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���� �  !"�% &
�' ()G� �  H�-I>J, KLM N���O!F ArrheniusG�

�  H�-I$. 4 PQ ZT01� KLM N���O!% 9,010 cal/mol7RD, ZT02� KLM N���O!% 10,350 cal/

mol7R$.

Abstract − The sulfidation reaction between H2S and a desulfurization sorbent composed of 1.5 ZnO : 1.0 TiO2 can be
described by the unreacted core model in which the global reaction rate is controlled by mass transfer, product layer diffusion

and chemical reaction resistance. But at a low temperature like below 600oC, sulfidation reaction can be described by the spe-

cial case of the unreacted core model which assumes that the global reaction rate is controlled only by the chemical reaction
resistance. In this work, the reaction rate constants were determined by using this special case of unreacted core model and

apparent activation energy was calculated by the Arrhenius equation. Apparent activation energies were 9,010 cal/mol(ZT01)

and 10,350 cal/mol(ZT02).
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JK,] EH� �q� r�7 %#stab� uv^ w- .�.

���Z� xy� Jz{|	N ;5+H}� �� ~� ��!��

H2S �9 COS� ��� ���. ��N %#st^ �� ��� �


X �Z��� �F^ EHRa �Rl ���Z �� H2S� COS

9 x�g W�*+� R/, ;f �� ai� 200oC 4�	N ()

R9 �F�	 
�N, -�	N H2Sf W�� � B -�� �Z

f ��� �Z��	 ;)���� 2-5%� mno^ <�g� `

.9 -�|F ��ab	 7� � � T¡*- .�[1, 2].
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500 ���������	
���
����
� -¤<� ¥~t�¦ ��Wf ()Rl �Z��	N s!*+

D,9 �����Z � H2S �9 COSf I§��� ¨`, W�R

9 ��� , ��\¦^ ¨`� ��Wf 1sg© ª«� !q��

1()> ` .£ ��9 1s� , BQ- 1s� 	N $s*9

SO2f z=��� �Jg© ¬`R9 ��¬`� ��  !*+ .

�. BC}� -�|F ��	 ­®A ¯°ab� �±� ��W�

c$² ��³ � 1s³� � ab� D´+ µ ` .�.

-�|F ���	N ��W� ��, 1s xy� 
¶� a-- xy

;/, 
¶� a-- xy� ·� �¸ �  te	N kR£ A�. ;


¶� a-- xy� �A y)� 3¹�¥, 7a,]¦� {±, ��

�Z� � , -¤ ��� �=, ¶�� W{ "	N º» µ ` .�

/, ;C� 
¶� a-- xy~h� `¸� ¼(9 ½¾ ¿;�� �

À, � � �
 BQ- scale-up	 .+N �O ���  :� A�[3].

ª � 	N9 Á !; O`R- ��xy� �hÂ�f p£ �

H> ` .�/ p� Jz! ���Z {!	Nh ÃÄ ` .9 �

S; .9 zinc titanate� �� xy^ ­ÅR- Æ!� 	ÇHf  

Rl xy!^ È�RÉ�/, zinc titanate� H2S� 
¶� a--xy

^ 4xy¯ ¼Ê	 �)Rl xy~hf @LRÉ�.

2. ��� ��

2-1. ��� ����

Zinc titanate ��W9 ZnO� TiO2 �Ë^ -�	N =ÌRl \!

*/, ZnO/TiO2� 
	 ��N Zn2TiO4(zinc ortho-titanate), ZnTiO3
(zinc meta-titanate), BQ- Zn2Ti3O8(zinc sesquit-titanate) "� �

�H ÍÎ� Ì  {� \!A�[4]. � �H zinc titanate �	N

zinc/titanate� 
� �� p� Zn2TiO4� � `)q#; �� p�

/, ���Z��� ��xy; Ï+D9 ÐÑxyF� �Ò² Ó�.

Zn2TiO4+2H2S� 2ZnS+TiO2+2H2O (1)

Zinc titanate� ��xy� [Ô� Õ
� xyR9 Ö
 ��W�


×� µ Ø xy; ÙÚ��� T¡*a ØY	 Û£ 
t*+T

�. ; t�¦� ��xy� ÜÝÞß² <­à; »�	 ��N�

xy; Ï+D}� »«� F (2)� Ó; á0> ` .�.

