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CêFê &Ê7ö ��B �z>² B�Ï �OB¢ BB� Ï'b� Özj�ö CaO, Li2O, TiO2f ?f .³Özb

j ²ï Î&~� 
�W �OB¢ B�~&b�, � �OB
~ Öz' Ò�>wö &� >wßW" ³ê�' �Vj >

¯~&
. 600-700oC~ Nê�*öB >wNê& Ã&�ö V¢ Î� �OB
~ >w.V³ê& Ã&�j r > ®îb

�, 100 ml/min �ç� '�öBº >wVÚ~ Fïö V� 'Ëj Z�� > ®î
. Î&b� Ò�Wö �~º Î"¢

ÚÚ� Ö", 2.0 at%~ TiO2¢ Î&� ãÖò V��OB� Özj�~ >w³ê¢ Ãê�Î ©b� ¾æÒ
. � ��~

Öz>wb�¦V áf 
þ8
f Avrami�" ¾ ¢~~&�, �z�Î B> Özj� �OB~ Öz>wö &� �Wz

ö.æº 54.06 kJ/mol�îb�, >w³êç>º k=2.07×1012 exp(−27170/T)ªj {�~&
.

Abstract − In order to develop sorbents for the removal of hydrogen sulfide contained in coal-derived gas, additives such as

CaO, Li2O and TiO2, were added to zinc oxide and the reactivity and kinetics of the oxidative regeneration for the sulfided

porous zinc-based sorbents were examined. At 600-700oC the initial reaction rate of these sorbents increased with increasing

the reaction temperature and the effect of total gas flow rate on the reaction above 100 ml/min showed similar behavior. Also it

was revealed that only the 2.0 at% TiO2-doped ZnO sorbent promoted oxidation rate of pure zinc sulfide from the investiga-

tion of the effect of additives on regeneration. In this study Avrami equation was appropriate to interpret the kinetic data

obtained from oxidation. The oxidation rate constant was expressed as k=2.07×1012 exp(−27170/T) and the activation energy

of oxidation was 54.06 kJ/mol.

Key words: H2S, Regeneration, Zinc-based Sorbent, Metal Oxide

1.B �

Cê�Ï~ ¢~b� BBB Cê&Êz ��B*�Ê�(IGCC: in-

tegrated coal gasification combined cycle) �;b�¦V VÂ>º H2S

5 COS¢ B�~V *� �N��î�öº B> .³Özb�¾ Î

&B¢ &� .³Özb 6º ��.³Özb î�B& ÒÏB
. .

³Özb �OB7 ß® ZnO �OB& �z>² B�Ë" Ò�W�


Ö Ö>~
� ��>Ú zæò ZnO �OB~ &Ë � �6f �

NöB ö² j�b�~ ÃB� ¢ÚÂ
º 6�
[1]. V¢B Fe2O3,

TiO2, CuO �" ?f .³Özbj Î&� �� .³Özb �OB

¢ �Ï� ��~ ¢~b� ��'b� ¸f � >ÏËKj &æ�

®� Cê&Ê 7ö ��>Ú ®º H2S~ ³ê¢ > ppmv(parts per

million by volume)ræ ÔÂ > ®b�, �Vö ~� £² Ò�� &

Ë� zinc ferrite[2-6]f zinc titanate[7-11]ö &� ��& �B® ê¯

>Ú z
.

Zinc ferrite î�B~ ãÖº 
þ
 �Î~ ��öB 98.9%ræ

H2S¢ B�� > ®b¾ ¸f ~öW ª*V~ Cê&ÊöBº �'

� bW&~& &VB
� ��>î
[12]. �f ?f ^B6 r^ö

zinc titanate î�B& &�~ &ç� >îb� �"~ ��öB zinc

titanateº zinc ferritef jv� r, î�ËöB &�~� Ú�W� z

Ö>~
º Ö"& ��B :& ®
[12]. 

�Þ, r¢Ò Æ.³, *�.³ 5 j��
 z ·f �N >ãj

<º .³Özbj Özj�ö Î&�Î 
�W �OB¢ B�~�

B> Özj�~ �z>w³ê¢ Ãê�ÊJº ��ê >¯B :&

®
. Yoo[13]º Li2O¢ j��B 14«~ .³Özbj B> Özj

�ö Î&�B B�� 
�W �OB¢ &çb� î�Ëj �V� Ö

", CaO, Li2O, TiO2, CuO, Fe2O3f Ga2O3 �j Î&� �OB
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&b�, Lee[14]º ÿ¢ ��öB î�Ëj ÚÚ� Ö", CaOf

TiO2¢ Î&�Î �OBò� >w³ê¢ Ãê�Vj ö Li2O¢ Î&

� �OBº �z>w³êö ê
� 'Ëj "æ á� ©b� ��

� :& ®
.

