
HWAHAK KONGHAK Vol. 41, No. 3, June, 2003, pp. 349-356
����� ���� 	
�� 
�� � ��� �� ��� ��� ����

���†������	
*

����� �����
573-701 	
 ��� �
� �68

*����� �����
573-718 	
 ��� ��� ��� 727

(2002� 5� 27� ��, 2003� 3� 31� ��)

Steam Gasification of a Bituminous Char Catalyzed by A Salt Mixture
of Potassium Sulfate and Nikel Nitrate

Byung-Ho Song†, Yong-Won Jang and Youn-Seop Byoun*

Department of Chemical Engineering, Kunsan National University, San 68 Miryong-dong, Gunsan, Jeonbuk 573-701, Korea
*Division of Food, Environmental and Chemical Engineering, Howon University, 727 Wolhari, Impi-myeon, Gunsan, Jeonbuk 573-718, Korea

(Received 27 May 2002; accepted 31 March 2003)

� �

��� ��� �� 	
� �
����� ����� ������ ���(K2SO4+Ni(NO3)2)�  !"# $%&'( )

*+� ,-.���/ 01+2 34 650-850oC 56�� 70+89. ���� $%� �����( :�+; �
��

��4� )<=�/ >( 	 ?#@, ��34� A(	B C =�� DE  !  650oC�� F 2G� ���4/ >H9.

I ���J �
����� KLM &'( N�# K2CO3� &'�# OPQ# R+QS TUVW $%�XY�� �Z'
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g`a� 	hi _V`a� �
���� jk( l m0+89. ���� �-	
� �
���� nN� &'��oQ#

99 kJ/molY >Lpqr ���$%/ 01b $%�
�����# 84 kJ/mol� >Lp9. � U7s� ,t� 34� �


����4 u $%� &'� OP# vw4 ^x+89.

Abstract −−−− The catalytic activity of a salt mixture of potassium sulfate and nickel nitrate on the steam gasification of a bitu-

minous char at 650-850oC has been measured in an atmospheric thermobalance reactor. The mixture of K2SO4 and

Ni(NO3)2 exhibits a synergic effect on the activity and the effect is more pronounced at low temperatures. Double the reac-

tion rate could be obtained at 650oC with the mixed catalyst. Although the activity of the mixture does not reach that of

potassium carbonate which is known to be one of the best catalysts in coal gasification, the mixutre seems to be an eco-

nomically favorable catalyst material in coal gasification. Of the three different gas-solid reaction models to evaluate the

reaction kinetic parameters, the shrinking core model in chemical reaction controlled regime and the modified volumetric

model well describe the gasification behavior. The apparent activation energy of non-catalytic gasification was found to be

99 kJ/mol and that of catalytic gasification 84 kJ/mol. The effect of heat treatment temperature for preparing coal char on
the catalytic activity was also considered. 
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, -./01 23+ %�34� 5� # 678, 59: 2;7 <=
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# 6�. JKLEM N*O�"7 �����P 5� Q+2;��P

R	-.� ST UV� W� X'�  6�. YZ� �� 2;*NF

�"7 -.![� \]9 NF^ _`� a�S& X+2; b cF

+D^ #`� a�% d�� R	� @A�7 NF^ 3e2 �f9

gh  6�. 

Oi�"7 1980j��P kOlm%n��" ��2;*^ 3e2

/opq�[1]. Kim W[2]� r�^ #$%-.� s�� K2CO3̂  R

	_l�  t�u , Song W[3], Songl Kim[4], Lee, Kim[5]� v
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� ����� H@�u78 H�� �� ��2;*-.�" 2
 �

+� �� ��� v�: K2CO3 ��^ R	�+� 5� # 6�  G

/�u�. Potassium� �(� �1�" D'[ � ��+� �K 2;

*-.� �9� �+� &�i�� ��i^ z{+D b silicates&

alumina Wl -.�� ��p�� �� �(10-30 wt%)̂  R	2 �e

}�7 ��� 6�[6]. ��" vwE x��" K2CO3�� 2�� <

�k potassium sulphate(K2SO4)� @AI # 6��. k� z{R	�

"  ¡�& y� (���[ �+� ��  ¢�� �� potassium�

� a� �+� ���� £¤� ¥E £�+*p7 ��� 6�[6]. ¦

%k § 2� x� �QI ¢� R	�+^ $� _l� %�I #[

678, �� �~ 2� R	� �Q¨��© �� a� �+� 5 ª

�7 /[2 #«p9 h  6�[3-7]. 

