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Abstract − Membrane separation technology is attracting much attention as an efficient tool for carbon dioxide reduction to
migrate the green house effects. In this paper, we introduce concepts of membranes for carbon dioxide separation and review

many researches relating to polymeric membranes, inorganic membranes and hollow fiber membrane contactor.
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���, ����� �� �� ��

� ��� ���� � �!" #$� %�& �� �'(�) *+

�,, -.� �'(�/ ��-(, 012 (�, 314 �5 67 8

9�� $2:;, 1�<:;, �=>0 6 ?@A� BC	�� DE

� F-G 1 H/ IJ7 KL MN& OPQR ST. -.� <�-

Q/ ���� ��UV�/ -W�XY, ZX, [W�\Y, �]�XY,

1Y]�XY, ^]�_ 6- S�`, - a -W�XYU bc ��U

V de2� 80% -�7 f��R SN,, g& �= hi� �3 �

j�N& deQR Sk lm nA �'(� op6�qr ��U s

tu v�QR ST. -.� ����� ��� w�� xy znA�

� :{� |}N& 1992~� ��\ ���q �l� *� �	�+

C��q �'(�op- ��Q�N, ����/ 1993~ 12�� 166

� U�� a 47��& U���T. �� 1997~ �� ���q ��

� 3f �'(� op �B��C�q/ ����q) ���� ��

�� �� 2000~ -'� ��� S/ ��UV {� ¡) ¢���

N,, ����q� £� +�) j� �c�� ¤�)  ¡& 2000~

11� ¥¦§¨ ©-ª�q �6f �'(�op �B��CU ���r

��T[1]. x�q -.� ���«� iJ7 {¬�T4 1998~ �­

N& ��UV de2 nA 10j&q ����r ���� ��UV {

�®�- -¯k°E ± M-T. ²u W³�£� �´�µ� �¶rU

·� ����� 	�, Table 1� �¸¹ M� º- ��UV de2-

1997~ » �¼ 1990~� �½ 70%� ¾U��N, -W�XYU �

��� +?� f��/ ½a� 86%(1990~ �­)-, 1997~ de2

� 1% 2¿` ÀN& -a 50%U Áj R�<N& �2 #e�/ Â

ÃÄ, Å0, +bW³- f���N, de2- � 9.1%-� ¾U�/

Æn-T[2]. x�q -� �� �Ç#ÈN& � �-W³�É Ê4�

q� �É- Ëv�, ÌÍ �Î�� �Ç#ÈN&/ �c� � �+

� Í]k -W�XY D� ·C1�Ï �+- Ë1�-, Ð� Â;�

T. -W�XY de %�) j� �Ï&q/ � � (� �Ñ� J�,

Ò&Ó � �<N&� b�, de� -W�XY� C1 6- ST. ª

.� � � (� �Ñ J�`N&/ -W�XY� de7 ÔDu %�

�� kÕR, �� Ò&Ó � �<N&� b�r �Ö� ��Q� ×

«T. ª.Ø& �¼ �_�q -W�XY� C1U -W�XY de

%�) j� ���� �É-�R ± 1 ST.

-W�XY) D�·C1�/ �Ï� ´*�Ù:³, ¿�UV� ��

ª�R Ú�Û[ ¤} 6� -K �ÜQR ST. ª.� -.� D�·C

1 �Ï- [Ý� *� Þ¤�� cA) U�R S� ß�,, av� M

� UV� +?<� x�(O) «4, �r, à�, UV� ár â ãä)

å�#È7 æ� �Ü3E �T/ M-T. -W�XY� D�·C1�Ï
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�/ çèÈ, ç1È, D�éÈ â -� º� :�7 £¤� ê}È 6

- SN, �¼ K�, �� â *ë ����q/ -K ì� ��U -

¯k° ��+bY â �ÅY 6 -W�XY �2 +?<� �� �Ü

Qk�R ST. �� í�é7 -Ü�/ D�éÈ� ç1È-� çèÈ

� º� �¶� D�:�� ½3 îBU ï� Ò&Ó D�:�N&ð

D�é7 -Ü� �c� D�/ 1970~� »ñò �\�� ���+-

ÂóQk �¼ K�� �� 6 �ñ ����q/ WY, 1Y, ª�R

-W�XY D��Ï- �Ü� ÁA� ST. lm�/ é� Y¼�+,

�éÈ� +b, ª�R �1� é�ô� �+& 1å� â Rár ��·

C1� º� Ty DE�r ì- -ÜQR ST.

-W�XY� C1/ árU ½�� ·R, de2r ì� ��� R

� +?<7 ��N& �/ M- �Ñ�-T. ª a�qr �´ �µ�

�Yd� UV) UÖ õa�N& de�/ �� +b, Å0, ÂÃÄ 6

� ö÷Ä�q -W�XY) C1�/ M- ���T. �ø, -.� �

Yd� UV/ ù�� �Ù ö÷Ä�q ú;�/ û\2�/ Ty é

�� ü-T. �2� -W�XY) ýþ�� õa�N& ª�R �Ñ�

N& å��� j� #ÈN&q, �¶� UV D� �Ï� �Ù ç1È,

çèÈ, wÿ D�È 6� ½3q D�éÈ� T�� º� Ö�- ST.

��, D�éÈ� D�Â� �(�) i��� �[ ���N& � �

4�q �Ñ�-Ø&, -W�XY ���- ·71� D�� YvQ/

� �/ �k�T. ��, :� a� *3 û\� de-�, 	1 å�

6� 
�U H/ �	 
�| �� :�-T. ��, é� í� �r J

�� �ô�� �3 ¢½� ��) 
� 1 SR, ¢½� £ó}r �

1�T. �cD� é� �� RD�é, ��é, ª�R �é(��1ýé)

N& �� 1 SN, RD�é� ��é� 	� [Ý� ç1:� 6 T

y �¶� D�:�� ½3 í�r� D�A1U �T/ Á�7 ÎÞ

�� j3 �� ���q/ é Y¼ �+� :��+� g��R ST.

