
HWAHAK KONGHAK Vol. 40, No. 6, December, 2002, pp. 687-693
���� ��� ��	
�� 
� CO2/N2 ����� ����� �� ��

���������	
†���


����� ���� �����
(2002	 2
 5� �
, 2002	 9
 4� ��)

Study on CO2/N2 Mixture Gas Permeation Behavior through Polyethersulfone 
Membrane Treated by Plasma

Hee-Jin Park, Sang-Ho Noh, Seong-Youl Bae† and Sei-Ki Moon

Department of Chemical Engineering, College of Engineering Science, Hanyang University, Ansan 425-791, Korea
(Received 5 February 2002; accepted 4 September 2002)

� �

������ �(polyethersulfone membrane, PES)� Ar, NH3 	
��
 �� ����, �� ��� ��� �����.

Ar 	
��
 ����� � O/C� ���  !�" #$%&� '(� )*+,� NH3 	
��
 ����� � -.,

-/0&! '(+,�. 12 ������ �� 34%� 567 89, 	
�� ��: �; ��: <%= >% ?@&A

B CO2C� DEFG�  !���. �
 *; N2: ��H CO2� @; IJ%�  !��� KB'C IJ'! LM: N

O+P QB� RSD,�. 	
�� ��= ������ �:T CO2� KB'C γ(actual separation factor): U2 VWX

YZ Ar 	
�� ��� 89 10 W-2 min:T [[ 13.19\10−10cm3(STP)cm/cm2 · s · cmHgC 20.12�", NH3 	
��

��� 89 50 W-2 min:T 15.40\10−10cm3(STP)cm/cm2 · s · cmHgC 20.06� ],�.

Abstract − The surface of polyethersulfone(PES) membrane treated by Ar, NH3 plasma, and the effects were observed before

and after the treatment. The membrane treated by Ar plasma was increased the O/C ratio and measured the hydrophilic group,

and the one by NH3 plasma was attached the amine group and the amino group. In addition, with the wettability of polyether-

sulfone membrane CO2 and the polar functional groups of surface interacted increasingly. Thus by comparable increase of the

soluble selectivity CO2 to N2 both the permeability and the selectivity of CO2 was improved. The optimum condition for the

CO2 permeation and actual separation factor of the plasma treated membrane was as follows; the measurement of Ar-10 W-

2 min plasma treatment was 13.19×10−10cm3(STP)cm/cm2· s · cmHg and 20.12, and the measurement of NH3-50 W-2 min

plasma treatment was 15.40×10−10cm3(STP)cm/cm2· s · cmHg and 20.06.
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 ���6. ������ 78��9 �5�� :;<3 =� )�>

(permeability)? &')�>(permselectivity)� @A9 BCD6. -E�

	 05F���(G, polysulfone, polycarbonate, cellulose acetate)H�

I�0 F��(glassy polymer)�< �H� �J( K>� LF =� &

')�>" MN2OP )�>3 Q� LO R*6. �S
 T8U%

VW*� :*+ X-Y�(asymmetric membrane)�M W��(composite

membrane)9 -
 ZC� [\] $^�� _6[1, 2].

`�( a`0b9< � c�% de*fM, c�9 g�h F��"

��*3 /i jklm n� o5�F p6. jklm" �5
 c�

de	 qr( o5�s9< F�� tu�s	 (5� c�9vO�

wF, ,o�> f	 x3 uyH	 c�9vO? ,o�% =�� :


 an
� jklm z� {	 �|� ZC�F p
}, jklm z

�3 c�9 V��" ~� tu	 �e9 �� x� >�A� ���

de% I>*+ ���% �0A�6[3-5].

�S
 jklm z�n� /i ��an
� ,o� �� c��9

�
�� ��*� ��M�� z�*F� *3 -0�e	 �L(bulk)

��9 ��% �O �
}, z�D c�% ��*� PH � p6. �


 /�9< z�� � p� c�z�	 �� �� �U� p6. jk

lm z� ��9< ��M3 F�� uy	 ��� c�de� jk

lm 0b� [��� F�� c�� ,o*� �F �9 -
 ���

< �1�(carbonyl), �W7(carboxyl), *� ¡7(hydroxyl), ¢£*�

 (aldehyde), ¤¥(amine) {	 �¦� Q§� F�� c�9 ¨���
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*3 ©�6[6, 7].

