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Abstract − Continuous operation was performed at high pressure and high temperature to see the long-term reactivity and the

attrition resistance of the sorbent,  the reliability of the process in a bench-scale KIER fluidized hot gas desulfurization process.

A spray dried sorbent consisting of zinc-oxide and titanium oxide was used. The pressure was maintained at 5 atm, the tem-

peratures were 600oC in a desulfurizer and 700oC in the  the regenerator. Solids were circulated continuously and stably

between two fluidized reactors at high pressure. The H2S concentration at exit was consistently maintained for 100 hours below

40 ppmv for a simulated coal gas containing 7,700 ppm H2S. The analysis of solid samples, such as densities, sulfur content,

SEM, Mercury pore analysis, BET, size distribution, were contributed to uncover the characteristics of reactions and entrain-

ment in two fluidized bed reactors 
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%&�� '�( )*�+ H2S, COS � ,-� .)� /0-1 ��.

��2345��� �6� 	
 78 9:; H2S, COS �� ��8

< =>�! >/�� ����. � H2S? ����8< @AB"� /

0��C D@E FGA HI J�B� 7K� ���� L*MN8<

O� 78 P�.

��2345Q>� �>R, �&R, ,&R S3� ��T U P�

V �78<W ,&R� XYZ �-� [\, ]^ _`., �a? ,a

bc def U P� gh, �D_`i �W jk� ��. lm8 �

�2345 Q>� Sn� ,&R"� >-o� Pp� (6 )�8<

q U P�[1]. ,&R ��2345Q>� 5�-r� st .guv w

A8 �� QO; mx� y�o zo {�. Enviropower�8< UCI-5

45/? ���( ,&R-,&R pilot plant8<� uvwA| }~

Nakoso plant� ���� ��� .gwA	 P"+ ���W�� ��

�� ��� ��� �o {��[2, 3].

�N8�o��s%�� 1994��# �a8�o A/(G7 ��)� }

H"� Q>O�8 �B� �� ,&RQ>� ��( s%? U�-�

� P�[4, 5]. y &�� 45/ .guv� ��) uvu�� �I
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0.02 �o 0.03 m �>R _`� �� TGA8< ��Y� ��[6-12].

� 45/	 u/� ,&R 	� _`�8< �� .g� ��fo�

�oU��. �N8�o��s%�� 5�_`A r�_`� M _`�

8< &i8 ��Yo� �I 0.1 m� � O� 	�,&R _`�� %

.; sti
�� ���( uv� U��� P�[16]. ~ s%� �

,&R _`�� ��Y* ��2345Q>� 	� F�8< �i 

/ .g� ����o ¡¢��, kg-base� .£; 45/	 u/ st

Q>8< �i  &� ��� �� _`.g� ,o��o ¤¥�� V

8 y �B� P�.

2. � �

2-1. ����

Fig. 1� ¦§¨© ,&RS3 ��2345Q>� OªW��. ��

� 5�_`�� �I 0.1 m, «� 1.2 m� ,&R _`���, �Q¬

£�� )­¬� ®��. F�� r�_`�W �� ¯�� ,&R _

`���. _`� �� 7°"��# U±²A �&³´�µ¶·? ¸

§�( 45/� ��¹� /Y�( º _`�� R«�? }>�! ,

o���. 5�_`�8< ��; 45/� U»²A FG²� ¼A�

( ��½¾8< 9¿;�. 9¿; 45/� 	
� ÀÁÂ� Ã¥Ä�

loopseal� ¼A�( r�_`�� ÅY �. �6� 45/� ÆH�

��F�8< ��Yo� lm8 M _`�� �h/Y	 �ÇÈ ��

Y�1 ��. _`��� �W? }>�! ,o�� '�( M _`�

| FG²8� È#ÅA �W/Y�? ¸§���.

	
)�� '�( G.C.(H.P. 5890 Series II)8 FPD(Flame Photometric

Detector)? �É�( H2S, COS, SO2? ppm UÊËo Ì>���. H2S

)���� UV S3� RADAS2(Hartmann & Braun�)? � � ��

���. SO2 )��� IRS3"� URAS4(Hartmann & Braun�)?, O2

)��� paramagnetic S3� 775R(Rosemount Analytical Inc.)�, H2

)��� TCDS3� CALDOS5G(Hartmann & Braun�)? �����. 