�� lm�/ �¶� D�:�� D�éÈ7 ê}� ê}È� º- �

YdUV� +?<� x� �Ñ�� D�:� �Ü7 j�� K�� �

� 6 ����q/ -W�XY D�·C1 �Ï�+- D�:�=� *

�·Þ¤�� cA& ��QR ST. 

� �
�q/ �� ��� ��� <�- Q/ -W�XY) ���

N& D� C1�/ �Ï� ��& D�éÈ� ��� �� �_ â ª

U�}� b�� �3q Y���T.

2. �� 	
�� 
� ����

2-1. ��� ��� �

Tü� �£) U�/ ì� T:} n�� ¼µ a�q, ²u, �®

�/ ª -� (sub-nanometer)� n: ��) U�/ n�� �é� <

�/ D�) ��� x� ���N& í��/ �c D�Ü é

(membrane)N& -Ü± 1 ST. -.�  �N& �+� microporous

silica, alumina, titania, zirconia, zeolite� º� n�� é� ��}, �

Ù� ¬�}, �A� û} 6- *� RD� é �T �1�� �
�,

R�·Rà ñ$} Dj��q� ÇÜ- ��QR ST.

T:} D�é7 í��/ �c i }D� í� �r(permeance, mol/

m2 ·s ·Pa)/ T�� º- ���T.

P(i) = (1)

T:} n�� é�q, �c D�/ Fig. 1� �¸¹ M� º- n:�

�� �/ ¡4 ²}� x� Knudsen  W, ¡4  W(surface diffusion),

D�c(molecular sieve) Iî�q� h}�  W(activated diffusion)

6� �3 n:7 í��T[3].

Knudsen  W� �cU í��/ D�é� !" n: ��U �c D

�� !"�*�&(mean free path)�T ó7 � �k�T. Knudsen  

W Iî�q í� �rU(TM)−0.5� ½#�Ø&, �rU ¾U$� x�

í� �r/ {Y�R U%Ó D�U &' í��� �T. CO2) D�

��N& ± 	�, D� ��/ 0.33 nm& N2 (0.36 nm)�T ó��r

]��R Knudsen  W Iî�q/ D�2- �� N2U &' í��

�Qk, CO2/N2� -(� D�A1U 0.79U �T. Knudsen  W Iî

�q/ í� �r/ ·�` -(� D� A1 -�� D� }�7 ��

��/ kÕT. D� }�7 J�Â)� j3q/ n: �� â n: �

£ �k, n: ¡4 �\ 6� �� ¡4  W7 *r�T.

¡4  W� D�� n:=� �* óÜ(interaction and chemical

affinity)� �3 n: +� çèQk, ¡47 x� í��/ Z,Û--T.

.,  �c D�U n: +� çè�/ 	�,  �c ár (à�) �d(concentration

(pressure) gradient)U ?}Qk 2f<�N& D�U -i�/ M-T.

Micropore Iî�q/ n: + B-� /Î�-/Î� �* óÜ� �3

D�� potentional energy D0U (���, í� 1i- ��u Þ2

3�T[4]. ¡4  W Iî�q/ �rU ·[�4 çè}� '�& í

� �rU {Y�/ 	J7 �¸¹T. CO2� í�r â ��r) ��

�� j3 CO2� ²-�N& �* óÜ�/ Y¼ �+ â ¡4 �\

6- ÂrQR ST.

D�c(molecular sieving) ��/ D� ��� x� D��/ Z,Û-

N& n: ��U D� �� 1­3� 4m57 � �¸�T. n: ��

�T 6 D�/ b7 í��� �NØ& D� A1 Ê4�q/ UÖ -�

�-� ,̀ í� �rU  � �T. - Iî�q/ í� �rU �r� x

� ¾U�� h}� � �U (+) 87 U�� Qk, í� �rU exp(−E/

RT)� ½#�/ h}�  W7 �¸¹T. ì� 	�, D�é� n: ��

D0� �3 q& Ty í� Z,Û-- iÂ� óÜ�� �T.

2-2. �	
 �

½T:}(non-porous or dense)� RD�é7 ù� �c í�/, Fig. 2

� �¸¹ M� º- �:- H/ RD�é7 B-� 9R �cU Rà

(Moles of gas permeated per unit time)

(Membrane area)(Partial pressure difference)

Fig. 1. Flow of molecules in a porous membrane.

Table 1. Recent trends in domestic green house gas emissions

1990 1995 1996 1997

Total amount of emission (106 ton) 83.9 125.1 135.8 141.3
Emission per person (ton/person) 1.9 2.8 3.0 3.1
Emission portion (%)

Energy & fuel 81.1 82.0 83.1 83.9
Industrial process 8.9 9.2 9.0 8.8
Agriculture etc. 5.3 3.4 3.2 3.0
Forestry (sink) −7.5 −4.4 −4.7 −5.1

Waste 12.2 9.8 9.5 9.5
���� �41� �4� 2003� 8�
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Ê�q RD�� Ü3QR RD� �7 ù3  WQk 'àÊ�q :

è�1� ¾+�/ #È-T. -� RD�� Ü3Qk  WQR :èQ

/ �rU �cD�;T f-U S/ M7 -Ü�� D�U -¯k�

T. ., - #È� ��r/ ½T:}� RD� �<� û} â �c�

RD�é=� �*óÜ� �3 =��T. RD�é� �� �c� Ü3

rU à�� ½#�T4 ár�d/ é7 ù� à��d� ½#�T.