�QR	� �k �¬7 K>­�7 ®D�� ¯� °±~ ²²^ 3

e³� @A} ��, -. H� � R	^ HQ W� ����" ´µ

�"7 ¶·^ R	HQ� ��� ¦��¸ R	�+� ¹���� º

2�%7 9»�. ¼ 3e�"7 
½ #(� X'�% dk ��2;

*NF�" #(^ #`� $2/0% dk �&^ ¾¿�� YZ� G/

} �QR	[5]̂  �A 2À+� vK�Á�. =ÂÃ-.%(thermobalance)

�" �� Ä-#$% 2;*-.� #«�u�Å, �Q� �Æ �+^

¦Ç_l2 %�p7 vwEx,  ¡x^ �Q� �&� �È�u�

Å 2;* HÉH�� �Æ R	�+� H@�u�. 

2. �� ��	
�� kinetics

2;*NF� NÊ} ��� Ë%� Ê{k =D¬(devolatilization)�

s¬ #Dl UVD� ¾Ìp  Ä(char)2 p9" 2;*-.

(gasification)� ""Í Î��� }�. 2;*-.� ÏÐ -.���

2;*NF�" ��^ ÑÒ`� 2;*-.� Ó�}�. 2;*-.^

-.{[7 Ôª^ Õ%, Ä^ %N[, ��^ ÑÖE, Äi^ z{+D,

2;*G^ ![, ×Øl )� #�� NFÙ#� ^¬ ÚÛ� Ü7

�. Ýk �b� �� Ù#7 Þ ÚÛ� ßà�  �( áâ�k ��

�. Þã¿ ¦äÍ �� �^ �å 8�P, �æ�¸ çè�� G/p

qé�[ áe�  Þ çè�� ¶-��� �A�787 Gk���.

�� Ä^ H+l +�� 2;*-.� ê�1" 3{��� Ù�� p

9 ë (1)� F^p7 Ä^ reactivity(-.+) C� specific reaction rate

(ì�  �-.�^ �d�ä -.{[)7 ÑÒ` C� /í� �� Ù

*k�. 

(1)

(2)

�%" m�  �-.�^ ��, m07  �-.�^ Ë%��, X7  

�ÑÒ`��. �s reactivity7 ÑÒ`� �� Ù��� cFk ÑÒ

`, î� �1 X=0�"^ Ë%ï C� ¶Fk ÑÒ` eí�"^ º

ðï� � ¬ñk�. ��, r�, ��^ Ä7 ��D reactivity2 Ñ

Ò`^ $2� �� ò(�7 -1, ó�h	; Ä^ reactivity7 $2

�7 ¢Û� �¸�. Ýk /;ô� �� reactivity7 ��ï�& �(

ï� &�i%[ k�.

�~k reactivitŷ  Sã� îõ�% d¬"7 %- � -.çè� @

AI ö�2 6�. Yagi, Kunii[8]2 G/k unreacted shrinking core

model�  �Ôª^ �1�" -.� ¶9&  �é� -.Ú÷�  

�i�� �ã�1 -.Ú÷^ ø��7 ùD� J� pÅ -.� �

� Õ%2 ú9�  67 û-.ü� ýµ�� }�  þÿ�  6�.

�� ¢�^ %- �-.�� shrinking core model� � �´p7 �

�� &�&  6�. k�  �Ôª Ñ� ��� s¬ -.� �:��

� :«p7 volumetric reaction model[9]� �N�¸  ��" £¤�

ÏÐ -.� ¶9� ¢� � �� # 6�. ¦% § çè ç§ �¦�

¸ ¦�� �@�  678 �G7 § 2�  ̂bí�¸ ¦�� � # 6

�. ��" Kasaoka W[10]� ÑÒ`^ Sã� ± � �´�% d¬ §

2� ¦#� �7 modified volumetric model� G/�u�. çè^ 2

F� ^S��  �-.�� £F¦¦� ��#�� �A�1 -./

í� �Æ  �ÑÒ`^ Ù*� &�i7 ë� 57�. 

*m-.� ̀ {��¸ ¢� shrinking core model� ë (3), volumetric

reaction model� �� ¢� ë (4), modified volumetric model� ��

1 ë (5)� 5� }�. 

(3)

(4)

(5)

�%" Ψ, Ω, α, β7 Ä^ �E*m� +�, ![, 2;*G W� 	·

} 
½� ¦#�Å, /í-ÑÒ` 8�P��P e¬� # 6�. ¦%

k ë�� /í�� ûD�  FE�1 ë (1)� F^k reactivity� �

él )� ë (3), (4), (5)��P ²² 5� # 6�. 

(6)

 (7)

(8)

ºð-.{[, � -.{[¦#7 reactivity� ÑÒ` eí�" �D�

� eI # 6�.

(9)

Ä^ #$% 2;*-.^ -.{[7 �s �é ë�� �´I # 6�.

