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� . Cahn balance� ��
!

�������" #�$% �&� CO2 ���� CO2 ��'� ()
�%*, K2CO3/hydrotalcite+ �&� CO2 ���,

- ./
� . K2CO3/hydrotalcite% K2CO3 01" �� 2�3 4+5 �6 7	� 89:,, 450oC5 0.3 atm� CO2 ;

<"- 0.575 mmol/g� => CO2 ��'� ?� . @A. BC, Ni/Al2O3 D� ��� 500oC"-� ��-�� �� ��

> ��� ��� ��E F+ 6:1"-% �'� ��" �
 BC� FG3H+ IJKLD, 3:1� ��E 	M"-% 40.9%

H2, 48.4% CH4, 10.7% CO2, 0.35% CO� .N� BC G3� IJK . BC5 CO2 ���+ OP" QRS �����

��� ��� ��-�� �� ��> ���" �� CO2 ��:, T9 �� �@� ��� ��� U� � VW%*, �

�E 6X Y� 5.81 mmol/gcat.-h"- UZL% [\ �� ��% 84.8%�W:], �^3E_ CO2+ `�$� RaL UZ

b H2 �c> 67.1%�W .

Abstract − To produce high concentration of hydrogen, steam-methane reforming reaction was carried out by using sorption
enhanced reaction process. Cahn balance was used to check CO2 adsorption capacities of the CO2 adsorbents which could be

applicable to the sorption enhanced reaction process at high temperature, and K2CO3/hydrotacite was selected as the most suit-

able CO2 adsorbent at the high temperature. The K2CO3/hydrotalcite showed a high CO2 adsorption capacity as much as 0.575

mmol/g at 450oC and 0.3 atm of CO2 pressure because of its increased basicity and pore structure modification by K2CO3

impregnation. In the steam-methane reforming reaction using Ni/Al2O3 catalyst without CO2 adsorbent at 500oC, there was

catalyst deactivation due to excess amount of steam in case of 6:1 steam and methane ratio, but there was a suitable catalyst

activity such as 40.9% H2, 48.4% CH4, 10.7% CO2, and 0.35% CO of product composition for 3:1 reactants ratio. In the sorp-

tion enhanced reaction process using a reactor packed with the catalyst and the CO2 adsorbent simultaneously, high concen-

tration of hydrogen above the equilibrium was generated via CO2 adsorption by the adsorbent, and the maximum concentration

of hydrogen was 84.8% and the hydrogen yield was 67.1% until by-product CO2 broke-through.
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6789/ 3: 	
;
 <= > �?@�/ ��
 �A$ B7C

D$E� �F ��
 G�� > ���H#I JK/ LM �N$ +

OC PQ�� �,. RM, *NST� 2� 8UV "M W�/X*�

��� �	���YZ ��[ \]E^ G�E�, CO2� �_ !`E

� #I� abV c� �,[1].

*&d* efg�� $h \]E^ ��[ G�E� #Ii _�$

%j jkl[ m@E� #In�, op/� �� jkl[ m@Eq

� 60r Nm3
 ��[ G�E� ��s, �t#
 L5u ��G��

hn )Y vo/� #I �w�F $x�� �,. _�$%�YZ �

�[ G�E� LY!
 ��/� %y-z{ m@#$ ���� ��s,

800-1,000oC
 �S�|n}� /X*$ ~n �� G��� ��


��� 70-75%n}� n[ ��E� !`��/� /X*$ ~n �
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��,. ��Y��|��i n�M /X*$ ~n ���� !`��

V m�E� �|# ��V �n# "8, ��� ���$ �� �)�

�|#[ n�Eq �|� x�/ !`[ �QE� ��n,. %y-z

{ m@�|/�� ���� CO2 �V ��g�� ������ ��

�|
 )0�V �n� �`[ n�E� ��s, � m nK
 �|#

[ n�Eq ���x�� (PSA)�� ¡)V Eq ���[ ¢GE�

�£� ��[ G�E� #In,. ��Y��|#[ n�M %y-z{

m@ �|
 �N� ¤\, �S� CO2 ��� mO/� �¥�¦�s,

Anand §[2]i hydrotalcitef ���[ n�Eq 400oC/� 0.5-0.6

mmol/g
 $¨g© CO2 ��ªV «¦,. RM, Hufton §[3]i K2CO3/

hydrotalcite[ n�, �� �| m@#
 ¬� %­ ��V ®¯V °8,

��� �)�F �� �� �|#/ �8 x�M �| S�� ��/�

±, �i z{ )0�V «¦,. Ding §[4, 5]i potassium�� m�

� hydrotalcite/ L8 �� �| m@ �� H²E/�
 CO2 ��ª

� <�ªV ³�E´�s, 673� 753 K
 %yn µ�� H²/� ¶

¶ 0.65� 0.58 mol/kg
 CO2 ��ªV «¦,. ·¸n -./ Hufton

§[6]i �� �| m@#[ °M H2 G�/ LM �N[ �`E´�s,

�� �|#[ °M �i )0�� �£�
 H2 G�i �' ¡)/�

� $¹E´��, �|# +ºi �|# S�, %y/z{
 �, e� $

% 
ª §
 D$� �|# �� »�/ 
8 m��¦,.

3:�, ¼ �N/�� ��Y��|#/ g½M �S� CO2 ���

[ mOE�, n[ #¾
 K��� m@��� �� �)M �� �|

#[ n�Eq ��$% Hº > 
ª/ 3: ��Y� m@�|
 ¿

ºV H�E�À E´,.

2. � �

%y-z{ m@ �|(SMR)i z{� %yn �|Eq CO� ��[

�HE� �Á�|n*�, q#/ Gº� CO� %yn �|Eq CO2

� ��[ �HE� OÁ�|© �º $% )0 �|(WGS)n x�/

�Fj, ) g© ÂH298K� 165 kJ/mol�� �Á�|n,. 

CH4+H2O=CO+3H2, ÂH298K=206 kJ/mol (1) 

CO+H2O=CO2+H2,   ÂH298K=−41 kJ/mol (2)

CH4+2H2O=CO2+4H2,  ÂH298K=165 kJ/mol (3)

�|/ LM �� K�[ n�Eq, Gº�� ��
 ��[ jlp

Ã Ä (4)� Å,. 

[H2]=K(T)0.25[CH4]
0.25[H2O]0.5/[CO2]

0.25 (4)

��� CO2 ��º ���$ �� �F�� �|#[ n�Eq %y-

z{ m@ �|V �QEÃ �| GºÆ© CO2$ ���/ ��g��

�(Ç��� Le Chatelier’s Principle/ 
Eq Ä (4)/� �|��n

GºÆ(H2) È�� É�Ê · PQ�^ �,. 3:� �|Æ
 )0�

n D$E� �£�
 ��[ «V � ���, ·¸n )0�V �|�

�� ��� Å^ 
*Ë 1�/� �|S�[ ÌÍ � ��}�, /X

* ÎÏ� �|GºÆ
 !`/ �A�� ÐÀ�[ Ñ� � �,[3, 7]. 

n� Åi ��Y��|#
 ��Nºi Fig. 1/ jlÒ Ó� Ån

�|/�� %­V �QM Ô/ CO2$ ��� ���[ ¢GE� %­

�� nÕFÖ ��� � m nK
 �|#[ n�Eq ���x��

 (PSA)�� ¡)M,. �� �| m@#/ ���� %­�i ,×�

Å,.

Ø �|/�� %­: %y� z{n gÎM S�� ���� ��� �

��$ �)�F �� � |#/ �B��, �E� £�
 H2$ «F@

Ùd* �|i PQ�,.

Ú »� %­: �|#� J; ÛJ�� »���s, nÙ 
ÍÆi ,

× �|#
 ��� �� �(j ��� ���,.

Ü e� %­: ���/ ��� CO2[ <��Ý# "8 �|#[

5-10% H2/steam��� J; ÛJ�� e�M,.

Þ $� %­: �|#� �?��
 �Y[ ��Eq �| ��d*

J; ÛJ�� $��,. nÔ/ ß�¡ �#
 �|/��%­V �¥

E^ �,.

3. �� �	

3-1. �� CO2 ��� ��

�S� CO2 ����� K2CO3/hydrotalcite/ LM CO2 ��ª ³�

/� àª ��� cahn balance[ n�E´,. Ï 65 mg ��


K2CO3/hydrotalcite[ cahn balance/ loadingM Ô, 500oC/� He e

á�� 3 �â ¢GE´,. ¢G Ô, 450oC/� CO2 ��ªV ³�E

´�s, ³�� �� ã"� 0-1,000 mmHgn¦,.