� �c�/ Henry� È>- �ÜQR A4�q� !|7 U��4, �

c i }D� í� A1 Pi (permeability coefficient, mol·m/m2·s·Pa)/ T

� $N&ñò ���T.

Ji = Pi (?p/L) (2)

Pi = D·S (3)

��q, Ji/ i }D� flux(mol/m2·s), ?p/ :;Ê� í�Ê� Skq

i}D� Dàf(Pa), L� é 9@(m), D/  W A1(m2/s), S/ Ü3r

A1(mol/m3·Pa)) �� �¸¹T. ���N& RD� é�q� �c

í� }�� Barrer& �¸��r �,, 1 Barrer =1.0A10−10cm3(STP)·

cm/cm2·s·cmHg=3.35A10−16 mol·m/m2·s·Pa� 3��T.

-� º-, RD� é� �c í�/ é ¼µ� �cU Ü3��  

W(solution-diffusion)�/ M� �3 í��/ ��& ²B �C�,,

� �c� í� �r f-) -Ü�� D��T. �c� é D�/ D

� �� }D� Dàf� �� é í�) -Ü�/ #È-Ø&, é ü

Ê� à�f) +?ÂDT. ���N&, 'ár� :;Ê �cU í�

ÊN& á�QØ&, å� ��� d�UV) Uà�� :;�4q í�

Ê� {à�/ M- D�� ���-T[5].

RD� é� ��} â ��}�q� Á��r ]��R, n�� é

� ½3 Tü� ¼µ� £¤ â }|- Ü-�T/ Ö� �
� Tü�

RD� ¼µ) -Ü�� ���N& ì� ��U ��Q�T.

3. CO2 �� 
� 	
�

3-1. ��� 	��

R�� d�UV) ÿ��� �R Ý4 �Ü- U�� Y¼�� Ö�

7 U� n��é(��é)-� E�é� 	� �F��N& �1� �

c í�}� â ��rU 1H- +¡Q�T. ª.� �éN&� U:

- kÕR Kn� }|- kGC �ô�/ [Ý -¯k�� �R SR

�8��ÁA� Hû. ST. ª.� �Ü��Ï �+Â�/ R�� d

�UV) Ý4 å�± 1 S� �
� ª I;��� 
�ÂÖ- Ð�

, ��, K� 67 awN& õa�� ��U 1�QR ST. lm �

� Kyocera� �� �cD�Ü ��JA Þ¤é �+ 6 ÎKn �:

é �£ â é� ¡4 �\� �� CO2 D��Ñ J�� ì� ®�7

	g�R ST. CO2 D�Ü n�� éN& silica, zeolite, carbon,

alumina) awN& ��Qk KN,, �E3� �� �+� n�� é

� CO2 í�r â D� }�7 Fig. 3� �¸��T.

Brinker ªL [6-9]� tetraethoxysilane� methylethoxysilane� :a¤

� �3 *�-�� hybrid M7 ¤}�� é7 �£��T. ª }��

10−7 mol/m2·s·Pa �r� CO2 í� �r� 70 �r� CO2/N2 D� A

1) �¸NT. Y-type zeolite é� 9A10−7 mol/m2·s·Pa� CO2 í� �

r� 100 �r� CO2/N2 D� A1) ��T[10]. ê¤ �c� í� �

F�q çè} �c� �� í�rU ÁO �c� � �T Í ·[�/

çè ��r �RQR ST[11-13]. γ-alumina� ¡4 1$� 
� ��

«- T1 �RQR S/P, Uhlhorn 6[14]� MgO 1$� �� C3H6/N2

D�, Cho 6[15]� CaO �/ SiO2 1$� �� CO2/N2 D�) Âr

��T. ��, Hyun 6[16]� CO2� ¡4 W� �� D�A1) ¾U

Â)� j3, silane coupling7 -Ü3q γ-alumina ¡41$7 ��T.

ª.� -.� é«� D�A1/ Knudsen  W� �� -(� D�A

1) £E Qr/ 1­N& �� -Ü���/ D�}�- ÔD�� ß�

T. ��, 1990~� a�ñò �� NEDO(New Energy Development

Organization) â JFCC(Japan Fine Ceramics Center)�q �<�/ -

W�XY R� D� C1 â ¼-Ü �Ï�+ �����qr -W�

XY D�Ü n�� é- ��Q�T[17]. gv �Ü� M-RÈ� ��

silica é â ª ¡4 �\� �� -W�XY �� í�r� J�

(Hiroshima Univ. & Kyocera Co.)� polyimide) b�c& �/ XYé

� �� CO2/N2 D�(Kyushu Univ.)� 
� M-�T. Sea 6[18, 19]

� CO2) ���N& �� í�D��� j�� Phenyl�) U�/

alkoxysilane� CVDÈ� �3 γ-alumina n:	� �k) Âr��,

CO2 í��r â CO2/CH4 D�A1U �� 10−8 mol/m2·s·Pa â 11 �

r&, �T J�� n�� é7 �£��T. ��, �c� �� í� }

�7 J�Â)� j3 �é�� D�c SiO2/Al 2O3 Þ¤é �+r �

�Q�T[20]. Okui 6[21]� *�-�� Þ¤é7 ¤}�� �D3 '�

S¶�/ *�\� �3 CO2 ¡4  W7 ¾�ÂTN&q D� }�7

����T. - U�r polyimide 6� �D3� �3 ¤}� D�c X

Yé7 CO2 D�� �Ü�� í�r 10−7 mol/m2·s·Pa, CO2/CH4 D�

A1 200 �r� }�7 �¸��T[22].