2-2. ���� � �	
��

��; 	
j.� M.W. Kellogg 	
��� j2� ©��( 5�

_`i8� CO 19%, H2 13.5%, H2O 10%, CO2 7.5%, H2S 0.7%, N2 balance

� j.� ,o��"Í, r�_`i8� O2� 5%, N2 95%� j.�

,o���. 	
� º� Mass Flow Controller? ���( ÄÎ���.

uv"� Ì>; ~ Î�� ÏÐ,&�tW� 0.7 cm/s�Ñ� lm8

,&�tW� 5 cm/s� ,o��"Í, 5�_`�� _`�W� 600oC,

r�_`�� 700oC� ,o��"Í, i
��h� 5.0 ��"� ,o

���. �a i
�8 Ò�8 Ó�� 45/� º� 12 kg�Ñ�.

45/� 8�o��s%� �grÔÕA �hs%�8< )Ö2j

×8 �- .£� EZ4 45/? �����. Î�� »Ø±I� 80µm,

bulk ÙW� 1.09 g/cm3, Î�ÙW� 1.83 g/cm3, skeletal ÙW� 4.05 g/cm3,

porosity� 0.549, BET �CB� 4.48m2/g, mercury pore volume 0.30cm3/g,

»Ø pore ±I 1,589Ú, Û©W� ASTM-D 5757-95� �§| S×8

��( 10 slpm� ,¹8< Û©W 5i  Üu(AI)� 56.4%�� 1i 

A 5i  ��� 4i  Üu(CAI)� 17.8%��. Ð.; Akzo FCC\

Ý� AI 19%8 Þß�( Ò�Û©	 °� à"� +áâ�. 7 slpm�

,¹8< Û© 5i  Üu� 7.2%��.

3. �� 	 
�

3-1. ��
��� ��� ����

��2345Q>� ����F�8< 5�_`� 5�_`�8<

r�_`� r�_`�8< stB"� ��Yo� lm8 M _`�

� �h� Yã! ,o�äå	 Q>� �>B æ�� '�( çUB

��. èÈ 5�_`��� H�. sÔ	
	 ÄÎé� r�_`��

� ­�.	
	 ÄÎé� lm8 <�� 	
	 ê
éo {� 45

/� ÆH� ��Y�1 ��. Fig. 2� � _`�� �hF�| � _

`���� �hë�? �(Ê�. 5�_`�| r�_`�� �h�

100i  &� 4 kgf /cm2 gauge ì 5��"� ,oé� Pp� �(Ä�

P�. 5�_`�| r�_`�� �%8� MM �h� /Y�� ¶·

	 ¸§éY M _`�� �h� /Y��. /Y�� �h� span� �

� í'�� lm8 >Ù� �h/Y? �� �î´W �h� ���

Fig. 1. Schematic diagram of KIER fluidized hot gas desulfurization process.
Fig. 2. Pressure profile in a desulfurizer and a regenerator and the pres-

sure difference between two reactors.
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ï�� ðr��. � _`���� �hë�	 �Ö ¯! éC � Q>

� �hØ£� ñoC< �a� ÀÁÂA �aÆH� ÁÂ� �Ç�o

{! éY �>� æ�� ò	g�! ;�. Fig. 2� ~ Q>8< � _

`���� �hë�	 100i &� ó300 mmH2O8< �>é! ,

oé� Pp� �(Ê�. Fig. 18 ��� loopseal� � _`����

��� �hë�� ôÓÀf� �� 	
� ÀÁÂ� So�� Àf�

�� P�.

Fig. 3� 5�_`�| r�_`�� �Wï�? �(Ê�. 5�_`

�� 600oC, r�_`�� 700oC8< õ ï�ö� 100i  &� ,o

é� P�. ~ uv8 ��; zinc titanate� Bk� 5� r��W? w

>�� '�( TGA| batch ,&R _`�8< �Wï� uv� ��

Y÷�[12, 13]. 600-650oC8< øU� 45gh� ��"Í, r�_`

� Iø 750oC8< _`tW	 650oC8 Þ�( ù 10�>W ]ú!

