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KA, NaA, CaA � NaX ������ �	
 ��� 
�� ���� ���� SO2 ����, �	� �� � ����

�  !"#$% SO2 ����� &'�(). *+��,- .-"� �/ ����� 0�123 4� KA, NaA, CaA,

NaX 567 8��(). NaX93% SO2� ��": ;< SO2 ���� 504 ppm ��3% .-"�= 8��> ?" @

A	BCD� 8��� @A	B ��E FG�(). Wheeler H67IJ �����9� .-"�3 KL *+��,, �

��� � 1/C0� MN� OPL Q-, 504 ppm �9R) 504 ppm ��� S��3% .-"�� 9KT67 8��().

Abstract − The experimental of SO2 adsorption, with varying SO2 concentration, packed-bed depth, and space velocity, was car-

ried out using a lab-scale fixed bed with zeolites, such as KA, NaA, CaA and NaX. Both of an equilibrium adsorption capacity and a

breakthrough time increased with zeolite pore size, in order of KA, NaA, CaA and NaX. Breakthrough time of NaX increased under

SO2 concentration of 504 ppm, but mass transfer rate decreased due to expansion of mass transfer zone. Breakthrough time is rela-

tively increased in the low gas concentration(<504 ppm) more than high concentration(>504 ppm), which is proved by the effects of

equilibrium adsorption capacity, space velocity and 1/C0 for the zeolite from the relationship of Wheeler equation.
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1. � �

�������� 	
� SO2� 
������
 ������ �

�	� ��� ��� 85%� � 	! "#$, 
%  15%& '(, )

*+,�� - �. ���� ���#/ 012� 3#/ 45 EPA

(Environmental Protection Agency)�� 6!	! "#$, �78 01

2� SO2� �9:� ;<��� �= >?2! "#
 SO2 @�A B

C�� D<E� �F SO2 >?�G� H�� IJKL.

&MN� SO2 :O� �P ��� QRS� R�/ �= TU+� �

/ LV �/��WP X8 YZ[ \ "� R�]  ^! "� ?_`

/ abc "L[1]. D<E� �F SO2� +dE#/� TU+� �F

SO2TU, O2 �eTU� �F fgh#/� if, SO3/ �� j

H2SO4 �R k[2]� "#$, � � &l _m	C�n o+S� 3p

TU+� �F SO2 TU�q [ \ "L. � rEp s/ Nt�� �

?TU� �= SO2 Nu/ TU2!, v�K TU+� tn� w&x

yz
 {�] |}#/� SO2� ~Uxyz
 Claus ��] �= f

gh#/ @�A FL[3]. SO2 TUE� �A2� TU+/� �R�,

�RW�, �?��P �Ra�4
 �?! Y�R a�4� �?��

�� +�q�� k� s/ �A2! "#
, �� TU+���n �

R�P +�q��& �@ &l �� �A2! "L. �R�� o� T

U+� ���o :v� 20� �N� ����& ��� 20-50%� �

 	!, �� ����& \� �� =�2� ��� TU &�F �9

�CS� SL. �� �= ��F ��(3-10�)� ��] & � +�q

�� :O�� Y�� m�J,� �= Y�2$, Y�J,� �q ��

��  ���& ¡q(L. �¢£/ !�N� �� 9¤� � 	� �

�� ��	8 ¥¦	� ��� TU &�F §p �9�CS]  ^!

"L. �¢F +�q��� ̈ &M/9© SO2� ªt«\[4]  ��&M
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/9© SO2 +z[5]� �F ¬­F TU+/ abc "L.

TUxM® SA] �=�� !N��� &M TU¯P ���¡ *

n� °\/ ab( ±Px_] �AF ,�²\ ²�� �F TU³

R O´& IJKL.  )µ  CuO/zeolite� �A	¶ 300-550oC� t

n·���� ̧ ¹³R[6]P H-ZSM-5  Na-mordenite +�q����

LR: TU� �F ºJ[7]& \»2¼!, ±Px_� �F �½S�

¾N[8, 9]P 20-200oC� tn·��� SO2� ¿À^Á� �F ºJ

[10]�p �R�] �s/ \»2¼L. �¢
 ����& �/ LV +

�q���� ±Px_� �F Nt��� SO2 TU³R ºJ� 4�

F 3#/ abc "L.

Â ºJ��� )*+,���
 �. ������ ��	� ¬=

R &M� SO2 >?� �= ��ÃJ� ��� �q :O�� ���

� ÄÅS#/ TU Æ� ~U2� :O� ÇP[11] ³R]  ^! "

� +�q��� �A	!O FL.