3-2. �	
 	��

-W�XY D�� Vk� ��r� í�r) U� RD� Y¼) �

+�G/ ��U K�, ��7 awN& Ð� h+�� ��Q�N,,

²u CO2/CH4 �/ CO2/N2 D�)  �N& polyimideé7 awN&

ì� ��U -¯k° KT[23-27]. �¼3� �+� -W�XY D�

Ü RD�é Y¼/ CO2/N2� D�²}- W�� 6FDAA polyimide,

cardo type polyimide, polysulfone, cellulose acetateU UÖ �¤� M

N& XG° ST. ²u, 6FDAA polyimide� ]YªL� -W�XY

� �� ²Y� �*óÜ7 U�R Sk -W�XY� �� Ü3rU

�1�,, �� �� ¡4� �� �3 polymer� Çõ�7 �ÆØ&

Fig. 2. Gas permeation and separation in polymeric membranes.

Fig. 3. Relationships between CO2 permeance and CO2/N2 selectivity of
inorganic membranes.
HWAHAK KONGHAK Vol. 41, No. 4, August, 2003
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6 �*ñZ) U�T. x�q polysulfone, polyetherimide 6� ½3 -

W�XY� �� ·� í�A1 â CO2/N2� �� ·� ��r) �¸

¹T. Fig. 4�/ �E3� �� �+� �ã RD� é� CO2 í�r

â D� }�7 �¸��T[28-36].

���q/ ù�W³}� �<7 [N, -W�XY D�Ü RD�

é� ��é7 ���R ST. Hirayama 6[37]� U�� polyethylene

glycol7 $*�/ methacrylate) -Ü�/ é¼µ) ¤}��/P í

�r p 100 Barrer� CO2/N2� ��r p 35�r� }�7 �¸��

T. ª�R Asahi KaseiB/ fluorine resin7, Toyo Boseki/ cellulose

acetate) -Ü�� -W�XY D�� ÇÜ�� �Ü���T. -U�

r NittoDenkoB/ polyaniline é7 �+��/P -W�XY� ��

í�rU p 260 Barrer� -\/ MN& XG° ST. �� DSTA

(Director of Science and Technology) â RITE(Research Institute of

Innovative Technology for the Earth)�qr -W�XY� �� D�í

� ��- Vk� Y¼) �+��TR +¡5/P ²u RITE�

polyalkyleneglycol di(methy)acrylate !é â a:Bé� \Y� ��

-W�XY� ��rU 50 -�-�R +¡5T.

�� ���	 W³�Ï ����(RITE, Research Institute of Innovative

Technology for Earth)�q/ fluorene �) U�/ cardo-type polyimide

) ¤}�� CO2 í�A1 100 Barrer, CO2/N2 D�A1 30-�� }

�7 ]�T[38]. Cardo-type RD�/ loop |@� ñZU 6 �Ù�£

) U�/ RD�&, 6 ñZ �£�q *9�/ ·� �c í�}, *

�ÜÐ�� ·� Ü3} (a:B éN&� U:}) ª�R #J^ �£

� �� �1� ��}7 �ÛR ST. CO2-N2/ D� �� â  WA

1� f-U �� �NØ&, CO2 
�} û\� �� Ü3r� ¾�)

 �N& �/ ��U ��QR ST. Suzuki 6[40]� polyethyleneoxide)

U� polyimide éN& í�r 100 Barrer� D�A1 70�r� }�7

��N,, Yoshikawa / 3; [_7 U�/ aminoethyl RD�) ¤}

�� 90 �r� D�A1) �¸N�` í�r/ 0.5 Barrer& �`T.

Du-PontB�q/ 6-FDA � BTDA&ñò ¤}� polyimide é7 ¤}

�� í�r 1,200 Barrer, D�A1 807 �¸��N,, a U�� �

3 í�r â D�A1U �� 257 Barrer, 412& J�Q�T[40].

�ø, ��1ý(facilitated transport) D�é� é û\- D��R�

�/ Ü\�� Uî�� �Ù�Ç7 ù3 feed side�q strip side& Ü

\7 ;b pumping�c- D�3 g/ MN& �Ù�Ç- dUQ� �


� separation factorU ·7 e [Û� fluxr ·� M- ²B-T.

CO2 carrier û\7 0$�/ ��� é�q/ �T ·� D� }�-

�RQ�T. RITE�q/ RD� gel� f�� K2CO3 1Ü��

crownether� �ã� krypotic7 dU�� D�A1 1,800 �r) ]�

T. ��, Matsuyama 6[41]� acryl W� �� plasma graft -� ��

é� ethylenediamine7 R��� $gé� 	�, D�A1 â í�rU

�� 4,000, 3.5A10−7 mol/m2·s·Pa -�-�R �R��T. ª.� }

�� ]¬�}- -.� ��é� �Ü�� Skq 
��N& ��Q

R ST. ��, árf-� �� D��T/ à�f-) +?Â)4q

é� ��}7 ��± 1 SN4, ·� �Ñ� D� é :�- U�±

M-T. �ø, û7 $*�R S/ RD� é� �3 �c í�rU ¾

U�/ 	J7 -Ü��, water-sawollen hydrogel Þ¤é7 CO2 D�

� �Ü�/ ��r -¯k°KT(Fig. 5 [42, 43]) Okabe 6[43]� XW

hi-� [_ä) dU� é� �3 CO2 í�r) �� J�ÂjT.

-W�XY D�ÜN& �¼3� �+� �c D�é �ô� ¿�U

V D�) j� CO2/CH4 �cê¤û D�Ü�P, k�T� Delta

Projects� Delsep, K�� Environgenics system�q �+� GASEP 6

- ST. ���+ Âó- lk �¼3� CO2/N2 D�ÜN& �Ü��

D�é �ô� [Ý HN� �c D�é �ô7 ?W�/ Air Product 6

ì� CB«- ��� 
� õa�� ��) 1� a� ST. Table 2�

Fig. 6�/ �¼ �Ü�� �c D�Ü RD� é� }�� ª �ô7

�¸��T[44].