ZnO+H2S� ZnS+H2O (2)

��xy; Ï+D9 â�	 �xy��9 `=� Ït��=	 �

�N zinc titanate� Jz; Ï+D ¥~ »�; s!*/, xy; ã

T¡*M -�	N 2$	 �� »�� ä½; Ï+å�[5].

2-2. ���	 
�

-�|F ��W� H2S " ��\¦²� xy� 
¶� a- xy

;/, Ïx�X ��9 �Ò² Ó�.

A(G)+bB(s)� cC(g)+dD(s) (3)

; xy� %¤ xy~hf Ì Ra �� 4xy¯ ¼Ê	 �RM

xy �	 �Ò� 5Õ
� ræ� Ï+å�. ç èé Õ
9 a¤<

xy¦ A� Gêf ëCì- .9 í^ îRl -¤ áM�� ïtR

9 Õ
;/, ð èé Õ
9 xy¦ A� ashñ^ î²Rl 4xy¯

áM�� òó � ïtR9 Õ
;�. �� � èé Õ
9 xy áM

	N a¤<� A� -¤� xyR9 Õ
;-, ô èé Õ
9 a¤

< s!¦; ashñ^ î²Rl -¤ �õáM�� ït*9 Õ
;/,

�ö èé Õ
9 a¤< s!¦; a¤í^ îRl �¤ª¤� ït

*9 Õ
;�. BCD a¤<� s!¦; saH ÷�D 
�ø xy

X KO ô èé� �ö èé Õ
9 xy	 7� �ù��N� jk

�X úû; à�. �� u Õ
� �ù� ¢a9 7¤� <üý �þ

}� ; KO �� �ù; ÿ Õ
� ~h H�Õ
� A�[6].

4xy¯ ¼Ê� 19556	 Yagi� Kunii[7]	 ��N �Ò c$*

�- 
¶� a-- xy ¼Ê� � �� Õ�� ��� ·; ()*

- .�. 4xy -¤ ¦�� ���; 	� KO xya¤� GêÁ

�
H òóRMN, xy� Gê� �áM &E	N Ï+D/, ; x

yáM� SS GêÁ�� û�N ;âRl '�. 4xy¯ ¼Ê�

xy-¤� s!¦ (;� K
M	N xy; Ï+å�- � R-,

1c� -¤Gê� Ï � �hf 
9 a¤� k¶Rl F (3)² Ó

� a-- xy; Ï+� Ø, g'��	 �� -¤� %Jo(Xs)̂  �

hR9 ?;�[8].

2-3. ����
 ��� 
�

-�|F ���	N ��W� ��xy� 
¶� a-- xy;/,

%¤ xy~hf Ì R9 E�� m%�² ¦�%�� <�	)²

xyK�	 �� -¤ ¦! ��� úû² ��!�	 7� �À; �

�Ra ØY	 �O [ÔR�. ª-	N9 OI �� Õ�� 4xy¯

¼Ê^ �)Rl zinc titanate ��W� ��xy^ ��R-ê ��.

 � ��W� ��xyg xy-¤� s!¦(;� K
M	N x

y; Ï+å�9 � R	 1c� -¤Gê� Ï � �hf 
9 a

¤� k¶Rl F (3)² Ó� a-- xy; Ï+� Ø, g'��	 �

� -¤� %Jo(Xs)� 4xy¯ ¼Ê	 �� �Ò² Ó; DÝ�

` .�.

ttotal=αXs+βf(Xs)+γg(Xs) (4)

laN, f(Xs)=1−3(1−Xs)
2/3+2(1−Xs)

g(Xs)=1−(1−Xs)
1/3

F (4)� O� ç èé ù� Kíït^ á0� ?;/, ð èé ù

� ashñ^ î� ït, � èé ù� �¸xy^ á0� ?;�[6, 9].