*�éÑ�. Gupta| Gangwal[14, 15]� IøW 648oC��� r��

W8< O2| SO2� �W	 «� Iø zinc sulfate� � _`� �.T

U P"Í Ðw8 �� 45/ �CB ûÐ? So�� '� ÏB� �

W	 760oCü� ��� ý P�. èÈ r�_`� Iø þrËo ��

)� ��Å� batch _`�8< 5�-r�� cycle uv 'Ä� ��

Y÷� lm8 r�_`i� ÿ�� �D_`8 ��( �W	 FG�

��	 �Yo�� r�i��W� ¤ U PÑo� >�� r��W?

¤ U öÑ�. ~ uv8<� r�_`�� �W? >��! 700oC�

,oi�C< 100i  stB"� r�; 45/8 �- 5�_`�8

< Ó)� 45@E� �Ñ� lm8 ,@� r��W� �Ô;�. �

ù r�_`�8< Ó)� r�� ��Yoo {��C i � o�U

	 5� 45/8 
BéY 45.g� �Y� à"� �Ìé� lm

��.

3-2. 	���
�� �	��

5�_`�8< }Y+� _`� 3 (1)A ��.

MeO+H2S
MeS+H2O (1)

Fig. 4� stiv7 5�_`� �%8<� H2S 	
� �W ï�?

�(Ê�. 5�_`i ÄÎ	
� H2S 	
�W� 0.7%, 23�Ê 7,700

ppm�Ñ�. 45_` � >/	
� gas chromatograhpy� H2S)�w

A� 100i  &� 40 ppm��8< ,oé� P�. Ò�8� �a Q

>8 P� 45/	 � 45/�� lm8 .g� �! +á+� P"

Í ù 15i  �8<�# ù 30 ppm"� ,oé� P�. � �	o è

�� ��� ÄÎ	
t8 COS	 ðr�o {p8W ò%�� Ò�

8 COS	 ����� �u��. �� 45/ ��� gas plunum �

'� _`� r�� stainless steel 310"� ��Y* ²�� A0 u

v78 y �'8< �ÅY* FeS, FeSO4�� uv i� � �� H

�.	
? ÄÎ�� CO| _`�( COS� ��é� à"� �Ô;

�. y6+ uv� i�éC< H2S? ÄÎ�C y| �� _`� �È

� �/éY H2S? ÄÎ� � ù 4i  �8� 20 ppm ��"� �Y

o� à"� �Ô;�. H2S st)����# �Y* 5�_`� �%

8<� 5�UÐ �W� 40 ppm ��8< ,oé� P�. ~ uv8 �

�; H2S )��� UV S3� RADAS2(Hartmann & Braun�)� COS

	 ðrf Iø  �@A	 Pp� ¤ U PÑ�.

� )��� �
B� wA��# stiv� i�� � 100i �

oZ �� H2S 45gh� õ .g �� ö� �� 45 gh� �(

Ä� P"Í uv �_�8� ���W 20 ppmv >W� �È� .g�

ù  �¥o� Pp� ¤ U PÑ� ¥s� �
­��� ,&R st

Q>8<� 45�� 99.5%ü� ¤ U PÑ�. �ð� ��) 45/

uvÅ� batch _`� �� TGA8< 5�_`i 45/	 9�T l

Ëo uv� � �i ô�È r��� 5�-r� ��½uv� _��

( U����[6-13]. � Iø 100% 5� �U���	 100% ô�È

r��� �� batch .guv� u/ st3 ��2345Q>� ��

�HE8< 5�-r�� _��� j2A }§��	8� �m�� P

Ñ�. ~ st Q> uv� ¼- 45/� u/B� .g� _`., Þ

Ç.�, �%. �� �
B� .g� ¡¢T U PÑ�.

3-3. ����
�� ����  !

r�_`�8<� Ä _`� �pA ��.

MeS+3/2 O2
MeO+SO2 (2)

Fig. 5� stiv7 r�_`� �%8<� SO2	
� �W ï�?