3-3. �
�� ��� 	�� ���

�¶� -W�XY D�·C1 :� a ��� ç1Öb/ �0m

(bubble tower), Ô�m(packed tower) 67 -Ü�� �c) ��� D

WÂTN&ð û\ bæ �r) ¾UÂ)R iÂ� �-�=� 4� 4

�7 nuG 3KT. ª.� �c� DW7 ��N& �/ �¶� ç1

Öb/ �-�=� 4� 4� OÊ- kÕR, �c� �� �c� zo

(flooding) â øä(channeling)�� 6- +?�� �c� �c� *�

Fig. 4. Relationships between CO2 permeance and CO2/N2 selectivity of
polymeric membranes.

Fig. 5. Facilitated transport membrane.

Table 2. Commercially available gas separation polymer membranes

Manufacturer Polymer CO2 permeability [10−12 m3/m2·Pa·s] Selectivity CO2/N2 [−] ∆Pmax* [kPa]

Ube PI 735 43 10,000
Delair PPO 2,750 19 2,000

Monsanto prism PS 450 31 ?

*Maximum allowable pressure difference.
PI=Polyimide; PPO=Polydimethylphenyleneoxide; PS=Polysulphone.
C. HendriKs, “Carbon dioxide removal from coal-fired power plants,” Kluwer academic publichers, London (1994).
���� �41� �4� 2003� 8�
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),
� ��7 g/ �Ï�� Á�«7 U�R ST[45, 46]. x�q -.�

�¶ :�«� Á�7 ÎÞ�� j�� Ò&- 
w7 p� � :� a

��U T:}� Y1} RD� D�é(microporous hydrophobic

polymeric membrane)7 -Ü�� �c� ç1�� �c� 4�7 �j

�N& �k± 1 S/ a:Bé 4��(hollow fiber membrane

contactor) #$-� ± 1 ST(Fig. 7). a:Bé 4��/ �c� �c

� !"7 Oq�N& £r± 1 SN,, Ób� ¬�}, 6 �-� 4�

4�, scale-up4�q *��T[47, 48] a:Bé 4��� �Â�R ±

1 S/ �é(liquid membrane)� �c�  WA1U ·R, ²� �c

� Ü3rU ·� �é� 	��/ ��1ý� �3 Ð� ·� ��r

) ]7 1 ST/ Ö�- SN�, ÓbÂ ¬�}- �� sk° -)

3=�� j� #¬N& a:B $g �é7 �+��T. - #È� :

;�c� í��cU �� x& !\/ 9 a:Bé T+7 � �ô�

� R\� D0Â)R, ��� a:Bé« B-�/ �cU �0 |@

& �c�� *eQ� �7 �r� p= ·� à�N& �c) �Cq

Ü3- W Z,Û-N& �c� D�U -¯k�� �T. a:B $g

�é� �é #$- �t é� �A� ]¬�}7 �� J�� ÂjN

�, a:Bé« B-� �C° S/ �cu- ��u 9vR ��Qk

SNØ& �� û\bæ 'w- ¾U�� Qk í��rU ·� �T

/ Á�7 pR ST. x�q ��� û\bæ 'w7 {YÂ)� j�

� �ô�� R�Qk Sx �c) y�Â)G/ ��U Teramoto 6

[49]� ��� å�N& ÂrQ�T. Yj *i�é-�/ #È7 �$

N&ð a:B $g�é� ½�� �c� y���& �ô��q� û

\bæ 'w7 �e 1 S�T. x�q é ¬�}� ²u í�r�q a

:B $g�é �T ü*$7 ��g�T.

Shelekhin� Beckman[50]� � �� �ô��q ç1 â :è- �

k�/ - #È�q :Z�� ç1� :è�ô7 zbu D��R, -

« B-) ç1�U y��/ #$7 �¬��/P, -/ �-� 4��

xy ç1� é D�� 9 ��7 iÂ� p/ <�&q y�$ a:B

é 4��� ± 1 ST. y�$ a:Bé 4��� UÖ 6 Ö�N&

/ {y bc û\bæ �r� ¬�� £³£>7 « 1 ST. �4�

RD�é7 Ð�& �c� �cU 4��� �
� û\ bæ 'w-

ÆUQk í�rU {Y± 1 SN, a:Bé� �: ��q �(phase)

B-� 	AU ¶¼�� j3q/ |A à�f -��q £³7 3E

�/ 
��7 p/T. ��` -.� a:Bé� Y¼� �£� ��


��«� Tü� a:Bé Y¼ â �£�Ï� �+7 ù3 3=±

1 S7 MN& ���T. -.�,  a:Bé 4��� D��Ñ J�7 j

� ��� ��N& ��Ù} â �A� û}- �1� polyvinylidene-

fluoride(PVDF)) ½}�� polysulfone(PSf), polytetrafluoroethylene(PTFE

polypropylene(PP)� º� û\bæ 'w- �� ½�~ a:B é Y

¼U ��QR ST[47, 51, 52]. Table 3�/ �Ü�� a:B é Y¼

«7 �¸��T. ��, a:Bé 4��/ a:Bé �cU í�û\

� �3 ²�� ��}7 p/ M- [ÛR, Á� �-�=� 4�7 <

h�� 3g/ Ð�c ��`7 �:�Ø& �1� D��Ñ7 p/ a

:Bé 4��) ���� j3q/ :��+� $@ D��R� �/

û\� ���N& óÜ�/ ç1�� ��- Ð� av�T. �¶ :

��q -W�XY D�) j�� BÜQk� ç1�&/ y1û�

NaOH, carbonate A�� K2CO3 ª�R [_A�� MEA, DEA â

TEA 6- ST. �Ù� ç1�/ -W�XY� Uî�� �Ù�Ç7

Fig. 6. Porous polypropylene hollow fiber and its membrane module.