3-2. �	 
�

%y-z{ m@ �|/ LM �� +º� ��m@�|# +ºi Fig. 2

� Åi äå �|#[ n�Eq H�E´,. ��æ äå �|#��

��� ���$ �)�� Y!i 10.9 mm ID, 300 mm lengthn�,

jç* Y!i 4.6 mm ID�� )  èn$ 880 mm© stainless steel

Fig. 1. Process scheme showing the reaction and regeneration steps fo
adsorptive reformer [2].

Fig. 2. Schematic diagram of the experimental apparatus for adsorp-
tive reformer.
���� �41� �4� 2003� 8�
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lineV n�E´,. �| S� ³�V "8, �|a pY
 �� éÃ "

/ Á)êV "É�ë �|/�
 S� ��[ ³�E´,. ��� ICI

57-4
 K�g ���� Ni/Al 2O3n¦��, �S� CO2 ���� ¼ �

N®/� mO� K2CO3/hydrotalcite[ n�E´,. �|i 773 K, 4.69

atm E/� PQ�¦��, ��� ���� �|/ ���# )/ 773 K

E/� 15% H2/N2 mixture, 200 ml/min�� 5�â xì 0��¦,.

�|Æ�� z{ �Bi @ª 
' HÎ#(mass flowmeter)V n�E´

�, Æi í  îk(liquid pump)[ n�Eq �B�¦,. RM DO#

(evaporator)[ n�Eq í � �B�� ÆV %y�� Eq �|/ �

�E´,. �|Æ� GºÆ
 !	i GC[ n�E´�s !	 )/

water trapV ïÉEq ð�| %yV |ñ�ë �(E´,. TCD$ h

É�F �� �� chromatograph model DS6200���, òó� �U�

Molecular Sieve column� Porapak-Q column�� 55oC ôõ S�/�

CH4, CO2, H2, N2[ !	E´,. RM ðª Gº�� CO !	V "8

CO )� !	#[ �U�ë ��E´,.

4. 
� � 
�

4-1. ��� CO2 ��
 ��

400-500oC
 �S/� �� �|V LK�� E� ��Y��|#

�N/� KS CO2 ��/ ���� �ö:n÷ A� X ø`� +º{

§i g½E* ù�, CO2 ����� �S/� CO2 ��/ úAM û

#ºV $*� ��� mOn àAE,. 3:� ¼ �N/�� �S�

CO2 ����� hydrotalcite� K2CO3$ �ü� hydrotalcite[ mOE

´�s, Fig. 3/ ø U�[ jlp¦,. Fig. 3/ jlÒ ý� Ån 20

wt% K2CO3$ �ü� hydrotalcite� 450oC, 0.3 atm
 CO2 ��/�

0.575 mmol CO2/g
 �i ��ªV ±q, ��Y��|#/ ����

�S� CO2 ����� $h g½M Ó�� þ¬�¦,. n� Åi �

S/� K2CO2/hydrotalcite
 �i CO2 �� º¹i K2CO3 �ü/ 


M û#º D$� #� NH
 gÎM ��V °8 jlT Ó�� 8	

�,[8].

4-2. �	� ��� �� �� ��

4-2-1. %y-z{ �|Æ 6:1 Hº/�
 �� +º

Fig. 4/ 6:1
 %y-z{ �|Æ Hº/� �� +ºV jlp¦�s,

z{ 
ªi 250 ml/min� E´� %y
 
ªi 1,500 ml/min� E´

,. *&d* mO� uÿ ���i %y-z{ m@ �|/� {� G

º �|V �P�Ý� n�M {� Gº �|i gF� 1.7� nK �

ª
 %y ��/ 
8 r�� � �� Ó�� jlj �F[9], ¼ �N

/�� �ª
 %yV n�Eq �|V PQE´,. Fig. 4/� ±� ý

� Ån �| �#/� H2� CO2$ Gº�,$ �� �ân äå/ 3

: �� +ºn )� jlj* ù×V � � �,. �� 0� K�[ �

�Eq 0� �âV 8�â�� D$Eq ®¯V E´*�, x�M U�

[ «¦,. �ª
 %y/ 
M �| H²© 6:1
 %y-z{ �|Æ H

ºV ��Ë Ù, "� Åi ��
 �+º�� Ä (5)� Åi �|/ 


M Ó�� � � �,[10].