(10)

(11)

�%" k7 {[¦#�Å, n�  �-.�� �k -.½#��. ë

(11)l )� ![^ ^ý[� &�i  67 {[¦#7 arrhenius plot

���P �[¸ª(frequency factor) k0, �+*���� e�� 5

9:�. Arrhenius plot� @Ap7 ² H��"^ -.{[¦# k7

ë (9)� e¬:�.

3. 
 �

�å� @A} 
�' ÷��^ +DD� � ùD��� Table 1�

�u�. <����Å UVD� 27%� £¤� �K 2;*-.� �Q

k ���  ���. �� Ä7 ��� �( Dd%�^ =D¬�� �

Ôk � 10oC/min̂  Ç! {[� 800oC­� 2=k �é 30Dí Þ

![� ��/� � �/ �!­� ""Í �²�� GH�u�. =D

¬�7 2;^ ð¶k D'� d¬ friz2 
�} i¢ 20 mm �Ú	

�� Go�u�Å  F� ��� �E±� Ñ% ÍP� 2=�u�.

Ä /47 ºðÔ¢ 0.5 mm(0.3-0.8 mm)� ��" �å� @A�u�.

Potassium carbonate(K2CO3)7 Ä^ 2;* -.� 	� a� �+�

&�i7 ��� v�g 6��� �� �+ £¤^ %�R	� @A

�u�. vwEx��7 NÉ� 2�� K2CO3�� <�k potassium

sulphate(K2SO4)� @A�u�Å,  ¡x��7 Ni(NO3)2·6H2O� @A

�u�. �å�7 ç§ /�Ê� @A�u�. R	� Ä� D'/0%

ks X( )=− 1
m
----dm

dt
-------=

1
1 X–
------------dX

dt
-------

m=m0 1 X–( )

Ψt=1− 1 X–( )1/3

Ωt=− 1 X–( )ln

αtβ=− 1 X–( )ln

ks X( )= 3Ψ
1 X–[ ]1/3

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

ks X( )=Ω

ks X( )=α1/ββ 1 X–( )ln–[ ] β 1–( )/β

k=  
0

1

∫ ks X( )dX

dX
dt
-------=k 1 X–( )n

k=k0exp E/RT–( )
���� �41� �3� 2003� 6�
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d�� Ä 10 g� R	 #A� 500 ml� �Qk � ùÑë $V%� �

A�� ���u�. ��} /47 100oC �H%�" 24/í �H/�

�. R	 ���� ¶F��^ Ä/4� �k R	�2�^ ���D`

� &���. ¼ �å�"7 Ä^ 6 wt% ���� @A�u�Å, �Q

R	 K2SO4+Ni(NO3)2̂  ¢��7 § +D� )�   £� �� �Q

�^ �2�� Ä^ 6 wt%2 p[! �u�. 

Ä-#$% 2;*-. c+� H@�% d�� �� 10 ĝ  /4� 


�I # 67 =ÂÃ-.%(thermobalance)� @A�u�. £¤� " �

�^ /4� @A�1 /4^ áð¶+� 9Ï F[ �¦I # 6�. =

ÂÃ-.%^ #$[7 %&�" 'K( # 6�[3, 4]. -.%7 i¢

0.053 m, a� 1.0 m̂  316 SUS pipe(2 inch)� Gopq�Å, -.%

^ 2=� d�� 3 kŴ  )* =�� -.% ø+� þ��u�. -

.%^ i�![7 /4 óe (basket) KZ 5 mm d�� þ�k K-

type =Ñ�� õF�� £, H¹�u�. -.%�^ î=l �Q� d

¬ -.% ���7 raschig ring� ®Ñ�u�. -.� ^k /4^ �

�Ù*7 Ñª<-(Mettler Toledo 120 g)��P .
� /0P� ÜK

%!�u�. /42 
�} Ñª<-^ ¦��ã� d�� =ÂÃ ¦�

� DC ç�� oãp7 1� /;ô� þ�pq�. /4 óe (100

mesh, 316 sus screen)7 >¢ 0.3 mm  Õ2��� <- ��^  E

� 33�u�Å, =ÂÃ b4�� d�k ¬�� s�� /4� 
�,

*�I # 6�. #$%^ �Ô� dk #$% VX%7 5� 1.0 m̂

1/8" ã67 ø�� 28  �3k =�(Ñ%
9� @ApÅ  Õ2�

�  
2 :;} �)� òK" Go�u�Å 67 ø+^ ![� 140-

150oC F[� ���u�. #$% VX%� �Ôp7 $<#^ ���

³�Õ� =L(Masterflex)� H¹�u�. #$%^ D×� 25-101.3 kPa

>d�" Ù*/��Å, R	�+^ £¤�å�"7 50 kPâ  D×�

�A�u�. 