-�	N9 ��xy; T¡�	 �� �ù�� xy~h	 4�9

úû� <üý [Ô� Õ
f �� ;5+T�. �, -�xy	N9

%  '	N � Õ
�; xy~hf H�RH ÷-, Kíït² ash

ñ^ î� ït �ù; âg	 xy~hf H���. ��N -�xy

^ ¼(Ra ��N9 �nït
`� ¦�%�
` "^ -�Rl x

y~hf ¼(�� > ��� .�. BCD 600oC;R� �� �h	

N9 �¸xy �ù; %¤ xy~hf H�R}� ¦�%�
`� �

nït
`9 �g*/, F (4)9 �Ò² Ó; 'Õý á0A�[10].

(5)

F (5)f ;)Rl TGA ½¾	 �� ���� ¿;�� <­g© x

y~h <`f 
t��.

3. 	 


3-1. ��

Zinc titanate��W9 ZnO� TiO2� �\�
f 1.5� Rl ZnO

� TiO2f 100µm;R� 4�Ë� ��� � %¤ g��	 7Rl

2 wt%� bentonite �9 2 wt%� kaolinê  ��Rl !���a	

 + ½!ã� Gêf ����. ;"£ ��+T Gêf 800oC	N

2g' â� =!R-, ��� � 150-300µm ¢a� ¤�#RÉ�[11].

3-2. ����
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��W� ��xyg �£_�	 �� xy hf L Ra ��

()� `j� TGA� c$�X  !hf Fig. 1	 DÝÁ��. ; �

�9 xya¤f %7 87 cm3/min
H &� :� ` .9 `j� TGA

(Rheometric Scientific STA)� DSCf âg	 ()> ` .9 aÍ

;/, furnace� 'uEF� `'EF;�. g�� �£9 %7 400

mg
H L > ` .�/, xya¤f 2c
H êâ�� ×J> `

.�. TGA xya� W+ � ( �� ��� Data Acquisition Sys-

tem	 �� ;5+T�. ; Data Acquisition System	 �� TGA fur-

nacef 0.2-60oC/min Â�� ~h� �m> ` .�/, %- 1,500oC


H )Á �hf ��g� ` .�. TGA� Data Acquisition System

(;	 system interface� .+ Data Acquisition System� Program

; ½W â	*/, �Z� êâ�� ×JA�. �� *+�	 ��A

Ì²f g', �h, �£ _�, _�~h "�� hg> ` .�. PÆ

! a¤� 99.999%� �= �Zf ()RÉ�/, ½¾) ¼(�Z9

�dá,� z	N �Y stA ?�� H2S 13.3%(N2 balance)É�.

3-3. ����

��W� � ¨-�² H2S� %Jo^ :a �Rl �=� purge

Rl TGAf � g. � TGA xya� �h� "�	 h�A �

Ò 1.88 vol%� H2S(N2 balance)f �Gg/MN g'	 �� ¨-

W� �£��f ­ÅRÉ�. ;Ø xy�Z� ��� 80 ml/min�

- RÉ-, xy^ T¡g© TGA� �£2�� ã ;< Ï+DH

÷9 g'
H xyg© H2S %Jo² ��q#^ 
× ­ÅRÉ�.

�� ¼ÊF� �`f xy~h <`� - Ra �Rl xy�hf

550-600oC� �� �hÂ�	N ��g// ½¾̂  ¡̀RÉ�. Table 1

	 ½¾{| � g�� a8¦!^ DÝÁ��.

4. �� 
 ��

Zinc titanate� ��xy� [Ô� Õ
� xyR9 Ö
��W�


×� µ Ø xy; 1Õ
� T¡*a ØY	 xyF� 'ÕR£ á

0> ` .�. �, 1.5 ZnO : 1.0 TiO2�  !*+T ��W� H2S

xy� KO ��xy; Ï+D9 ÐÑxyF� F (6)² Ó; á0

> ` .�[9].

H2S+0.667(1.5 ZnO�TiO2)� 0.667(1.5 ZnS+TiO2)+H2O (6)

F (6)² �ÌRl zinc titanate� ��\¦� xyR9 %Jo^

F (7)	  �RÉ�.

(7)

W09 ��W� 8a�£;-, Wf9 %Í�£;/, W(t)9 g'	

�� ��W� �£f DÝ0�.