Ni+H2O=NiO+H2, ÂH298K= −717 kJ/mol (5)

	, �� +º� Ni$ H2O� �|Eq H2[ GºE� NiO� ���

� Ón,. E*� ��� Ô/� �ª
 H2O/ 
8 ,� 0��* ù


 �� +ºn · nK jlj* ù�, n/ 3:� �|i · nK P

Q�* ù�,. ·¸n n� Åi �� �|i OÁ �|��� �|n

PQ�Ã �|# S�$ D$E^ ��s, ®¯/�� �#
 500oC

�| S�$ �|n �¥�Ã� 506oCd* ,� D$�V �©Ë �

�¦,. �Ï %y-z{ m@ �|� �º $% )0 �|n gÎE^

PQ�¦,Ã, )  �|i �Á�|��� �| S�$ �FÖ
 E�

s �|/ 34 �| S� K�i �ª
 %y/ 
M �� �+º�[

±q�� Ón,. z{ !8 �|, Ä (6)/ 
M �� Gº�� �� +

º�/ ��$ üg�F �� �+º�[ ��Ë � �*�, z{ !8

�| RM �Á �|��� �|/ 
M S� D$� #LË � �,.

CH4=C+2H2, ÂH298K=75 kJ/mol (6)

3:� n�M �� �+º�� �ª
 %y/ 
M �� +º�


�� �|/ #©�V � � ��, %y-z{
 6:1 �|Æ Hºi %y-

z{ m@ �|/ g�E* ùi Ó�� þ¬�¦,. �|
 �� f�

/�� {� �À/ LM %y
 �� 1�� 6:1
 Hºi �ª
 %y

n �Fâ �|Æ Hº�V �©Ë � �,. 3:� %y-z{
 �[

Ì�F �|V PQE´,.

4-2-2. %y-z{ �|Æ 3:1 Hº/�
 �� +º

�ª
 %y/ 
M �� �� �|V ��Eq %y�V 1/2� Ñq
Fig. 3. Adsorption of carbon dioxide on MgO, CaO, Hydrotalcite (Mg/

Al=2, high) and 20 wt% K2CO3/Hydrotalcite at 450oC.

Fig. 4. Catalytic activity of Ni/Al 2O3 in the steam-methane reforming.
Cat.; 7.2 g, Reactants; CH4 250 ml/min, H2O 1,500 ml/min,
506oC, 69 psia (closed symbol; 1st exp., open symbol; 2nd exp.)
HWAHAK KONGHAK Vol. 41, No. 4, August, 2003
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®¯V �QE´�s, Ï 3�â xì ì�� �� +ºV «¦,. �K

� Ån %y-z{
 3:1 �|Æ Hº/�� �#
 500oC �| S�

$ �|n �¥�Ã� ý� 450oC� �FÖ� SMR �|n gÎE^

�Fj� �×V �©Ë � �¦,. RM gF� 3�â xì ì�� �

� +ºn jlj� �F, H2O/ 
M �� �� �|�� jlj� �

� �+º�� PQ�* ù×V �©Ë � �¦,. ®¯/� �©� Ni/

Al2O3 �� +ºi 450oC �| S�/�, 40.9% H2, 48.4% CH4, 10.7%

CO2, 0.35% CO
 GºÆn¦,.

4-3. �� �	 �� 
� 

�|/� Gº� CO2[ �(Eq JK� H2 ��V «�À �|#

/ ��� ���[ x�/ �)Eq ®¯V �QE´,. Hufton §[3]


 �N U�/� ��� ���
 �� �| +º/ �^ �JV ðÉ

* ù� Ó�� jlj �F ¼ �N/�� ��� ���
 �[ 1:1

� E´,.