�@ NA� 2d"� pelletÈ +�q�� KA, NaA, CaA - NaX

k� �F SO2 TUp N2 ��/ Én ,ÊF ËZ&M� �A	Ì#

$, ¬ÃÉn, Í�Î Ï�, �_*n k� ,�,D ²�� �V TU

³R] ±Ð	!O 	ÌL.

2. ���� 	 
�

2-1. ����

Â ºJ� SAF !� TUÎ �ÑlÒ� Fig. 1� n<�	ÌL. T

U³R �Ñ] �F !� TU xM®p ��Én� Ó�&M� ¬Ã

xy� &M �Ô9, ¬Ã&M� TU +z	� +�q�� TUÎ ¸

¹�, TUÎ� tn ¬ � �F tn,Ê9  012� &MÉn�

:
	� &M :
9/ JR2d "L. &M�Ô9�� &M ¬¯p MFC

(Mass Flow Controller, MKS, Type 1179)/ ,�	Ì#$ SO2 &M�

1,030 ppm(bal. N2)#/ ,+F &M� �A	Ì#$, SO2 &M  99.9%

N2 &M� ËZxy� �= &M ËZ�� ÕÒ	ÌL. !� TUÎ ¸

¹�� ¬?/ K condenser-type�$, jacket Ö� 30 cm, �9�o 2.7 cm

/ 2d "!, ¸¹� N9/ &M& ¬Ã2! TUÎ] �PF &M�

	9/ 01KL. tn,Ê9� water bath� �A	¶ TUÎ tn�

20×0.1oC/ ,Ê	Ì#$ +�q�� TUÎ 	9�� N9/ ØiK

L. &M :
9� &M Én:
p &M¬¯� 1 l/min �N� o� O

Ùºn&M B��(TESTO 350)� �AÚ!, 1 l/min 4Û� o� &M

01Ü� on-line :
� &�	nÝ OÙÞß� ÕÒ	¶ GC-MS(Gas

Chromatograph-Mass Spectrometer, Hewlette Packard 5972 Mass Spectrometer,

HP-5MS column)/ &MÉn� :
	ÌL. :
K Én à�©� H

�A áâ©/ ªl[ \ "8 	ÌL.

2-2. ����

TU³R �Ñ] �= �AK !N TU+/ ãäÈ(�� 1.6 mm) KA

(Aldrich, Lot. No. 04817DR, 3A), NaA(Aldrich, Lot. No. 10510TQ, 4A)

CaA(Aldrich, Lot. No. 01710HQ, 5A), NaX(Aldrich, Lot. No. 01715KR

13X)� �A	Ì#$, ,�,Dp SO2 206-1,030 ppm, Í�Î Ï� 7,

12 cm, �_*n 8,600-17,200 hr−1� ·�/ ²�xyC� �Ñ	ÌL.

Én²�� o� MFC� �A	¶ SO2 1,030 ppm� ,+&M  99.9%

N2&M� SÊå ËZ	Ì#$, �æ� ,�,Dp Í�¯P ¬¯ ²

�� sC� �Ñ	ÌL. +�q��� 105oC�� 12x_ �N D,x

ç j �Ñ	Ì!, Øièé� �A	¶ �] TUÎ jacket#/ ê+

Øixë 20×0.1oC tnNu� ¬ xìL.

3. �
 	 ��

����& �/ LV +�q��� �A	¶ SO2 TU�Ñ] \»

	ÌL. �Ñ#/ íp ±PîÄ YP� Fig. 2� 
.�¼#$, �/9

© íp ³RÒ ïp Table 1P ðL.

Lennard-Jones vñò/ ó�K SO2 :O� kinetic diameter(σ)� 3.6�

:O��/ abc "L[11]. ÆF +�q��� ��ÃJ� �gfO!

?� H\æ�n �gfO!?� 0ôÈu� �q�n ¡q �à �

g 8H/ ��d( +�q�� ��� !?ÓQ� õC� +�q��

A� ÃJ ö� 4.3� �n�$ 6� Na �t] Q�t#/ 	¶ Z

RKL. Q�t� Na �t� AÈ(NaA)� ¬Ç����� 3.9��L.

Q�t� K �t�C ¬Ç ����& 3.3�(KA), Q�t� Ca �t

�C 4.4�(CaA)/ ¡q(L. +�q�� X� Q�t� Na �t�$,

����& 8.4�(NaX)� KL[11].