��W� ��xy ½¾ ¿;�f Gê� �<	 �� 4xy¯ ¼

ÊF	 �)Ra �Rl SEM��� ª Ì² Fig. 2	N :9 ��

Ó;  �	 �
1 ��f 2- .��. ��N ½¾ ¿;�f  �

Gê� 4xy¯ ¼ÊFX F (4)	 �)R}�� ��W� xy~h

Xs

W t( ) W0–

Wf W0–
------------------------=

Fig. 1. Shcematic diagram of STA(Rheometric Scientific Ltd.).

Table 1. Experimental conditions and physical properties of zinc titanate
sorbent

Properties Condition

Designation ZT01 ZT02 Flow rate
(ml/min)

80

Composition 1.5 ZnO/TiO2 1.5 ZnO/TiO2

Additive Kaoline
2.0%

Bentonite
2.0%

Gas composition
(vol%)

H2S 1.88
N2 Balance

Particle mean
size(cm)

225S10−4 225S10−4

BET surface
area(m2/g)

2.51 3.19 Pressure
(atm)

1

Pore
volume(cc/g)

3.95S10−3 4.66S10−3 Temperature
(oC)

550-600

Density(g/cm2) 3.02 4.20
Fig. 2. Scanning electron microscopy of fresh zinc titanate.

(a) ZT01, (b) ZT02
HWAHAK KONGHAK Vol. 37, No. 4, August, 1999
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���
����
<`(k), ¦�%�
`(km), �nït
`(De) "^ 
t> ` .�.

F (7)	 �� 
tA zinc titanate� �h	 �� %Jo^ Fig.

3-4	 DÝÁ��. Fig. 3-4	N :9 �� Ó; xyg'� K²	 �

� �h� p^`3 �� %Jo; 2�RÉ�. BCD %Í %Jo

� �h	 <­à; �� Ó� 4^ DÝ5�. ;9 �h	 �� %

Í ����� °� Ö
��W :� zinc titanate� �h	 �� ú

û^ �£ wÒ^ �4��. �� ��xy ½¾Ì² È6 ��xy

ÍÌg'� 60�  h� =�*��/, sulfur capture q#� 7

13 wt%� DÝ8�.

��xy; T¡�	 �� �ù�� xy~h	 4�9 úû� <

üý [Ô� Õ
f �� ;5+T�. BCD Woods "; :-� �

	 �RM Gê� ¢a� 	� KO Gê Á�	N� ït� xy�

�ù�� ­lRH ÷�/, �� �h	N9 �¸xy �ù; %¤

xy~hf H���- RÉ�. ��N F (5)f ()Rl xy~h

<`(k)f  RÉ�[11].

½¾¿;�f 9	N :�� � 	 �� ¼ÊF	 �)Rl g'

(t)² %Jo(Xs)	 7Rl hg� Ì²f Fig. 3-4	 ½I² SI��

DÝÁ��.

Fig. 3-4	N :9 �� Ó; xy�h� 2�>`3 ��xy� Í

Ìg'; ;»<�/, �� �h	N� <­Ì²� ½¾4	 ã &k

�^ = ` .�.

4xy¯ ¼Ê^ ()Rl 
tA u �h	 �� xy~h <`f

Table 2	 DÝÁ��/, �h� ��	 �� xy~h <`� �þ}

�, F (8)� á0*9 ArrheniusF^ ;)Rl �h� xy~h <`

� ­
f DÝ� ` .�.

(8)

F (8)� Ù�	 7`f >Rl  QRM,

(9)

F (9)f ;)Rl u ��W� ?:a Æ!�	ÇH(E)� �h


`f  > ` .�/, ln k� 1/T	 7� Ì²f Fig. 5-6	 DÝÁ

��/, u ��W� ?:a Æ!�	ÇH� �h
`f 
tRl

k A E
RT
-------– 

 exp=

k E
R
---- 

 –=ln 1
T
--- 

  Aln+

Fig. 3. Comparison of calculated conversion curves by unreacted core
model with the experimental data for sulfidation reaction of
ZT01.

Fig. 4. Comparison of calculated conversion curves by unreacted core
model with the experimental data for sulfidation reaction of
ZT02.