4-3-1. �|Æ Hº/ 34 �� �|# +º 

�|Æ Hº/ 34 �� �|# +ºV H�E# "8, CH4 250 ml/

min/ L8, H2O
 �V ¶¶ 750, 1,000, 1,250 ml/min� �����

�, ��� ��� ���
 �i ¶¶ 70 g n¦,. Fig. 5� Table 1

/ �|Æ Hº/ 34 �� �|# +ºV jlp¦��, ¿C Fig. 5

/� Gº�� H2 ��
 ��[ "8 �� �|#/� «F*� H2

��[ ���� jlp¦,. Fig. 5/� ±n�n H2O/CH4=5[ �v

E� �� �|#/ �8 �� �|#/� Ï 10% �� D$� H2 �

�[ «¦,. ¿C H2O/CH4=3, 4/�� �� �|#/� ±, 2� �

� D$� CO ��$ jl�*�, CO2 ��� �^ D$E* ù��

ôC� H2 ��$ D$E´,. n�M U�� �®C K2CO3/hydrotalcite

���/ 
M CO2 �(/ #©E� U�� q�P,. E*�, H2O/

CH4=5/�� �� �|#
 +º ±, ôC� Ìi U�[ ±´�s,

nÓi H2O/CH4=6
 1�� ��$*� ,ª
 H2O/ 
M �� �

� �|�� �� �+º�/ 
8 jlj� U�� 8	�,. E*�,

�K��  ` �� �|#/ 
8 �^ D$�* ù� GºÆ H2 �

�� ��� ���
 �/ �8 !`�� �|Æ
 �n ~�# Ù2

n,.

4-3-2. �|Æ 
'/ 34 +º

"
 ®¯ U�[ ý"�� Eq ��� ���
 �V 2�� D$�

��s, ��� ��� ���
 �i ¶¶ 138.4 gn¦,. RM �|Æ

Hºi H2O/CH4=3���, )  �|Æ 
ªV Ñq ®¯V �QE´

,. Fig. 6/ �|Æ CH4 50 ml/min, H2O 150 ml/min/ LM ®¯ U

�[ jlp¦��, RM �� �|#/� jlj� H2 ��[ ���

� jlp¦,. ®¯ U�/� ±n�n �| �#/� �|#/ ð`

ñ�� N2$ 
Í�F jô*�, �|/� Gº� H2$ 80% ��
 �

��� 
Í�¦,. n�M �� +º nK
 ��� H2 Gºi �S�

CO2 ���© K2CO3/hydrotalcite/ 
M �| +ºn #$E^ jlj

� U���, K2CO3/hydrotalcite� %y-z{ m@ �|/� Gº��

CO2[ �� �(Eq �|V �� )0� nK�� PQ�Ý�, n/

3: ���
 H2$ GºÇV � � �,. �| Ô Ï 100 min �� Ô

/� ���© K2CO3/hydrotalcite/� CO2 %�$ �Fj GºÆ à

/ CO2$ jl��s, x�/ CO �� �Ïg�� D$E´,. ·¸n

Gº�� H2 ��� ��C »�Eq Uo �� +º/ 
M ���V

±´,. �|Æ 
'/ 34 +ºV H�E# "8 )  �|Æ 
'V

¶¶ 150, 200 ø`� 300 ml/min� Eq ®¯V �QE´�s, �|

Æ Hºi �� �+º�[ ��Eq H2O/CH4=3V 
*E´,. Table 2

� Fig. 7/ ø U�[ jlp¦,. Table 2/ jlÒ ý� Ån �|Æ


 
'n ÌV�& CO2 %� �ân èF9V � � �,. E*�, 


Í�� H2 -L ��j �' ��/ �F�� �|Æ 
'/ �^ �

JV c* ù�s, ·¸n CO2 %� �â xì/ Gº� H2 ��V �

�Ë Ù� �|Æ 
'
 �Ji �^ jlj* ù�,. 3:� �� �

Fig. 5. Activities of adsorptive reformer depending on the reactants
ratios (H2O/CH4)(H2 conc. by using only catalyst was also dis-
played in a dashed line). Reactants; CH4 250 ml/min, H2O 750,
1,000, 1,250 ml/min, Cat.; Ni/Al2O3 70 g, Adsorbent; K2CO3/
Hydrotalcite 70 g, 473oC, 69 psia.