~æò æ.ræ B�B &¦ª~ ��Ö"
f î�Ë� Ö>�

�OB¢ BB~º� "n6j v� >wßW, �'>w��" ³ê

�' �V �j 
�Ú zb�, �OB~ Ò�ö &� ��[15-19]ê

ô� >¯>îæò Ò�>w~ ³ê�' ��[20-22]º ��� 
;

�
.

V¢B � ��º .³ Özbj Î&� 
�W �OB~ Ò� G

�ö "n6j v� Lee[14]& ÒÏ� �OB
j &çb� >wVÚ

~ Fï" >wNê& Öz' Ò�>wö �~º 'Ë" Î&b~ Î

"¢ �V~&
. 6�, 
B �;ö 'Ï~º� jº� >w³êç

>f �Wzö.æ¢ �~V *�B Öz>wb�¦V áf 
þ8


j Avrami�ö 'Ï�b�� ³ê�' ��ê �þ >¯~&
.

2.
 þ

� ��öB B�� �OBº 
�W~ .³Özb �OB�B Î

&B
f 
r" ?f ��j V&b� F�~&
.

(1)�OB~ B�� ��Oæf j*b�j *~� >ÏW "b�

ëW� ìº bîj F�~&
.

(2)� bîj 
� bîö êw(dopping)�Ò r, ê¦Þ(dopant)º

V� bî�
 �N>ã� ·j¢ êw� ¾ ��Úê
º �Úz�

~ ¢>'� ��ö ~~� Î&B~ �N>ã� V��OB~ >ã

" ?�¾ ·f ©j F�~&
.

(3)
� bî�
 z�'ÁbÒ' Wî� ß>~æ� s-Êêö �

�' *¶¢ &ê r¢Ò Æ.³ 5 *�ö²¢ F�~&
.

�f ?f ��
j ò�~º bî
 &Ú� CaO, Li2O, TiO2¢ F

;~�, V��OB� ZnOö Î&~&b�, 
�W .³Özbj �

W~º O»[13, 14]ö ~~� B�~&
. �OB~ B�ö ÒÏB .

³Özb
f ¢� Hayashi Pure Chemical Industries~ 1/ �£�

îb�, ' .³Özbö MerckÒ~ citric acid mono-hydrate FV

z�b B�B¢ D�, � b�bö Ã~>¢ &~�B v>�Î ê,

�V ª*V ~öB 800oC Nê� 5�* ÿn ²W�V
.

� ��öBº �OB~ *zNj G;~V *�B TGA(Thermo-gra-

vimetric analyzer, Shimadzu Co., DT-20 system)¢ �Ï~&b�, 


þf �² v �ê� >¯>î
. ' �òî
 .³Özb ;�~ �

OBö �z>²¢ �O�B �zb ;�� ò�º �z>w" �z

B �OB¢ �Vf >w�B Ò��Êº Öz>wj �³'b� >

¯~&b�, ''~ 
þ��f Table 1ö B�~&
.


þO»f '6�;� jòB TGA~ �ò7�ö 2 mg~ �OB¢

If 
r, î² ª*V ~öB 600oCræ ßN�V
. ö~º Nê

öB ;çç�ö ê�~� 150 ml/min~ F³b� �z>²¢ F«

~� 7ïæz& z �ç ¾æ¾æ pj rræ >w�Vb�, �f

?f �z>w ��f Î� 
þöB �;B 8b� >¯~&
. �

z>w� «Ö>� �z>²~ F«j 7�~� 1�* ÿn î² V

Ú¢ F«~� >wV Ú~ �z>²¢ j*® VÂ�Ê�B ö~º

Öz>wNê� Ò�;~&
. ;çç�ö ê�~� �V �Wb� b

�� î²f Ö²VÚ¢ >wV� F«�Ê�B �* æzö V� �

OB~ 7ïæz¢ �V~&
.

6� �OB~ ��' ßWj ÚÚ�V *�B BETªCj >¯~

&b�, �OB
~ j��' 8
j Table 2ö B�~&
.

3.Ö" 5 �V

3-1.�OB~ Ò�W

� ��öBº TGA�¦V áf �*ö V� 7ïæz ��V¢ �

Ï~� 
�W �OB~ Öz' Ò� >wWj ÚÚ�V *�B >

wVÚ~ Fï, >wNê �Ò� Î&B~ Î" �j ÚÚ�~
.