Fig. 7. Schematic diagram for porous hollow fiber membrane contactor.

Table 3. Hollow fibers for membrane contactor

Manufacturer Products  Hollow fibers

Celgard inc. Liqui-Cel®  PP (Polypropylene)
Dainippon ink & chem. co. SEPAREL®  PMP (Polymethylpenten)
Sumitomo electric ind.  Poreflon®  PTFE (Polytetrafluoroethylene)
Gore-tex Gore-Tex®  PTFE (Polytetrafluoroethylene)
Membrana  Acculel®  PES (Polyethersulfone)

 PP (Polypropylene)
Millipore  PSf (Polysulfone), PTFE,

 PVDF (Polyvinyldenefluoride)
Mitsubishi STERAPORE  PE (Polyethylene)
HWAHAK KONGHAK Vol. 41, No. 4, August, 2003
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�N� Þ¤�¤û7 ?}�, �Ç- H/ û�� ç1�� y1û�

½3 -W�XY� Ü3rU �T/ Ö�- S/ �4 [_A� ç1

�� 	� Öb� ñ$ â �c� *O�T/ Á�7 pR ST.

lm�/ �¶� D�:�� ½3 D��Ñ â 	�} 6- Ð� �

1± MN& ��Q/ a:Bé 4��� ç1Öb) £¤� ê}ÂV

�� �� ��U h+u ��QR ST. ²u -W�XY D�·C1 :

�� 	� ��� K�½Â a:³� i	b�- :iN& ��+bY

(+b��: 600 MW)� ê}ÂV�7 ���� �¼ Ób a� ST.

4. �� �� �� ��

D�éÈ� �� D��Ï� 1980~�� ��� r�Q� Âó��

�¼ ì� ��U ��QR SN, ²u 1å� :� 	� -K �³�

Qk �� :��q BÜQR ST. -� ½3 �cD�) j� D�é

�Ï� ����q/ ���+7 ù� �Ü� ÁA� «k� �4 �

��q/ [Ý �³�U K½� ��-T. ²u �¼ �� ��� ��

� UÖ 6 v�� -W�XY D�) j� D�é �Ï� 1990~� 8

ñò ���Ù��<� º� �� �ñ e���Y) awN& �ñ �

³c� �Ù�q -W�XY D�) j� D�é Y¼� �+, D��

�, D�:� �+� º� �8�� â ÇÜ�Ï� �� ��U -¯k

° KT[53, 54]. ���Ù��<(KRICT) D�éT��Y¼ ���ò�

q/ -W�XY D�Ü éN&q T:} n�� Þ¤é, RD�é â

é4��� 
3q � n� �� ��3 KN,, ª =�«7 [9� v

p ����T.

R� d�UV&ñò Ý4 -W�XY) D��� j3 n�� Þ¤

é7 �£��T. g� ��È� �3 �\��- ê}� polyzir-

conocarbosilane(PZC)7 X¯K� ��c� ��� ' 300-450oC�q

�D3�� 1 µm �r� 9@) p/ ��é7 ¤}��T. 150oC�

q CO2 í��r â CO2/N2 D�A1/ �� 10−8 mol/m2·s·Pa, 5 �

r�T[55]. ��, T:} alumina ��c� M-RÈ� �3 mesoporous

γ-alumina) a=uN& r�� ', tetraethoxysilane� ���Ù ¾èÈ

(CVD)� �3 n: ��U ���� �k� silica �é7 ��$N&

q "�� ü\� R� �c D�Ü n�� Þ¤é ¤}� }:��T

(Fig. 8). 250oC�q CO2 í��r/ 4A10−8 mol/m2·s·Pa -R, N2 â

CH4� �� D�A1/ 5-8 �r& R��q ¬�� D�}�7 �¸

NN�, �Ü�) j3q/ �� í�rU 10d -� ��QkE�,

-� �� �É �Ï �� â �ô� ��U ��QkE± MN& Bµ

�T[56].

-W�XY) ���N& D� C1± 1 S/ RD�é Y¼� �+

7 j3 �Ü RD�� ½3 ½�� í�r� ��rU ·� 1��

(water-swollen hydrogel)é â ��1ýé7 �£��T[57, 58] 1��

é7 �£�/P BÜ� û\� 
1} RD�& �A� }\- �1

� poly(vinyl alcohol)(PVA)� sodium alginate(SA)) BÜ�� T:}

�U��é j� dip-coating �� U�ÂTN&ð �£��T. �£�

1��é7 b��K	N& 
�� =� é �� SA ½Ñ- ¾U$�

x� �D�U �k�7 
�± 1 S�T. �£� é� �c í�r/

SA ½Ñ- ¾U$� x� ¾U�/ 	J7 �¸��N, N2� í�r

/ 0.004-5.64A10−9 mol/m2·s·Pa -�N,, CO2 í�r/ 0.42-28.8A

10−9 mol/m2·s·Pa -�T. �� >£�@� é� ½3 1��} Þ¤é

� CO2 í�r/ 1,000d -� J��7 X 1 S�T. �£� é� �

�r/ é �� SA� ü- ¾U$� x� �f {Y��T[57]. ��1

ýé� -�} RD�� SA) BÜ�� é7 �£�R ��� -W�

XY� -ýc& ethylenediamine(EDA)) R��$N&ð �£��T.