Fig. 1. Schematic diagram of the SO2 dynamic adsorption test.
1. Gas bomb 7. Circulating pump
2. Mass flow controller 8. GC-MS(Gas Chromatograph-Mass
3. Gas mixer Spectrometer)
4. Water jacket 9. Data acquisition system
5. Catalyst bed 10. Automatic gas analyzer
6. Water bath 11. Vent

Fig. 2. Experimental breakthrough curves for SO2 dynamic adsorption
on the different zeolites(20oC, 7 cm, 15 ml/min, 1,030 ppm).

Table 1. The breakthrough(dynamic) concentration in solid phase of the
different zeolites(Q=15 ml/min, 7 cm, C0=1,030 ppm)

Zeolites type
SO2 dynamic capacities

(g-SO2/g-zeolite)
Mass transfer zone

(min)

KA(3A type) 0.0015 1,195
NaA(4A type) 0.0032 1,280
CaA(5A type) 0.0377 1,985
NaX(13X type) 0.0498 1,023
���� �41� �1� 2003� 2�
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�q� Fig. 2� 6C KA  NaA� SO2 :O� ����6L Sz


¬�	� ��� kinetic diameter& 3.6�� SO2 :O& ���9/ ÷

ø	�& dbù s/ +�q�� �C� TU	� ��� ±Px_�

úû8 
.üL. �� �= CaA  NaX� ����& SO2 :O6L �

� ��� lx_ j ±PîÄ� �R2¼L. �¢F �¬� ����&

w&°� �q m� ý� � 	� �þ9¤& w&	� ���L[11].

!NP ¬���� ���¡p Edwards  Richardson� �F ÄÈ ÿ

(� Ó�(linear driving force model)] �A	¶ Õ�[ \ "#$, carrier

&M�� m�R:� �=�� Langmuir-Freundlich Q½ Ó�� �A

&�	$ L�P ð� ��KL[12].

(1)

(2)

< (1)] q*  p� �#/ �?	C < (2)  ð� KL. ¶�� q*�

õÈTU¯(g-SO2/g-zeolite)�$, p  qs� :{(Torr)P v�TU¯(g-

SO2/g-zeolite), b� Langmuir TUN\(Torr−1/n)�!, np Langmuir-

Freundlich kt \� �FL.

< (1)P (2)/9© õÈTU¯] í] \ "#$, �Ñ#/ JF õÈ

TU¯P :{] �A	¶ < (2)/9© n, b  qsï� Y�KL. �¢F

ï] < (2)� �Ã	¶ :{� �V !N� TUK õÈTU¯�

theoretical fit curve� ¾B[ \ "L.

Â ºJ��� �ÄS#/ ¬ÃÉn  Í�Î Ï� ²�� �V SO2

� ±PîÄ] ��	ÌL. �� Table 2� I��? 	Ì#$, �¢F

YP� & ! Langmuir-Freundlich Q½ Ó�] �A	¶ < (2)� 4

 \� nï] JF j ��F YP Ù�F ,D(NaX, SO2 504 ppm,

20 oC)�� Í�Î Ï�& w&°� �q nï� 	g	Ì!, Langmuir

TUN\� b& w&°#/
 NaX +�q��� TU2� õÈTU¯

P �� TU¯� q*  qsï� Fig. 3� 
.� �  ð� 	g	ÌL.

�q� < (2)� �= Í�Î Ï� 7, 12 cm�� SO2� ¬ÃÉn ²��

�F õÈTU¯] a \ "#$, ±Px_P Üó"� 
 &  Ó� �

�� &l §8 �A2� Wheeler <] �A	¶ Í�¯P �÷F Ü

ó& "� Í�Î Ï�, ¬¯²�  ¬ÃÉn� �V ±Px_P� Ü

ó� ��°#/
 ¬ÃÉn ²�� �= < (3)] �A	¶ ±Px_

¾B� &�=(L[13].

(3)

¶�� tb� ±Px_(min)�$, C  C0� ¬1, ¬ÃÉn(ppm), Q�

9¤¬*(cm3/min), W� !N TU+� �8(g)� 
.�!, ρB� Í

�Î� �n(g/cm3), kV� *nó\(min−1)�$, q*� TU¯(g-SO2/g-

zeolite)] �FL.