�(Ê�. Ò� r��8 P� 45/	 � 45/�� lm8 SO2�

W� 0.5% ��8< ,oé�	 5�_`���# 5� 9:� 45

/| ê
éC< SO2�W	 <<È «¥o�	 ù 30i  �8 >F

F�� 0.75%8 W ��. SO2	 ù 0.75%� �tB"� ���� P

p� �(Ê�. 5�_`�� H2S ÄÎ�W	 0.78%(23�Ê)�� 5

�_`�| r�_`�� ¯�	 &}��� º¾B"� }§�� P

�. 3 (2)8< O2� ��; º� SO2� 1.5�� SO2 ���W 0.75�

1.5�� 1.13%	 ÐÞé�� O2� ÄÎ�W? 5%� ��� l !(

O2 �W� 3.8%� ,o�� Pp� ¤ U P�. �ù ��� 45/	

r�.� �Y÷�C �� SO2�WW þr| �� UÊ� 0.75%�

,o�o "#� à��.

Fig. 3. Temperature changes in a desulfurizer and a regenerator.

Fig. 4. H2S and COS concentration profile of effluent gas in the desulfurizer
during 100 hour run.
���� �40� �2� 2002� 4�
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3-4. "#$%& � "##'()

stuv7 �aÆHE� �a �8<� 5Uo? �­��V8 7

K� uv§��. >FF�� æ� 78 r�_`� ��� �a¶·?

$� %� i &� r�_`�� R«� ¢	§? �­�( �aÆH

E� H­���. Ì>; �aÆHE� 4.98 kg/hr��. 5�, r� M

_`�8 ,oé� �a� Ö!� »ØB"� 3.4 kg>Wü� �­�C

�aa&i � 0.68 hr��.

3-5. 	*+

5�-r� 100i  stuv � 5�_`�| r�_`��8 a&

éY P� Î�� ÎW8 '^ 5)� wA ( ÎW)� wA? Table

18 �(Ê�. 5�_`�8 P� Î�� »ØÎI� 86µm�� ÎI

8 '^ 5�W� Iø õ Î��# 75µmËo 5�W	 ù  )�	

¢	�� P�. �� Î�� Iø	 õ Î�� Iø�� _`.� ��

lm8 5:,¹� «� à"� �Ô;�. 5�_`��� »Ø 5�W

� 0.40 wt%��. r�_`�8 P� Î�� »ØÎI� 82µm�� Î

I8 '^ 5�W� IøW õ Î��# 75µmËo 5�W	 ù  )

�	 ¢	�� P�. r�_`��� »Ø 5�W� 0.16 wt%��. ~

45/	 9�éÑ� l �¾B 5�W� 11.12 wt%ü� ���C 5

�_`�8< 45/ ���� 5% ��8< ,oé� Pp� ¤ U P

�. �� _`� ��� �aÆHE8 �ð�� U§�< 4.98 kg/hr �

� �aÆHE� )YÅC 5�_`�� 5�W� ¢	f à��.

M _`� ��½¾A ç#8 9¿; 45/? 6*8 +, -¿�(

5)�� U����. Table 2� ��½¾A ç#8 9¿; 45/� 5

)�A 9¿�� �(Ê�. r�_`� ��½¾8 9¿; Î�� 2.32%

8< 4.52%� 5�W? ,o�� 5�_`� ��½¾8 9¿; Î�

� 0.24%�o 0.77%� �W? ,o��. ��½¾8 9¿; Î�Å�

Û©8 ��( �¥* Î�Å�< ù 30µm��� Î�Å��. è��

�Å� Table 18< �( ÄÑ. r�_`�� 5�W 0.164%�� F

/È õ 0Å� ���� à��. �� Û©8 ��( �¥  Î�Å�

r�_`�� RF�� «� SO2�W| _`�( sulfate	 �.; à

"� �Ô;�. � r�_`� ��½¾� �W� ù 400oC >W� ,

oé� lm8 �� �W, «� �W� SO2, ()� O2� sulfate	 é

� �� j2�´ f U P�.

ç#8 9¿; Î�Å� 5�WW ��½¾� Iø�� î õ 0�

��� P�. r�_`� ç#Î�� 1.22-12.49%� 5�W?, 5�_

`� ç#9¿Î�� 5�W� 1.04-1.89%� _`�� Î�+ ��½

¾ 9¿ Î�Å�� «� 5�W? �(Ä� P�. � ç# 9¿Î��

�>RA �� ç#8 1Y P"C< r�_`� ç#� Iø� �t

B"� sulfate? �Å�, 5�_`�� Iø� �tB"� 5� �U�

à"� �Ô;�.