�£� é� CO2 í�r/ é �� carrier ü- ¾U$� x� ¾U�

�N, 4.9-9.8A10−9 mol/m2·s·Pa -�R ��r/ 7-20N& carrierU

H/ é� ½�3 � � 2-10 d�r J�Q�T. é7 ù3 á�� CO2

� ár/ 43.5-73.7%& 4.3-7.3 d& á�� CO2) ]7 1 S�T. �

� 1ýé� -W�XY� ��í� }�� Ö� ¬�} â ��}�

Skq �Ü�) j� ��U Í ��QkE ± MN& ?��T. - U

�r �b- :�� �3 �£� ½�~ T:} PEIé� ¡47 ��

} 1Ü�(NaOH)N& å�$N&q 
1} J� â é ¡4 �: �

� �Y) Âr��T[59]. 75oC�q N2� �� CO2� D�A1/ 20-

30 �r& �� J�Q�N� CO2 í�rU  � �`T.

� Ty CO2 D�Ü RD�éN&q �UY} polyurethane(PU)7 g

¼& BÜ�� ��� polyetherimide(PEI), polysulfone(PSf ) 6� º�

��Ûk� ö�V�7 ��¨$N&q �c� Ü3r â  W �r)

���R� ��T. �£� é� CO2 í�r/ 5-30 Barrer -�N,

����X ��¨ é� CO2 ��r/ 15-28� 87 �¸��T. CO2 �

�r/ PEI/PU(15 : 85 wt.%) é� 	�U UÖ ·� ��r) �¸�

�T[60]. Fig. 9�/ �Ü�� RD�é� � ����q �+� -W

�XY D�é� �� í� 1i7 ½��� �¸NT. ���N& -

W�XY D�é� �Ü�) j3q/ CO2 í�r 300 Barrer, ��r

50-�� }�- v�Q/P, � ����q �+� D�ér �¶�

é� ½3 �� í�r }�4�q �Ü�) j� U�}- ÔD± M

N& ���T.

lm�/ �� �Áj -W�XY D�:�� �Ü U�}- ·7 M

N& ��Q/ ç1È7 ��� D�é 4��-:1 ê¤ :�� 
�

Fig. 8. SEM image of silica membrane formed in γγγγ-alumina coated
αααα-alumina support tube by CVD.

Fig. 9. Comparison of PAI/PU blend membranes with commercial gas
separation membranes.
���� �41� �4� 2003� 8�
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��U h+u ��QR ST[61-67]. Fig. 10� �¸¹ M� º- T:

} RD� a:Bé� �:7 ù3q ç1�� ê¤�c) 4�Â� -

W�XY) ç1 �1�R, TÂ ç1�) ¼?�/ y�$ D�é 4

�� ÂV�7 �}$N&q �¶� ç1È7 ����T. D�é 4�

�&q Fig. 11� �¸¹ M� º� Y1}- �� ½�~ �£� PVDF

(polyvinylidene fluoride) a:Bé7 �b-� �� �$ #BÈN& �

£�� BÜ��T. �-� 4�4��  � â A4�q� ¬�}6�

�� �Ñ�� û\bæ7 RG�� D�é 4��&q UÖ �¤� £

>� PVDF a:Bé7 �£�/P }:��T. Fig. 12� �¸¹ M�

º- PVDF a:Bé 4��/ �¶� ç1m â Ty a:Bé� ½

3qr Áj c�� ·� -W�XY �1 �Ñ7 �¸�k, }� â 	

�} 4�qr *�± MN& ���T. �¼, �Ü2 d�UV å�)

j� �¾� ÁA& 5 Nm3/h å���� pilot-plant) >¢�� Ób

a� SN,(Fig. 13), :�� 	�} â �1 �Ñ7 J�Â)� j�

� a:Bé� Ö� ¬�}7 RG� R}� ç1� �+r ���R

ST[68, 69].

�� 10� ~= ���Ù��< D�Y¼���ò�q� -W�XY

D�é �Ï ��/ 
� DE� Skq ��� 1­� <¿ �w �Ï

7  ��/P }:��N,, J' ��UV '{7 j� �Ü�� �

Ï&q ��U W³A� ��� ñÇ± 1 S7 MN& ���T.

� ���ò U�r �� ì� ���«- D�é7 -Ü� -W�X

Y D��Ï �+ ��� ����T. Silica â alumina A� R�Ü n

�� D�é� � � �Ù�q �� ��& ��Q��` CO2/N2 D�

A1U 10-�& '£��T[15, 16, 19, 20]. lm�/ �ü��q

carbon-silica A�� *�� Þ¤é7 �+��, �F��� 1­-�`

CO2 í�r 200-300 Barrer, ��r 50-70-�� �1� }�7 �R�

�T[70]. -W�XY D�Ü RD�é� KIST�q polyimideé7 g

& ����N,, D� }�� ½3 í�rU �� Á�7 ���� j

3 �b-È7 -Ü� ½�~} é7 �£�� D�u� 8�é�) Â

r��T[71]. ��, KAIST� ��b� ��<- :iN& 1996~ñò

1998~3� -W�XY D�C1Ü �Ï�+� �� ��U 1�Qk,

� � rp| Þ¤ :� a� ��& PTFE a:Bé 4��� ��

-W�XY ç1 D�� 
�� ç1� �+� $@ ��) 1�� �

Fig. 10. Hollow fiber membrane contactor process for CO2 recovery.

Fig. 11. SEM image of PVDF hollow fiber used as membrane contactor.

Fig. 12. CO2 absorption rate per unit volume for absorber modules
(Absorbent=monoethanolamine 5 wt%).

Fig. 13. Pilot plant set-up for hybrid process using hollow fiber mem-
brane contactor.
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ST[72]. ª ��r polysulfone â polyimide A�� a:Bé â ê

} éD� ÂV�7 -Ü� -W�XY D� C1 �� =�U �RQ

k ST[73, 74].