Wheeler <#/9©� �Ñ#/ JF tb, C0 - q*� �A	¶ kV�

�= theoretical fit curve� J[ \ "#$, �� Fig. 4� 
.�¼L.

q*

qs
----- bpn

1 bpn+
----------------=

q*
qsbpn

1 bpn
+

----------------=

tb
q*

C0Q
---------- W

ρBQ

kV

----------
C0 C–

C
--------------- 

 ln–=

Table 2� The breakthrough(dynamic) concentration in solid phase of the various conditions on the NaX zeolite

Column depth
(cm)

Mass transfer zone
(min)

Space velocity
(hr-1)

SO2 concentration
(ppm)

SO2 dynamic capacity
(g-SO2/g-NaX)

7 445 14,300 206 0.0448
7 229 14,300 504 0.0515
7 215 14,300 700 0.0518
7 219 14,300 1�0301 0.0543

12 490 18,600 206 0.0459
12 268 18,600 504 0.0463
12 226 18,600 700 0.0490
12 217 18,600 1�0301 0.0526

12 220 18,600 504 0.0463
12 255 14,300 504 0.0469
12 215 17,200 504 0.0516

Fig. 3. The plot of Langmuir-Freundlich equilibrium for SO2 dynamic
adsorption on the NaX zeolites with different column depth(20oC,
504 ppm).

Fig. 4. The relationship between kV and SO2 inlet concentration with
different column depth(20oC, 1,000 ml/min).
HWAHAK KONGHAK Vol. 41, No. 1, February, 2003
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Fig. 4� 
.� 3P ð� *n ó\� kVï� ²�� ¬ÃÉn& w

&°� �q ÄÈS#/ 	g	ÌL. �¢
 Í�Î Ï�& 7 cm6L

12 cm� o� kVï� � �#$, kVï� �\Ý õÈTU¯p S8 


.üL.

Vahdat[13]p Wheeler <] �A	¶ LR:� ±Px_ ¾B] �R

�� SAF YP �ÑÒ  �½Ò& � �ÒFL! 6!F� "d +

�q�� TU�n SA	ÌL. �/ �= Â ºJ��� +�q���

SAÚ] � Í�Î Ï�& 7 cm� o� Rï� 0.858, 12 cm� o��

0.981/ Q�F YP� í¼L. �¢F YP/9© Wheeler <] +�

q��� SO2 TU� "d ±Px_ ¾B�n SA[ \ "] 3#/

�mKL. �q� Wheeler <� sI²\� ¬ÃÉn  ±Px_P�

Üó� ����, �_*n, Í�Î Ï�²�� �= ��	ÌL.

Fig. 5� ����²�� �q õÈTU¯P ±Px_P� Üó� 


.� Â YP õÈTU¯� w&°� �q ±Px_p ÄÈS� Üó

/ w&	ÌL. �� ����& w&°� �q m� ý 9¤(unit cell

volume)& w&	� ��� 3#/ 6�L. � �� õÈTU¯P ±P

x_P� Üó� < (3)��  ð� ��<] �û� 3#/ 
.ü#

$ L� Ø�� YP� í] \ "¼L: KA<NaA<<CaA<NaX.

�� �= ¸¹�� ¬Ã2� &M 9¤¬¯] ̧ ¹� 9¤/ 
�d

¸¹�& & � &M>?¯] a \ "� �_*n(space velocity, S.V.)

²�� 6C 8,000-17,200 hr−1� ·��� Lg ���� ��& "#


 ��S#/ &M>?¯� w&°� �q ±Px_� Fig. 6� 
.

� �  ð� 	g	� 3#/ 
.üL.

�_*n  ±Px_P� Üó� Wheeler <��n ¸��Üó�]

��[ \ "L. ÆF Table 2� 
.�¼�� �_*n& w&°� �

q SO2 TU¯� w&	Ì�à, �� YPS#/ interstitial velocity&

w&	� ��� 
.� YP/ 6�L[14].

TU� Õóx sIF ²\� Í�Î Ï�²�� ��� �F �Ñ

YP� Fig. 7� 
.�¼L.

Fig. 7� 6C Í�Î Ï�� w&xy! ¬ÃÉn& 	g[\Ý ±

Px_ ²�� � Ô 	8 	g	Ì#$, ¬ÃÉn& 504 ppm �	�

Én�� Í�Î Ï� 7, 12 cm Ó! ²��n& �8 w&	ÌL. 	