�� -.% i�� �(2;� � 10Dí ?��1" -.%� �

�7 ![� H¹k�. 0.6 ĝ  Ä� /4 óe � 
�k � çP�

oãp7 1�� 2ã/@ óe � -.% b4�­� �A/��. �

B /4i #D � UVD^ ¾Ì� ¸¬ Ë% 
� ò�� ¶9&��

15D F[ %�Ð � ¶F�^ �( � #$%� �f9: -.2;�

�Ô/��. 2;*-.� :«p1" ""Í ��� ò(k�. ± �

¦^ ��ò(2 �f9�� ¯� B­� %�C�2 -.2;� ½�

�  N%� �Ô/@ /4� JK67 û3�(D� DÑÍ 3(/@

ùD^ 
�� õFk�. #$%7 #$%VX%��P 2 g/min iø�

NÊ�u�. Ñª<-�" 59�7 /4^ ��Ù*7 5Ë í���

PC� %!�� <
k � �é D�� #«�u�. =ÂÃ�" 59�

7 /í� ��Ù*^ 8�P�" /4 Ä7 ùD� E¨�  6��

� Ä^ ÑÒ`� �é�� F^}�.

  (12)

�%" W0, W, Wash7 ²² Ä^ Ë%��, Ä^ ��, Äi ùD^ �

���. 

4. �� � ��

4-1. �-��� ����	

%- � -.�"  � i�,  �ø�^ öF� sk %�^ â'

{[2 GÆ ¢� -.{[7 -. �, � Ä^  �*m-.� DÑ

Í �H}�. /í� �Æ ÑÒ` 8�P� ¬��  `{��� 9�

�78� %- � -. çè� �AI # 6�. ��^ #$% 2;*

-.� �s *m-.� ̀ {¸ shrinking core model� � �7�  G

/p  6�[2, 11-13]. k� &
& .%� W ó�h	;^ 3(lF

� â'� `{¸ ¢�� &�&  6�Å[14], ���&[4] I��9^

2;*-.¸ ¢�[15]� #F} volumetric reaction model� ÑÒ`

Sã� £¤� � �@k�  G/p%[ �u�. ��" 2À+ 67

J 2� çè�� ¨K �A/@ ( ö�2 6�. 

¼ 3e�"7 ÷�� Ä 2;*-.^ ÑÒ` 8�P� shrinking

core model, volumetric model, modified volumetric model� @A��

îõ¬ �Á�. Fig. 1� ë (3), (4), (5)̂  	�� L�� M�� /í

� �Æ ÑÒ`� [/k ���� ÑÒ` 8�P2 >�� 2­-#

! � �7 	�ë�� ���. î� �9 *m-.� `{��¸

shrinking core model� ��1 �(ÑÒ`^ Sã� ë (3)�� �´}

�. ��" ë (3)̂  �Ù� ��L�� M�� ÑÒ` 8�P� ÞC�

B 8�P2 >�� 2­-#! -. Sã� ë (3)� �Æ�  ���.

Fig. 1̂  G¶ dN� �¸ ÑÒ` 8�P7 S^ >�� &�i  6

X=
W0 W–

W0 Wash–
------------------------

Table 1. Analyses of Australian bituminous coal (as received basis)

Ultimate analysis (wt%)  Ash composition (wt%)

Carbon 72.3 SiO2 65.50
Hydrogen 4.3 Fe2O3 2.24
Nitrogen 0.4 CaO 0.19
Sulfur 0.2 P2O5 0.30
Oxygen 11.7 MgO 0.35

Proximate analysis (wt%) TiO2 1.50
Volatile 27.4 Al2O3 27.94
Fixed carbon 57.2 Na2O 0.43
Moisture 7.1 K2O 1.40
Ash 8.3 MnO 0.02

Cr2O3 -

Fig. 1. Time-conversion behavior of non-catalytic steam gasification of
char according to the gas-solid reaction models (PH2O=50 kPa).
HWAHAK KONGHAK Vol. 41, No. 3, June, 2003
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��� 
�' ÷�� Ä^ #$% 2;* -.� *m-.� `{�

�O� v # 6�. bO' ÷�� W� @Ak Choi W[11]̂  �ål

P&�' �� 92�� @Ak Fungl Kim[12]̂  �å�"[ ÷/ Ä

^ #$% 2;*-.� *m-. `{¸ shrinking core model� ��

7 ��� &�Q�. ¼ ÞR�" volumetric model� >�+� �� S

9��� ¼ 2;*-.l7 � ¿ �7 çè��  ���. k� ��

^ ÞR�" modified volumetric reaction model� 2;*-.^ ÑÒ

` Sã� £¤� � îõ�  67 �� ( # 6�. #$% D×�

0.5 atm̂  H��" -.![^ Ù*� �Æ Ä^ ÑÒ` Sã� Fig. 2

� �u�. /í� �Æ ÑÒ` T��" -.{[7 Ë%� G��2

ÑÒ`� $2I#! �½ ò(�7 ¢Û� ��  6�. � 2� -.