Table 2. Reaction rate constants of zinc titanate sorbents calculated by
unreacted core model

Designation ZT01(cm/min) ZT02(cm/min)

550oC 4.0022S10−2 3.8642S10−2

575oC 4.6673S10−2 4.8423S10−2

600oC 5.4874S10−2 5.5474S10−2

Fig. 5. Temperature dependence of the reaction rate constants for
ZT01.

Fig. 6. Temperature dependence of the reaction rate constants for
ZT02.
���� �37� �4� 1999� 8�
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Table 3	 DÝÁ��. �� 9N �� �h	N9 �¸xy �ù;

%¤ xy~hf H���9 � � Ýü!^ @ARa �� Fross-

lingF[12]̂  ()Rl ¦�%�
`f 
tRÉ�/, ;f Table 4	

DÝÁ��. Table 4	 �RM ¦�%�
`� xy~h <`	 
�

<7��� 0�R£ B^ = ` .�. ;9 Gê� ¢a� 	- �

~; CD�� X� DÝD9 0<;/, ;��� ¦�%�
`9 x

y� �ù�� 	)RH ÷Ò^ = ` .��.

��N 4xy¯ ¼Ê	 �� 
tA ZT01� xy~h <`(k)9

F (10)² Ó; á0*/,

k=9.85Ee−9,010/RT, cm/min (10)

ZT02� xy~h <`9 F (11)² Ó; á0A�.

k=21.91Ee−10,350/RT, cm/min (11)

5. � �

-�|F ��xy	 .+ zinc titanate ��W9 ��xy � �h

	 ­
à; %Í�£
� Ï R£ DÝ8�/, ;9 �h	 ��

%Í ����� °� Ö
��W :� zinc titanate� �h	 ��

úû^ �£ wÒ^ �4��. �� 550-600oC 
×� �� ½¾�

h Â�	N9 xy�h� 2�>`3 ��xy� ÍÌg'; ;F�

/, �¸xy; o~Õ
X 4xy¯ ¼Ê� á0> ` .��.

��xy� ¼ÊG���� xy~h <`f �h� �`� á0R

l, ; Ì²��� ?:a Æ!�	ÇH� 	� ZT01� xy!; O

`�^ ïXRÉ�.

� �

ª � 9 7¤	ÇH Ihabc$(G7)(e� ÏJ�� `¡*�

�Þ�. � 
 Hz	 _(�HÞ�.

����

A : pre-exponential factor

A(g) : gas reactant

B(s) : solid reactant

b, c, d : stoichiometric coefficient of reaction

CA0 : bulk concentration of gaseous reactant [mol/length3]

CS0 : initial concentration of the solid reactant [mol/length3]

De : effective diffusivity of the gas [length2/time]

E : apparent activation energy [cal/mol]

f(Xs) : diffusion function defined by Eq. (4)

g(Xs) : reaction function defined by Eq. (4)

km : mass transfer coefficient [length/time]

k : reaction rate constant [length/time]

R : radius of particle of pellet [length]

T : temperature [K]

t : time

Xs : fractional conversion [dimensionless]

W(t) : mass of sorbent pellet

W0 : initial mass of sorbent pellet

Wf : final mass of sorbent pellet

���� ��

α : diffusion parameter defined by Eq. (4) [time]

β : mass transfer parameter defined by Eq. (4) [time]

γ : chemical reaction parameter defined by Eq. (4) [time]

����
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Table 3. Comparison of apparent activation energy and pre-exponen-
tial factor calculated by unreacted core model

ZT01 ZT02

Apparent activation energy(cal/mol) 9,010 10,350
Pre-exponential factor(cm/min) 9.85 21.91

Table 4. Comparison of reaction rate constants calculated by unreac-
ted core model and mass transfer coefficients calculated by
Frossling eq.

ZT01 ZT02 Mass transfer
coefficient(cm/min)Reaction rateconstant(cm/min)

550oC 4.0022S10−2 3.8642S10−2 5,518
575oC 4.6673S10−2 4.8423S10−2 5,801
600oC 5.4874S10−2 5.5474S10−2 6,089
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