 Û Table 2� 
.�¼�� ���¡·�& LV ï6L ! 0/ w

&	¶ SÊF ���¡� ��d   "p 3#/ 6�L. ãäÈ�

L�R TUÓ�<� �	C ÄÈÿ(� Ó�(linear driving force model)�

�� #$ ���¡ó\� film, macropore, micropore resistance  º

ÜR]  %L! 
.
 "L[15]. �� �AF Tantet k[12]� �F Y

P� 6C +�q�� N� SO2 TUp macropore resistance& s& 2

� 3#/ 6!	! "L. �¢£/ macropore :v³R� sIF �O

& & \ "�] abs� ��� macropore� �V TU¯ ²�� �

F ºJ� ÿ&S#/ ��dc' [ 3�L. �¢F YP� �(#/

Fig. 5. The relationship between breakthrough time and SO2 dynamic
adsorption with different pore size(20oC, 15 ml/min, 7 cm, 1,030
ppm).

Fig. 6. The effect of breakthrough time for space velocity on the NaX
zeolite(20oC, 12 cm, 1,030 ppm).

Fig. 7. The effect of breakthrough time for SO2 dynamic adsorption on
the NaX zeolite with different column depth(20oC, 1,000 ml/min).

Fig. 8. The relationship breakthrough time and reciprocal of SO2 inlet
concentration(20oC, 1,000 ml/min).
���� �41� �1� 2003� 2�
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v,

r-

d

O.

or

on

nce

tion

ic

ar-

m

s,
Â ºJ��� 504 ppm �N� Én·��� ±Px_] !b= ) �

²��n& * 12 cm/ Í�	� 3� ¬?F 3#/ �mKL.

ÆF, Wheeler <�� q*/Q� �� sd( TU+�� LR: � d

+ R:� � ê	8 TU2�  Y�	� sIF ²\/  S	! "

L[13]. Fig. 8� Í�Î Ï�²�� �V ±Px_P 1/C0� Üó� 


.�¼L.

Wheeler <�� 6C, 1/C0P ±Px_p ¸�� Üó�] 6¶s�

� Â ºJ��n �¢F YP� í¼L. Vahdat[13]� �	C �R�

� o� LR: TU�� ���& �\Ý � ê	8 TUKL! 6!	

Ì#$, Â ºJ��� +�q�� N�� m�R:� SAÚ] � Í

�Î Ï�& w&[\Ý ���& w&	� YP� í¼L. Fig. 3� Y

P�� qs,bï] ��	C 7 cm6L 12 cm/ Í�Ú] �& � * ï

] 6�L. �¢F YP� Vahdat� 6!F YP  ��/ �Ò	� 3

#/ 
.ü#$, Í�Î Ï�& w&°� �q :{� w&	¶ � ê

	8 TU2� 3#/ �mKL. �¢F Üó� ¹A	¶ LR:� T

U�� ���� ��°#/
 d- R:� � ê	8 TU	�  �

³R] ±Ð[ \ "] 3#/ �mKL.

5. � �

�Ñ� .Ó� !� TUÎ] �A	¶ NA+�q��� KA, NaA,

CaA - NaX +�q�� N�� SO2 TU�Ñ] »F YP L�P ð

p Y½] í] \ "¼L.

(1) ����& LV NA+�q��� KA, NaA, CaA  NaX� �

F SO2 õÈTU¯p KA<NaA<<CaA<NaX/ w&	Ì#$, NaX�

o� TU¯p 0.0498 g-SO2/g-NaX�¼L.

(2) ����& w&°� �q ±Px_p ÄÈS#/ w&	Ì!, �

_*n  ±Px_P� Üó� ¸�� Üó� 6ÌL.

(3) ¬ÃÉn& 504 ppm �	� Én�� ±Px_p Í�Î Ï� 7,

12 cm Ó! �8 w&	Ì!, 12 cm/ Í�Ú] � ±Px_� N�S

#/ w&	ÌL. ÆF macropore� �V TU¯ ²�� �F ºJ�

ÿ&S#/ ��dc' [ 3�L.

(4) Í�Î Ï�²�� �V ±Px_P 1/C0� Üó�� ���& �

\Ý õÈTU¯� w&	� Üó� 6Ì!, �R�� SAF Wheeler

<] +�q��� SAF YP Q�F YP� í¼L.

� �

Â ºJ� Pe�G9� fO� ºJH���� �i#/ \»2¼

;^L.

����

q* : equilibrium concentration(g-SO2/g-zeolite)

qs : limiting saturation concentration(g-SO2/g-zeolite)

p : partial pressure(Torr)

b : langmuir adsorption constant(Torr−1/n)

n : exponent in Langmuir-Freundlich isotherm

tb : breakthrough time(min)

C : outlet concentration(ppm)

C0 : inlet concentration(ppm)

Q : volumetric flow rate(cm3/min)

W : weight of adsorbent(g)

ρB : bulk density of packed bed(g/cm3)

kv : rate coefficient(min−1)

����
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