�¦{Ö&�ö V� >w³ê~ 'Ëj Z�� > ®º >w��

Table 1. Experimental conditions of sulfidation and oxidative regen-
eration

Sulfidation Oxidative regeneration

Reaction temperature 600oC hold 550-700oC
Gas composition H2S: 2 vol%

N2: 98 vol%
O2: 20 vol%
N2: 80 vol%

Particle size 20-25 mesh -
Total gas flowrate 150 ml/min 50-400 ml/min
Total pressure 1 atm 1 atm
Sample weight 2.0 mg -

Fig. 1. Effect of total gas flow rate of the mixed gases on the initial
oxidation rate of pure zinc sulfide at 650oC.

Table 2. BET results of fresh and sulfided sorbents

Sorbents
Specific surface area[m2/g]

Fresh sorbents Sulfided sorbents
Pure ZnO 06.91 05.68

ZnO-CaO 0.5 at% 13.37 12.32
1.0 at% 13.50 12.10
1.5 at% 10.70 09.13
2.0 at% 12.99 10.78

ZnO-Li2O 0.5 at% 05.91 05.12
1.0 at% 07.34 05.75
1.5 at% 08.11 06.23
2.0 at% 06.67 04.97

ZnO-TiO2 0.5 at% 16.44 15.51
1.0 at% 09.13 08.84
1.5 at% 04.85 04.15
2.0 at% 27.16 26.77
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j áV *�B �V �Wj <º î²f Ö² b�VÚ~ Fïj æ

z�Ê�B �OB~ >wWj �V~&
. >wNêº 650oC� �

;�V� 50-400 ml/min~ '� ÚöB 50 ml/min~ *Ïj v� 


þj >¯~&b�, Fïæzö V� 7ïæz³êf~ &ê¢ Fig. 1

ö ê�~&
. Ö"¢ ÚÚ�� Fï� 100 ml/min �ç¢ ãÖº

7ïæz³ê~ æz& �æ pbæ� �¦{Ö&�j Z�� > ®

j ©b� Òò>�, 
� æ>
~ 'Ëj �V~V *� 
þöB

º Fïj 150 ml/min� ¢;~² Fæ�V
.

>wNê& �zB �OB~ Ò�>wö �~º 'Ëj �V~V

*~� >wVÚ~ Fïj 150 ml/minb� �;�Ê�, 600-700oC~

Nê�*öB >wj >¯~&
. Nê�*f 300-700oC~ Nê�*

öB .j
þj Û~� F;� Ö"�B 500oC�~~ >wNêöB

º >w³ê& 
Ö ¶^b�, 500-600oC '�öBº 600oCf �~

FÒ� Ö"¢ áj > ®î
.

Fig. 2º 600oCöB �z�Î B> ZnO �OB¢ &çb� TGA

¢ �Ï~� >wNê¢ æz�Ê�B �*ö V� �OB~ *zN

j ¾æÞ Ö"�
. Ö"¢ ÚÚ��, >wNê& Ã&�ö V¢ �

OB~ .V>w³ê& Ã&�j r > ®b�, Î� NêöB >w

.V¦V >w� /Ï® ¢ÚÎb�� 30 min �Úö j*® Ò�>

îrj {�� > ®
. 6�, 650oC�ç~ >wNêöBº 5 min

�Úö �« *zNö ê�~&j öò jî¢ 680oCf 700oCöB

º >w³ê~ N�& �æ pf ©b� ÒòB
.

�z�Î B> ZnO �OB öò jî¢ CaO, Li2O, TiO2¢ 0.5-

2.0 at%� Î&�Î �OB
~ ãÖöê >wNê& Ã&�ö V¢

.V>w³ê& Ã&~º Ö"¢ {�� > ®î
.

B> ZnO �OB~ î�Ëj Ëç�Ò Ï'b� CaO, Li2O, TiO2¢

Î&� �OB
~ Öz>w 
þj >¯�b�� Î&b~ Ò�Wö

�~º Î"¢ ÚÚ�~
. CaOf Li2O¢ Î&� �OB~ ãÖº

Î� Nê�*öB Î&b~ �ï� Ã&�>� .V>w³ê& 6²

� öò jî¢ ¢;�*öB~ *zNê 6²~º ©b� ¾æÒ
.