�ø, �| �É��&/ G7 ��� ��N&q �	ñ g
� �U

�r�Ï �+B³(���c �k â -Ü�Ï)�q D�é �Ï7 -

Ü� -W�XY D�·C1 �Ï� 
� Tü� ��U 1992~ñò 1998

~3� �ñ e���Y� �Ù�q -¯k�T. ²u, - �= i¬ �

�ñ, �	ñ â W�ñ�q � 102% < �r� ��½) í��� ª

i¬ b�5x -W�XY D�·C1·R���Ï� ��7 ;���T.

�U�r�Ï�+B³�/ Yr& 1994~»ñò Æ� a� ��� �

�Ï�+ B³� W³�<ñ� �<N& � �
�:Á �Ï�+�ñ

�q g
�R S/P, -W�XY í�r â ��rU �1� Þ¤é

Y¼) �+��, J' 10~ -�� �ô� â �Ü�(50 ton/day))  

¡& �R ST[75]. �¼ � �ññå� �<�� e���Y) aw

N& �Ù â �³«- �Î ���R SN, x�q -� º� DE�

�� ��U ��u �bQk J' ��:�� �Ü U�� -W�X

Y 
�·C1 �Ï7 �:± 1 SN�� Bµ�T. ²u, 2002~rñò

/ �ñ gr�� ‘-W�XY å� â '{�Ï �+’-�/ 21n�

 (¡k ���+ B³N&  � +b� �| �É ��  &¢ÄU

ÂóQk, J' 10~= 1¿% -�� ��½U í�£ b�-kq CO2

å�) j� D�é ��r �u Í +b£ MN& ���T. 

5. �� � 

J'�/ �¶� CO2 D��Ï� Á�7 �z± 1 Sr� 9 � -

�� D��Ï7 Þ¤� D�ÂV� �Ï&q é/ç1, é/PSA, PSA/w

ÿD� 6� £¤- U��,, ª a�qr � � Y�, :�¢½ â

Ób½, ª�R D��Ñ 67 RG± 	� ì� b
U«� �3 çè

�/ ç1È� D�éÈ� ê}(hybrid)#$- ��:� �Ü U�}-

·� MN& �RQ�T(Table 4). -W�XY ç1��- �1� Xh

�E�� �/ [_ 1Ü� 6� ç1�7 Y1} é7 	A& �� -

W�XY/\Y �cê¤û� 4�Â� -W�XY) ���N& ç1

D��/ éç1 4��, 2Á PSA(pressure swing adsorption):� �<

� 1Á7 éD� :�N& �R 2Á7 PSA :�N& �/ é/PSA :

�, �/ 1Á PSA+2Á wÿÈ7 BÜ�/ PSA/wÿD�È 6� ê}

:�- ��QR ST. ��, �¼ -W�XY D�·C1 :� a UÖ

¤� BÜQk�R S/ ç1È� Á�7 �z�� j3 ç1Öb� Ô

�m(packed tower)7 D��Ñ- ·R Ób£>- ¬b� a:Bé 4

��& �c�� D��Ñ â 	�}- �1� -W�XY D�·C1Ü

ê}ÂV�7 ���/ ��r ��QR ST.

®\¥-� Kvaerner Oil & Gas�q/ 1998~ U7ñò é/ç1 4

��) -Ü�� UV�� dUV(¿�UV)) 2,610 kg/h å���

85%� CO2 (195 kg/h)) C1�R ST. ��� añb��q/ PSA

� wÿÈ7 =¤� :�N& 12.6%� CO2U 0$� �YdUV 40

Nm3/h7 å��/ �F7 1��� �c CO2) 90% C1Ñ& ?W�

�N, - �� b� <Áj/ 3.39 kW/Nm3 CO2�T. ��, K¦½Â

a:³� i	b�� PTFE a:Bé �ô� é/ç1 4��) -Ü�

� �� +bY d� UV a� CO2 D� �1� 
� ��) :iN

& 1���, 6,000Â= -� ¬�� pilot plant Ób� }:��T.

���q -W�XY� ê} D�È� 
� ��/ U�� ½3 ì�

/ ��` � � rp| �c :�N& é/ç1, é/PSAÈ- g& �

�QR ST. ��UVB³Á ���q �Ù��<� � ���<�q

éç1 4�� â é/PSA ê}:�� U�}7 �� �� a� ST.

��a:³ â 9Wa:³� º� �³c�qr � � rp| ê} D

� ÂV�� 
w7 U�R ª U�}7 ��3 KN,, é/PSA ê}

:�7 awN& ���R ST. CO2 C1� 
3q/, �¼ é�T í

�rU 5d�r J�Q4, é� Ut4�q 	�} S/ D� :�-

£ MN& OÊ�R Sk D� é� }� ��- 
>-� ± 1 ST. 

�Yd� UV� å�U 'å� ��-�4, bå�� �3qr ��

U QR ST. K9� +bY/ UV ò§- g�-�R �T4, ́ X�

UV� Ý'� �� û\7 �1�/ #È- �¬Q�T[76]. UV� '

� g}D� H2, CO, CO2) 1¾�) -Ü� shift �ÇN& H2, CO2

Fig. 14. Environmental friendly process for zero emission.

Table 4 Processes for carbon dioxide separation in power plant

Process Efficiency (%)  Power cost (C/kWh) Recovery cost ($/CO2-ton) Recovery (%)

Absorption 29.1 7 30 80
Adsorption, PSA 28.5 11 60 95

TSA 29.5 18 170 70
Membrane 31.1 8 40 90
Hybrid (Membrane+Absorption) 29.7 7 30 80

RITE annual report (1993)
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