 

3-6. ,-.�

st uv8< _`uv§| îòY 	� ��P� uv§� Þ­,

�� Ì>§��. 5�_`�| r�_`�� ��½¾8 9¿; Î�

? rÆHi�o {� ��½¾, ç#8 9¿�( ���� F�8<

stæ�78 -d��"Í 45/� �Ó��­A Þ­,��­8 �

�é� �~�Ô��. y &�� 45/� Û©E� ASTM 5757-95�

�ÊS×8 ��( F�8< Ì>�( FCC|� Þß§�< ��� �

�"+ u/ �� ��8< _`� }Y+� 5�_`�| r�_`�

��? ÆH�C< �Y* uv§�< 7K��.

Table 28 +á+ P� àbc 9¿�� 2 34 9¿� Iø� r�

_`� ��½¾8<� 10.9 g/hr, 5�_`� ��½¾8<� 9.5 g/hr

�Ñ"+ y ��8� 0.05 m/sec� ,t j28< r�_`� ��½

¾8<� 0.5-1.5 g/hr, 5�5� 5 cm/sec ,tj28< 5�_`� �

�½¾8<� 0.7-1.8 g/hr� ,oéÑ�. 2 34 9¿� Iø� uv�

i��� +< >FF�Ëo �W| �h� 67C< ,t� ï&"�

�8 þF"�  ÄéÍ y ��8� ù 1 g/hr >W� Þ­,�� P

Ñ�. ç#8<� r�_`�� Iø 0.04-0.11 g/hr, 5�_`�� Iø

Fig. 5. SO2 and O2 concentration profile of effluent gas in the regener-
ator during 100 hour run.

Table 1. Size distribution and sulfur content at each size of sorbents in a
desulfurizer and a regenerator

Size
Desulfurizer Regenerator

Fraction Sulfur % Fraction Sulfur, %

150µm over 0.027 0.439 0.028 0.170
106-150µm 0.117 0.432 0.165 0.154
75-106µm 0.710 0.377 0.632 0.147
63-75µm 0.038 0.396 0.031 0.159
53-63µm 0.055 0.419 0.030 0.195
38-53µm 0.047 0.529 0.098 0.262
0-38µm 0.006 1.552 0.015 0.318

Mean
86µm

(surface mean)
0.402

82µm
(surface mean)

0.164

Table 2. Sulfur analysis and captured rate of samples in cyclones and filters

Sampled time since start-up, hr 1 12 36 60 84 100

Cyclone after regenerator Sulfur, % 0.070 2.32 03.84 4.52 3.65 4.52
Captured rate, g/hr 10.900 1.50 0.9 1.10 0.50 0.60

Cyclone after desulfurizer Sulfur, % 0.15 0.24 00.58 0.77 0.73 0.77
Captured rate, g/hr 9.50 0.70 0.7 0.90 0.80 1.80

Filter after regenerator Sulfur, % 1.22 4.11 10.36 - - 12.490
Captured rate, g/hr 0.06 0.04 00.11 0.09 0 0.04

Filter after desulfurizer Sulfur, % 1.04 1.44 01.50 1.64 - 1.89
Captured rate, g/hr 0.10 0.21 0 0.10 0.01 0.54
HWAHAK KONGHAK Vol. 40, No. 2, April, 2002



250 ���������������� !"�#$%�&'(
0.01-0.54 g/hr� ��) Û©8 �� ,�� �Ô;�. ��½¾8< 1

ë� 9¿; � ç#8 9¿é� º� F/È )YÅÍ y Þ­,��

� 10��F )� Pp� ¤ U P�. 5�_`�� Iø r�_`��

Iø�� «� Þ­,��� �(Ä� P�. 5�_`�� _` j2�

,t 5 cm/s, �W 600oC, r�_`�� _`j2� ,t 5 cm/s, �W

700oC� ,t� �o� ,¹� �W lm8 5�_`�� Iø	 ù 

¯�, 5�_`� Iø 5� 45/8 �UéC< �7B 9:A �;

B� 5�U_` lm8 Û©	 î �.T 	g.� ®��.