çè^ ÑÒ` îõ�[ ¨K &��78  !Ú÷��  I # 67

750, 850oC�"7 ç§  �-.{[2 ¥� îõ�� 69" çè�

í^ ½�� eD�% 9»�� £¤� \� ![¸ 650oC�"7 ç

è� �Æ îõ��^ ½�2 � &�Q�. �%"7 modified

volumetric model� Sª �¦^ ÑÒ` 8�P� 2
 � �´�  6

78 �7 ë (5)�" �U� � çè� § #^ ¦#� E¨�  6%

B%�� 9�}�. 

Fig. 3�7 Ä-#$% 2;*-.�" ÑÒ`� �Æ reactivitŷ  Ù*

� �u�. Fig. 2�" �å 8�P7 Fig. 2̂  ÑÒ` 8�P� /í�

� ûD�� 59�7 	�� V�R� £¤� W��. ��" -.ç

è�" 59�7 ë (6), (7), (8)��P �'k reactivity îõ�� ��

� ¨K �/�u�. ¶-��� -.^ :«� �Æ reactivity Sã�

ÑÒ`^ Sã�� XY Zò�% B%� çè îõ�� í� ½�2

± â3Í &�&� }�. ¼ 3e^ H��"7 reactivity2 ÑÒ`�

�� $2�7 ��� &�Q�. ¶-��� 2;* -.� a� -.

{[�" â'<[(diffusional resistance)� ^¬ Gk� Ü� # 6�

� k���7  !� �Æ %Nâ
�� ¸¬ â'<[� X²�� "

ÚÛ� �� \I # 6�. �~k ¢� ]�% -.{[7 -.� :

«^� �� $2I #[ 6�. ÞR� �uU� volumetric reaction

model� ë (7)̂  ��� ¸¬ ç_ ÑÒ` eí�" reactivityï� ¶

F�� &�&� p9 ¼ �å8�P� � �´�� \�  6�. -1

`�a� 2#� 8�P� �´�7 modified volumetric model�

reactivity �å�� � �´k�  I # 6�. k� shrinking core model

� îõ�7 reactivity7 ë (6)̂  ���" v # 6U� ÑÒ`� 1.0

� ?Y¨� �� $2k�. ��" ¼ 3eH��" �� Ä-#$% 2

;*-.� shrinking core model C� modified volumetric model� �

�´I # 6q�.

�� Ä-#$% 2;*-.�" #$% D×� -.{[� û�7 Ú

Û� £¤� �� 3e2 �f9b�. ¼ �å�" #$% D×� Ù*

Fig. 2. Carbon conversion vs. time for non-catalytic steam gasification
of Australian bituminous char: (�) volumetric model; (- -)
shrinking core model; (�� ) modified volumetric model.

Fig. 3. Reactivity profiles for the non-catalytic steam gasification of
Australian bituminous char: (PH2O=50 kPa). 

Fig. 4. The effect of steam pressure on the reactivity for non-catalytic
steam gasification of Australian bituminous char at 850oC.
���� �41� �3� 2003� 6�
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.
 

/@ 21" 59: reactivitŷ  Ù*� Fig. 4� FE�u78 #$%

D×� 1 atm­� $2¨� �� 2;*-.{[7 ����� $2�

� #$% D×^ 1½� £,�7 ��� &�Q�. #$% D×� 1

atm �¦�� $2I ¢��7 Þ £,F[2 0½� ?Y�7 ���

v�b�[16]. 

�� Ä^ #$% 2;*-.�" �+*���� e�% d¬ #$

% D× 0.5 atm̂  H��" ² çè� �A�� ë (9)� s¬ 59:

-.{[¦#� ![^ ÷#� �� arrhenius plot�� Fig. 5� �u�.

�å8�P� 2
 � �´�7 >�� Þ�1 Þ %-%��P ë(11)

� �� �+*���� eI # 6�. Modified volumetric model� @

A�� ek -.{[� �Ak ¢� 99.2 kJ/mol, shrinking core model

� 99.1 kJ/mol, volumetric model̂ ¢�� 96.9 kJ/mol�� &�&"

ÞR�"[ c� v # 6U� -.çè� �Æ �+*��� ï� Õ

� ½�&� ¯Á�.