~æò TiO2¢ Î&� �OB~ ãÖº 
� Î&b"º �Ò 2.0

at%¢ Î&� ãÖ~ .V>w³ê& &Ë � 8j ¾æîb�, �

��~ 8öBº Î&b~ �ï� Ã&�>� .V>w³ê& 6²~

º ©b� ¾æÒ
. �Þ, >w³êf j��' Ò�ö ç&Wj �

Ò®æò ß�� 6j dj > ìî
. Table 2öB r > ®�� Î

&b~ �ïö V� j��'8
f ¢&W� ìb�, >wW 6�

j��'"º Z&�j r > ®î
. �f ?f Ö"º Î&b~ «

~öBê FÒ� ãËj ¾æîº� �zB ZnO-CaO �OB~ j�

�'� �zB ZnO �OB~ j��'�
 � 8j &ööê ®�

~� J®J .V>w³ê¢ &~�Î ©b� ¾æÒb�, �zB

ZnO-Li2Of ZnO-TiO2 �OB
~ ãÖöê j��'f >w³êf

Z&� ©b� ¾æÒ
.

Table 3öº Î&b~ Î"¢ ÚÚ�V *�B ' Nêê� Öz>

wö ~~� ZnS& ZnO� 90%ræ Ò�>º� �Òº �*, tR*¢

V&~� ' Î&�ò& 90%ræ Ò�>º �*, tR"~ j ¯ tR/tR*

~ jv8
j B�~&
. �öB r > ®º :f ?� TiO2 2.0

at%¢ Î&� �OBò� V� �OB�
 Ò�ö º�>º �*�

�»>îb�, CaOf Li2O¢ Î&� ãÖöº Ò� �*� J®J

^Úæº ©b� ¾æÒ
.

V¢B Li2O¢ Î&� �OBº V� �OB~ î� 5 Ò�W Ë

çö �Î"¢ �~�, CaO¢ Î&� �OBº î�Ëöº V�~æ

ò Ò�W G�öBº V�ê& Ôf ©b� ÒòB
. Ö�, 2.0 at%

~ TiO2¢ Î&� �OBò� V� �OB� B> ZnO �OB~ î

�Ë" Ò�W Îv Ëç�Î ©b� {�>î
.

Fig. 2. Effect of reaction temperature on oxidative regeneration for
pure ZnS.

Table 3. Experimental and kinetic results of oxidative regeneration for various sorbents

Sorbents

Nomalized regeneration time(tR/tR
* ) Reaction rate

constant, k
[min−1]

Activation
energy

[kJ/mol]
600oC

(tR
* =20.3 min)

630oC
(tR

*=12.0 min)
650oC

(tR
*=4.5 min)

680oC
(tR

* =1.7 min)
700oC

(tR
* =1.3 min)

Pure ZnO 1.0 1.0 1.0 1.0 1.0 2.07×1012exp(−27170/T) 54.06
ZnO-CaO 0.5 at% 1.1 1.4 1.1 0.9 1.7 3.85×1012exp(−27860/T) 231.63

1.0 at% 1.7 1.4 0.9 1.4 1.2 2.56×1012exp(−27630/T) 229.70
1.5 at% 1.6 1.4 1.8 1.8 1.6 1.13×1011exp(−24960/T) 207.53
2.0 at% 2.2 1.7 2.0 2.1 1.6 2.78×1011exp(−25900/T) 215.31

ZnO-Li2O 0.5 at% 1.2 1.3 1.8 1.9 1.5 1.67×1010exp(−23170/T) 192.63
1.0 at% 1.7 1.5 2.0 2.2 1.6 1.27×1011exp(−25220/T) 209.66
1.5 at% 1.8 1.6 2.0 2.4 1.7 9.92×1010exp(−25050/T) 208.24
2.0 at% 1.9 2.0 2.3 2.7 2.0 7.27×1010exp(−24910/T) 207.11

ZnO-TiO2 0.5 at% 1.3 1.0 1.1 1.3 0.8 2.74×1012exp(−27540/T) 228.95
1.0 at% 2.2 1.0 1.2 1.3 0.9 9.17×1013exp(−30930/T) 257.15
1.5 at% 2.5 1.7 1.9 2.3 1.5 4.71×1012exp(−28590/T) 237.69
2.0 at% 1.2 0.8 0.7 1.0 0.8 1.19×1013exp(−28650/T) 238.20
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3-2.Öz' Ò�>w~ ³ê�' �V

� ��öBº �zB �OB
~ Öz>w 
þöB TGA�¦V

áf �*ö V� 7ïæzö &� 
þ8
j �Ï~� �*ö &

� *zNj êÖ~�, Avrami�j �Ï~� Öz>w³êç> kf

�Wzö.æ¢ êÖ~&
.