3-7. /0*+

Table 3� uv�� � 45/| 100i  uv� <Z � 5�_`�

| r�_`�8 =¥ P. 45/? �~ -¿�( �7B è.Å�

)�� wA��. Î�� ÙW� � 45/� Iø 1.09 g/cm38< _`

� 5�_`� 45/� 1.15 g/cm3, r�_`� 45/� 1.17 g/cm3�

>?� ï�? ��� Po {�. Quanta Chrome�� Auto-sorb-1� ��

� BET �CB )�� uv� 4.48 m2/g8< uv� 3.31, 3.57 m2/g�

ûÐ� à� ¤ U P�V �� ��8<� �tB� 5� r� _`

7 Ðw� ��( ûÐ� à"� �Ô;�. Micrometric�� Autopore

II-9220� ��� U� �Q �@ )�� uv� 0.30, uv� 0.303,

0.295� 0� ï�	 öÑ�. �� stuv� Iø Table 18< �� ý

| �� M 45/	 1 wt%��� 5� �É�� lm8 �Q�@�

y�o ï�	 °�o {� à"� �Ô;�. »Ø�Q±I� uv �

8 1,589Ú8<, uv � 5�_`� 45/� Iø� 455Ú, uv�

r�_`� 45/� Iø� 618Ú� ûÐ���. � þF� 45/�

�C SEM �*� Þß�( �C A�È ¤ U P�. Fig. 6� uv�

45/, uv� 5�_`�8 P� �) 5�; 45/, uv� r�_

`�8 P� 45/� �C� 10,000� ��� SEM �*��. �* F

� � BC� 2µm? +á�� P�. uv�8 ��. z� �QÅ�

5�_`� *�éC< �QÅ� 0� ��o? {� P�. �� sulfide

	 éC< �C�# _`� ; à"� �Ô;�. r�_`�8� �C

� �QÅ� z� *�éY Pp� q U P�.

4. � �

¦§¨©� ��2345 ,&R-,&R _`�8< stæ�� 100

i &� .QB"� U����. )Ö2j×8 ��( /j; zinc-

titanate 45/(EZ4)? ����"Í, _`� �h 5��, 5�_`�W

600oC, r�_`�W 700oC� ,o���, � ,&R _`� ���

45/� �aÆH� ��F�8< 4.98 kg/hr� ÆHE� �>B"�

��Y÷�. H2S 7,700 ppm� :,� H�. sÔ 	
? 5�_`�

? ¼AiD � 5�
� ���W? 100i &� 40 ppm��"� s

tB"� ,o���. r�_`���#� º¾B"� }§�� 0.75%

� SO2	 �.éÑ�. 100i  uv� 5�_`�8 =¥P� Î��

5�W� 0.4%, r�_`�8 =¥P� Î�� 5�W� 0.16%� Ýø

Table 3. Physical properties of fresh and reacted sorbents

Fresh EZ4
Remained at desulfurizer

 after 100 hrs
Remained at regenerator 

after 100 hrs

Bulk density, g/cm3 1.09 1.15 1.17
Particle density, g/cm3 1.83 1.80 1.90
Skeletal density, g/cm3 4.05 3.93 4.30
BET surface area, m2/g 4.48 3.31 3.57
Mercury pore volume, cm3/g 10.300 00.303 00.295
Average pore diameter(4V/A), Å 1589 4550 6180
Attrition loss(AI %) 56.4 79.6 79.4
Attrtion CAI % 17.8 40.4 4700
Minimum fluidizing velocity[from Ergun Eq. (17)], cm/s 0.59 110.67 0.64

Fig. 6. SEM photographs of  fresh sorbent(top), partially sulfided sorbent
in a desulfurizer(middle), regenerated sorbent in a regenerator(bot-
tom) magnified 10,000 times.
���� �40� �2� 2002� 4�
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,

fu-

ure

for

T.:
�� 5�W8< ,oé� Pp� ¤ U PÑ�. _` � ÎI, ÙW, U

��Q�@� õ ï�	 öÑ"Í, BET �CBA »Ø�Q±I� ûÐ

���.

� 


~ s%� �a8�o��O���(G7)� }H"� U�éÑEF�.

8�o²7Qí ��O�~�| ����s%�� s%Þ o�8 û�

µGF�. 45/? Qe�( Ä� 8�o��s%�� �mH I�J, �

KU I�J, �hs%�� 'KL I�J, &=+ I�JM û�µGF�.
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