4-2. 
� �-��� ����	

R	^ �+� /4 Ä^ �E*m� +�(�1�, %NeH, ùDH

+ W), Ä^ ÑÖE ¾d, R	^ �2¾d, R	i é�!^ e< W

�~ 2� ¸ª�� ^¬ Ó�� # 6�. �~ 2� vwE z{x�

� Ä-#$% 2;*-.�" &�i7 ¦��¸ �+� f ¶F��7

¯�& �s �%`�^ g"(Cs > Rb > K > Na > Li)�� �+� ��

7 ��� �  p  6�Å, ¶-��� K2CO37 Ä^ �1� ð¶�

� D'p7 +�� ¸¬ 2;*-.� �9� �+� �¸�[6]. Þ~

& ��X'^ ¦A 2;*NF�"7 potassium carbonatê 2�� %

G2 � # 6% B%� �� ï� <�k R	��� '78� ��

3e2 �f9gh�. YZ� Oi�" #«pqB R	2;*-.^

-.c+ 3e�� Table 2� FE�u�. Kim W[2]l Choi W[11]�

�~ 2� ��^ #$% 2;*-.�" ���¸ R	¸ K2CO3̂  R

	�+� H@�u78, K2CO37 ÷/ �9� �+� ���q�Å R

	¨�� 20 wt%� i� B­�[ �+� £,��� $2¬�7 ��

� &�Q�. 42� ��� @Ak Lee, Kim[5]� �~ z{x�^ R

	�+� H@�� �¶x� 69" �él )� �+g"� � �u�.

K2CO3 > Ni(NO3)2 > Ba(NO3)2 > K2SO4, FeSO4 �, �@�� ¼ 3

e�"7 î£ �å� s�� �¶R	^ ¢� �+ g" Ni(NO3)2 >

K2SO4� µ½ â¸�u�. Song W[3]� vwExl z{x^ 2+D �

Q�� �~ 2� �È�� �+� H@�u78 R	_l7 @A} �

� e<�[ Ó�^� v # 6q�. Songl Kim[4]� 
�' ÷��

� 2;*�1" �~ 2� �Qx ��� j;k �� K2SO4+FeSO4

2 9l H��"7 hÍ� K2CO3�� &� �+� �¸�  �u�.

-1 Lee, Kim[5]� ÷��^ 2;*-.� s�� ÷/ �~ 2�

�Q�� j;k�u�Å K2SO4+Ni(NO3)22 hÍ� K2SO4+FeSO4�

� �+� &� ��� G/�u�.

��" ¼ 3e�"7 K2SO4+Ni(NO3)2 �Qx R	� �È�u�Å

%�R	�7 K2CO3� @A�u�. �å3l &�� R	 e<� �Æ

ÑÒ` T�� ½�2 £¤� �� &�Q% B%� m�" nÊk ó

, )� ë (8)� 59�7 reactivity T���© R	^ �+� £¤�

� Fig. 6� &���. £R	-.�", )� ç_ ![^ �å�"

reactivity7 -.� :«^� �� �ío $2�7 ��� &�Q�. m

"^ £R	-. ¬�/ |^�uU� �s  !^ -.�"7 â'<

[� $2��� k���7  !� ^k %Nâ
�� ¸¬ â'<[

^ ÚÛ� ÞE Õ� ¯� #[ 6�. �~k ¢� ]�% -.{[7

Fig. 5. Arrhenius plot for non-catalytic steam gasification of Austra-
lian bituminous char with PH2O=50 kPa.

Table 2. Kinetic studies of catalytic steam gasification of coal char

Authors Coal Catalysts
load
wt%

Temp.
oC

Steam
Press. atm

E 
kJ/mol

Apparatus Remark

Kim et al.
(1987)

Lignite K2CO3 5 700-800 1.0 119-176 TB* Reaction order is zero
Catalyst gives compensation effect

Choi et al.
(1992)

Carbon, Lignite,
Bituminous,
Anthracite

K2CO3

Na2CO3

10 700-1,000 0.5 75-121 Fixed bed Kinetic parameters from gas conc. 
measurement. Compensation effect.

Song et al.
(1992)

subB
Anthracite

K2SO4+FeSO4

Na2CO3+Fe (NO3)3

Na+Fe+Ca

3, 6 700-800 0.8 80-108 TB The synergetic effect is better at high 
temperatures. Na+Fe is good for anthracite

Song and Kim
(1993)

subB Binary mixtures of K2CO3, 

K2SO4, Na2CO3, FeSO4,

Fe (NO3)3

3, 6 700-800 0.8 80-113 TB Melting point of catalysts was considered
A unification parameter to evaluate catalytic
effect. K2SO4+FeSO4 proposed

Lee and Kim 
(1995)

Lignite, 2 subB,
Anthracite

K2SO4+FeSO4

K2SO4+Ni (NO3)2

6 700-850 0.5 174-211 TB K2SO4+Ni (NO3)2 showed highest activity 
of all tested.

