species i [mol gcat
−1 ]

Ct : concentration of active sites of fresh catalysts [mol gcat
−1 ]

FCO2
: feed rate of CO2 [mol h−1]

i·S : active sites covered by species i [−]

k : apparent rate constant of the RWGS reaction [mol h−1 gcat
−1

atm−(α+β)]

k A– Ct 529 101– mol h 1– gcat
1–  atm 1–×=

W

FCO2
0

----------- dx
rCO2

----------
0

x

∫=

rCO2–

kAkBCt PCO2
PH2

PCOPH2O

Keq

---------------------– 
 

kAPCO2
k A– PCO kBPH2

k B– PH2O+ + +
------------------------------------------------------------------------------------=

F W FCO2

0⁄( )exp W FCO2

0⁄( )calc–[ ]
2
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kAkB

k A– k B–

---------------= 0.0119=

Fig. 5. Dependency of the rate of the RWGS reaction upon CO partial
pressure. P0CO2

=1.09 atm, P0H2
=1.09 atm, P0H2O=0, Catalyst CuO/

ZnO/Al 2O3, T=523 K, P=4.35 atm.

Fig. 6. Integral plug flow reactor data for catalyst CuO/ZnO/Al2O3

at three different total pressure. Points, experimental results;
lines, model predictions. P0CO2=P0

H2=0.25 PT, Catalyst CuO/
AnO/Al 2O3, T=523 K.
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k1, k2 : forward reaction constants of reactions (14), (15), respectively

[atm−1 h−1]

k3 : forward reaction constant of reaction (16) [gcat mol−1 h−1]

k4, k5 : forward reaction constants of reactions (17), (18), respectively

[h−l]

k−1, k−2 : reverse reaction constants of reactions (14), (15), respectively

[h−1]

k−3 : reverse reaction constant of reaction (16) [gcat mol−1 h−1]

k−4, k−5 : reverse reaction constants of reactions (17), (18), respectively

[atm−1 h−1]

kA, kB : forward reaction constants of reactions (21), (22), respectively

[atm−1 h−1]

k−A, k−B : reverse reaction constants of reactions (21), (22), respectively

[atm−1 h−1]

K1, K2 : adsorption equilibrium constants defined in Eq. (19), respectively

[atm−1]

K4, K5 : desorption equilibrium constants defined in Eq. (19), respectively

[atm]

KA, KB : equilibrium constants defined in Eq. (23), (24), respectively [−]

Keq : equilibrium constant of the RWGS reaction [−]

Pi
0 : partial pressures of species i in feed [atm]

Pi : partial pressures of species i [atm]

PT : total reaction pressures [atm]

r : reaction rate [mol h−1 gcat
−1 ]

r0 : initial reaction rate [mol h−1 gcat
−1 ]

−rCO2
: reaction rate of CO2 [mol h−1 gcat

−1 ]

S : vacant active sites [−]

W : catalyst loading [gcat]

X : conversion of carbon dioxide [−]

���� ��

α, β : reactions orders with respect to carbon dioxide and hydrogen,

respectively

����
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