Table 1. Activities of adsorptive reformer depending on the reactants
(H2O/CH4) ratios

              H 2O/CH4 ratio
Effluent conc. [%]

3 4 5

H2 44.9 45.7 36.0
CH4 43.6 42.4 54.9
CO2 11.5 11.9 9.1

ave. CO 0.55 0.48 0.25

Fig. 6. Activities of the adsorptive reformer as a function of time on
stream  (H2 conc. by using only catalyst was also displayed in a
dashed line). Reactants; CH4 50 ml/min, H2O 150 ml/min. Cat.; Ni/
Al2O3 138.4 g, Adsorbent; K2CO3/Hydrotalcite 138.4 g, 475oC,
69 psia.
���� �41� �4� 2003� 8�
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:/

nd

ro-

n

car,

tion

m

rm-

ar,

tion

o-

ar,

tion

m

|#/ 
M H2 G�ºV ��Ë Ù, 300 ml/min
 �|Æ 
'n $

h ý(òM Ó�� ±n�, �|Æ 
'V ·¸ D$�ë� )i U�

[ «V � �V Ó�� #L�,. Fig. 7/� �|Æ 
'/ 34 
Í

H2 �� profileV jlp¦�s, �|Æ 
' 150� 200 ml/min/ 


8 Gº� H2 �� profilei L � 
�E´,. �| �â 120 minn

*j�� K2CO3/hydrotalcite/ 
M CO2 ��n µ�$ �F ��M

��
 CO2$ Gº�¦�s, n Ù 
Í�� GºÆ ¶¶
 ���

41.1% H2, 8.8% CO2, 50.0% CH4, 0.33% COn¦,. RM n� Åi

Hºi �� �|# +º� (
 x�M *��� ��/ 
M �| +

ºn q)C 
*�� �×V � � �,. 300 ml/min
 �|Æ/��

�|Æ 
'n D$8�, ���/ 
M CO2 %� �ân ¬ñ�F G

º�� H2
 
Í �ân +,*�, «F*� H2 ��i - .n$ �

¦,. n� Åi �£� �� G�V "8 ¼ �N/� «FP �� �

|# +ºi Hufton §[7]/ 
8 ±�� �� �|# +º�� ��Ë

�M Ó���, ø �N U�/�� Gº�� ��
 ��$ 80% nK


*�� xì/ «F*� ��
 G�ºi 0.44 mmole H2/g solid́

��, ¼ �N/�� Gº�� �� ��$ -L 84.8%/  E� YG

ºÆ CO2$ %��# )d* «F*� �� G�ºi 0.43 mmole H2/

g solid� jl�,.

5. 
 �

��Y��|#[ n�Eq, �£�
 ��[ �HE# "8�� �

S� CO2 ��� mOn úAE,. �S� CO2 ������ K2CO3/

hydrotalcite$ $h g½E´��, 450oC, 0.3 atm
 CO2 ��/�

0.575 mmol CO2/g
 ��ªV ±´,. #¾
 K��� �S� %y-

z{ m@ ��, Ni/Al2O3[ ��Eq 450oC/� �|E´V Ù/ �

|Æ
 Hºi H2O/CH4
 �$ 3n g�E´�, n Ù «F*� Gº

Æ
 ��� 41% H2, 49% CH4, 10% CO2, 0.35% CO n¦,. E*�,

%yn �ª�� �F/V 1�/� �� +º�
 ��/ 
M ��

�+º�$ jl�,. ��� ���[ 1:1� �)M �� �| m@ ®

¯/�� ���/ 
M CO2 ���� �� �� nK
 ��� ��

[ «V � �¦�s, �|Æ H2O/CH2
 �$ 3� 4� 1�/� ��

�|#/ �8 �i ��
 ��[ «V � �¦*�, 5� 1�/� �

|# +ºn »�Eq Gº�� H2 ��$ Ì�,. Uo, ��m@�|

#/�� H2O/CH4
 �$ 3© �| H²/� �|ÆV 300 ml/min 	,

5.81 mmol/gcat.-h
 �â '�� �wE´V Ù, GºÆ/ CO2$ ��

/ 
Eq (
 jlj* ùV Ù «F*� H2
 -L ��� 84.8%n

¦�, YGºÆ© CO2$ %��# )d* «FP H2 ��i 67.1%n

¦,.

����

∆H298K : heat of reaction at 298 K [kJ/mol]

H2 : concentration of hydrogen [mol/l]

H2O : concentration of water [mol/l]

CO2 : concentration of carbon dioxide [mol/l]

CH4 : concentration of methane [mol/l]

K(T) : equilibrium constant at temperature T
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