This study subB K2CO3, K2SO4+FeSO4

K2SO4+Ni (NO3)2

6 650-850 0.5 62-99 TB Study a possibility of K2SO4+Ni (NO3)2 as 
an economical catalyst. 

*: TB = thermobalance, subB = subbituminous
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-.� :«^� �� $2I #[ 6�. k +D^ R	� �Æ +D

� �Q�1 ¢�� �� �+^ Û¦� %�I # 6�. �7 � +D

^ �2� �Æ �(�1�" R	^ D'(dispersion)�& ��+

(wetting)̂  Û¦, %�^ p�+ Û¦, R	^ *m� Ù* W� %¸k

�[4, 17]. �'¸ K2SO4� yq^ z{x¸  ¡� �2/01 -.{

[� ¦Ç/r # 6� ��� %�}�.  ¡� Ë%� a� �+� �

��� z{��� ýµ�% B%� -.� :«^� ��  ¡Ôª�

� +
�1" .s�% B%� £�+*p7 ¢Û� 6�. Potassium

sulfate� �2�1  ¡Ôª^ .s� ò(/0  R	^ D'� Û¦

/0% B%� R	^ �+� $2/r # 6� ��� %�}�[4, 5,

11]. Fig. 6�" ( # 6U� 650-850oĈ  ç_ ![>d�" K2SO4+

Ni(NO3)2 �QR	7 £¤� �� �+� ���q�. Þ~& 2;*-

.�" �+� 2
 �9� ��� v�: K2CO3̂  �+�7 û��

\�7 ��� &�Q�. 

R	� @Ak Ä-#$% 2;*-.^ �å3l� Fig. 7� arrhenius

plot�� &���. ![� �Æ ºð-.{[ 8�P� 2¦^ >�� Þ

�1 Þ %-%��P -.^ ]�% �+*���� eI # 6�. %&

¦� V�} Ä-#$% 2;*-.^ �+*���ï� �# 60-310 kJ/

mol� ¦äÍ t� >d� uT DE�  6�[18]. ��� Ä^ /4�,

�E� eH, ̈ �ùD  ̂H+�� �� �� # 6% B%��. î� �

9 /4�� ��1 -.%�^ â'<[� v��� ¦���� " �

+*���� &�iÅ, %N� Vwk Ä  ̂¢��7 \� ï� �¶ �

��. Ýk ùDi z{+D b R	� oAI # 67 *Q�� ��#

! \� �+*���� ��� }�. ¼ 3e�" £R	 #$% 2;*

-.^ �+*���7 99.2 kJ/mol� &�Q�. R	� @A�1 �+*

���2 ò(�78, �+� x#! Þ ò( y� Õ�7 �� v # 6�. 

Ä-#$% 2;*-.�" [Ìk -.¸ª�� Table 3� FE�u

�. -.{[¦# C� ºð-.{[(average reaction rate) k7 ë (9)

� ^�� �'�u�Å, £R	-.� �k R	-.^ ºð-.{[

£(kobs/knone)� R	�+� �k z[� @A�u�. Table� {|�1

\� -.![ >d�" }± " R	_l� %�I # 6�7 �� v

# 6�. Table�7 )� �QR	 ��� @Ak � 3e^ �å3l

� ¨K #!�u�. Lee, Kim[5]^ 3l�"7 K2SO4+Ni(NO3)2 �

Fig. 6. Reactivity profiles for the steam gasification of Australian bitu-
minous char with the pure and mixed catalysts (PH2O=50 kPa).

Fig. 7. The arrhenius plot for steam gasification of Australian bitumi-
nous char with various catalysts (PH2O=50 kPa).

Table 3. Kinetic parameter for the catalytic steam gasification of coal char

Author
Catalyst (kobs/knone)

a
E

(kJ/mol)
A

(h−1)Temp.(oC) 650 700 750 800 850

Song and Kim
(1993)

None - 1 1 1 - 108 7.10E+05
K2CO3 - 2.1 1.7 1.5 - 80 4.00E+04
K2SO4+FeSO4 - 2.0 1.6 1.6 - 87 1.00E+05

Lee (1995)

None - 1 - 1 - 212 3.11E+09
K2SO4+FeSO4 - 1.36 - 1.49 - 237 6.45E+10
K2SO4+Ni (NO3)2 - 6.46 - 4.04 - 174 1.60E+08