TGA 
þöB áf �* æzö V� 7ï æz ��V~ �C

O»b�B >w7~ ª~~ �*öB~ 7ïæz ∆wtº

(1)

b� �*>�, �VB wiº �ò~ .V7ï��, wtº ª~ �* t

öB~ 7ïj ¾æÞ
. V� �OB� �zB ZnO �OB~ Öz

>wV�º 
r" ?� &;~&
[13].

(2)

V¢B *zN(X)f � (2)�¦V êÖ� ��'� �«7ïæz(∆wf)

ö &� ' �*öB~ 7ïæz8~ j�B ;~~&
.

(3)

Sohn" Kim[20]f �zB �OB� ZnS¢ >ÃV� Ò��Êº

>wj Avrami& Bn� �WËÎ�ö 'Ï� �� Ö"¢ B��

:& ®
. �zj�~ Öz>wf Ö¶��¢ æò �zb ��ö

�� ;WNb�� Öz& �·>�, Öz>wf �zb" Özb ê

�öB~ >w³êö 1N'b� ~�~�, ®�¢� �WË� æ³>

º ©b� *"~&
. V¢B � ��öB B�� �OB~ ßWç

Î&b
� �b�B~ ��j B�� ©b� 6�>æ� Avrami�ö


þ8
j 'Ï~� >w³êç>f �Wzö.æ¢ êÖ~&
.

Avrami[23-25]& Bn� �WËÎ�öB *zN" �*~ &ê�f


r �b� ;~>î
.

(4)

Fig. 3f B> Özj�ö TiO2¢ 0.5-2.0 at% Î&~� B�� �

OB¢ 650oCöB Öz>w�Î 
þ8
j Avrami�ö 'Ï� Ö

"¢ ¾æÞ ©�
. V^� �*B ¦ªf 
þ8
�¦V êÖB

Ö"��, çFb� �*B 8f �²¶ß»j �Ï~� êÖ� ²æ

ªC8b�B Î� �ïö &�B çFWj <º ©j r > ®
.

�f ?f Ö"º TiO2¢ Î&� �OB öò jî¢ 
� Î� �

OB~ ãÖöê FÒ� ãËj �&V r^ö � ��~ 
þ8


f Avrami�ö ¾ ¢~~º ©b� ÒòB
.

Table 3öº Avrami�ö 'Ï~� êÖB >w³êç>f �Wzö

.æ 8
j B�~&b�, Fig. 4öº B> Özj�j j��B '

Î&bî
 &Ë >wW� ±f �ïö &� �Wzö.æ¢ ¾æÚ

î
. 600-700oC~ Nê�*öB �zB B> Özj�~ Öz' Ò

�>wö &� �Wzö.æº 54.06 kJ/mol ;êªj {�~&
.

4.Ö �

CêFê&Ê7ö ��B �z>²¢ B�~V *� �OB¢ BB

~V *� Ï'b� Özj�ö ²ï~ .³Özbj Î&� �OB

¢ �z�Î ê Ò�Wj �V~V *~� �zB �OB¢ �V�

Ò��Î Ö" 
r" ?f Ö�j áî
.

V� �OB� �zj�" Î� Î&b �OB~ >w³ê�' �

�V
f �WËÎ�ö V&j z Avrami�ö ¾ ¢~�j r > ®

îb�, 600-700oC~ Nê�*öB B> �zj�" �V~ Öz>

wö &� >w³êç>º

(5)

f ?� �*>�, �Wzö.æº 54.06 kJ/molªj r > ®î
.

6�, Özj� �OB~ Ò�Wö &� Î&b Î"¢ �V� Ö

", 2.0 at%~ TiO2¢ Î&� �OBò� B> �zj� �OB~ >

w³ê¢ Ãê�Vb�, 0.5 at% CaO¢ Î&� �OBº * Nê�

*öB B> �zj� �OB~ >w³ê¢ &~�Vj öò jî¢

0.5 at% Li2O¢ Î&�Î �OBº 630oC �~öBº B> �zj�

�OB�
 >w³ê& Ô~b¾ � �ç~ NêöBº FÒ� ãË

∆wt wi wt–=

ZnS air+        ZnO SO2+→←

X
∆wt

∆wf

---------=

1 X–( )ln– kt=

 kln 28.36
27170

T
---------------–=

Fig. 3. Avrami plot for oxidative regeneration of TiO2 doped zinc sul-
fide at 650oC.

Fig. 4. Arrhenius plot of intrinsic rate constants for oxidative regen-
eration of various sorbents.
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