This study

None 1
(0.76)b

1
(1.37)

1
(2.88)

1
(4.32)

1(7.58) 99 3.09E+05

K2SO4+Ni (NO3)2 2.05 1.96 1.38 1.70 1.42 84 8.88E+04
K2CO3 5.40 4.48 3.51 3.39 2.10 62 1.44E+04

a: Ratio of average reaction rates for full conversion levels, Equation (9)
b: Average reaction rate without catalyst, knone, h

−1

Catalyst loading = 6 wt%
Song and Kim [1993]: Alaska subbituminous, HTT = 700oC, 80% H2O
Lee [1995] & this study: Australian bituminous, HTT = 900oC, 50% H2O
���� �41� �3� 2003� 6�
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QR	^ �+� �9&" £R	-.� £¬ 4-6H^ -.{[� &

�i  6�. Þ~& �@k �÷��� @Ak ¼ �å�"7 )� !

[>d�" £R	-.^ 2H� i%� \�7 ��� &�Q�Å

K2CO3� @A��ñ £�( � 4H^ -.{[� 5� # 6q�. �

�" �~ 2� 3e� s¬ R	��^ �+� £¤�7 �� �åH

�� �k �� ¦�k D�� ��¬ñ k�7 �� â¸I # 6q�.

k� � Tablel Fig. 7� s¬" v # 67 �� £¤� \� ![>

d�" R	^ �+� ± §~~�� &�Q�7 ���. Lee, Kim[5]

^ �å�" K�� �� K2CO3̂  �+� ¨K £¤¬�� \��7

���. R	^ ���� �s 6-10 wt%� 3e�" @A¬h  6�

Å, �QR	^ H+� ã¶  £� �� B �� 3l� ��  G/

} ó 6�[5]. Þ~& �� �k ÚÛ�� ± 3e2 p9ñ I �D�

� ���. ¼ 3e� s�� �� Ä^ #$% 2;*-.^ -.{[

7 �él )� shrinking core model� @A�� �´I # 6�.

(13)

¼ 3e�"7 Ä^ GH![(HTT: heat treatment temperature)^ Ù

*2 2;* -.{[� û�7 ÚÛ� {|�Á�Å Þ 3l� Fig. 8

� �u�. 600-800oC�" GH} Ä^ ¢��7 -.{[^ Ù*2

§~~�� ̄ Á�& 900oC�" GH} Ä7 R	� ��¨� �� -

.{[2 Õ� $2�7 �� ( # 6�. �, �@�� Lee, Kim[5]

^ 
�' �÷��^ �å3l�"[ 700oC� £¬ 900oĈ  HTT�

" GH} Ä2 R	-.�" XY " -.{[� &���. Toda[19]

7 �HùDGS %�(dry and ash-free basis)�� �(¨� 83%��¸

��^ ¢� =ÖE![(HTT) 700oC�" ��^ û�%N��� 59

�Å, =ÖE ![ 600-800oC >d�"7 Ôªi %NeH Ù*2 S

^ ��  � �u�. ¦%k >d� i7 a� ![^ HTT�"7 û

�%N^ �+� $2�� R	^ �� ¦�2 �K�  -.2;2 ?

RI # 67 1�[ $2�% B%�� @4}�. 

5. � �

�÷�� Ä^ #$%2;* -.�" vwExl  ¡z{x^ �

Q�¸ K2SO4+Ni(NO3)2 �QR	7 K2CO3̂  �+�7 û�� \��

� £¤� �� �+� ���9 ¢G�¸ R	�"^ 2À+� ��

�q�.  ! Ú÷�"7 § x^ �Q� �Æ ¦Ç_l2 �� &�Q

�Å £¤� \� ![>d�" �Q� �Æ R	�+� ± §~~g

" 650oC�" � 2H^ -.{[� 5� # 6q�. Ä-#$% 2;*

-.^ Sã� *m-.� `{¸ #Lü çè C� #F} ��-.

çè� � �´I # 6q�. 2;*-.^ Sã, cÍ ÑÒ`^ Sã�

�@�78 69"7 shrinking core model�� modified volumetric

model� ± �#k ��� â¸pq�. £R	-.^ ]�% �+*�

��7 99 kJ/mol� 59b�Å �QR	� @A�1 �+*���2

ò(�� 84 kJ/mol̂  ï� &���. R	^ �+� 69" ��^ =

D¬ ![(HTT)7 600-800oC >d�"7 " ÚÛ� �q�& 900oC

�" GH} Ä7 ± " R	�+� �u�. 

� �

¼ 3e7 'Éª�� ���	EN�^ 3e£ ���� #«pq

�Å �� ò@� �/Q �.
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