ª ZC9<3 «��¬­® �% Ar(X[� �¯)� NH3(,o� �

¯)� /i jklm z�*+ �	 c���" °±*+ 1F� *²

6. �
 /i jklm z�D «��¬­® �9 -*+ jklm z

� °�9 ³´ ���¯(CO2/N2=30/70 vol%)	 )�>? &'>	 �

�" Fµ*F� *²6.

2. � �

Fig. 19<	 one-dimensional ¶�� ·� �� ���� 5;-̧ q

�C� ���}, Fick	 n¹9 ³´ )�º> !9 ³k ��� $^

D6.

Upstream�
�	 ��D ��� ����� »¼,

(1)

(2)

(3)

� (1)-(3)�E½ � (4)% ¾% � p6.

(4)

���

(5)

� (5)� E½ � (6)% I> � � p6.

(6)

³k<,

(7)

� (7)% � (4)9 -�*F ��*�,

(8)

y, 1−y3 GC9 	; ¿��} x, P1, P23 7À°�9< ��$6. ³

k< capillary column9< ¿�D �E½ � (7), (8)% �5*+

, % Jq� � p6.

Q�F jklm z�D �	 �� �¦% MN2� :; ����

(CO2/N2=30/70 vol%)
� ��D ��" )�A� &'> γ" C*+

�� �¦	 ��" °±; 1Á
}, &'>3 6Â	 �
� Jq*

²6.

x: upstream concentration

y: downstream concentration

3. ���	 
 ��

3-1. ��

7À9< ±5D «��¬­® �(Tg=225oC, ÃÄ=50µm, sumimoto,

Japan) FS-1300% ±5*²
}, C°3 Fig. 2? ·6.

�� /i jklmz� *� `9 ÅÂÆ ÇÈ�(REST-16HT)" ±

5*+ ÉÊ�� 10�Ë ÇÈ*+ $�0b9< �°*+ ±5*²6.

jklm z��¯� Ar(99.999%)? NH3(99.999%)" ±5*²F, )

�7À� ���¯(CO2/N2=30/70 vol%)" ±5*²6.

3-2. ���� �� 	


7À9 ±5D �Ì3 «��Í  �(polyimide membrane)7À� @

�*� ±5D �Ì? an% ±5*²6[8].

3-3. ��
�

jklm z� Î c�	 �Ï( C° ��" Ðµ*� :; ATR

(Attenuated Total Reflectance)an
� FT-IR(Fourier Transform-Infrared

Spectroscopy, Bio-RAD FTS6000)% �5*+ �Ñ*²6. ATR	 �

Ñ� jklm z� Î 1-2AË �29 ^*²
}, Ay3 �Ñ `Ò

O $��°�29 7��Ó� ÔÄ 1Ð*²6. jklm z�D «�

�¬­® � c�	 ��Õ(Contact angle, Krüss G-10)% 7i9< ¿

�*²6. jklm z� Î «��¬­® � c�	 OÖ>? f×�

	 �� Ø �� �(2	 ÍÙ� �" Ðµ*� :; AFM(Atomic

Force Microscopy, PSI Cp Type)% ±5*+ �Ñ*²
}, ESCA(Electron

Spectroscopy of Chemical Analysis, Omicron XPS-VG) �Ñ� X-ray

source� Mg(14 ev)% �5ÚF, Pm� 1-2Û10−10mbar, takeoff angle

10o °�9< �^*²6.

3-4. ����	


�� )�7À� Stern {� ­J
 �Ì? I±*� ­JÜ8Ý*+

�^*²
}, variable volume method9 	; ¿��Þ6[9].

7À�Ì? �Ñan� «��Í  � 7À9 ±5D @�
 �Ì?

�Ñan% ±5*²6[8].

)�7À� 7 atm, 50oC °�9< �00b� D Î9 7A*²
},

jklm z�� ¾�$ ß(°�(Ar-10 W, NH3-50 W)9< àáâ�

�(saturator)" ­Ì*+ �°�� àá�	 )���% Xã �Ñ*²

JCO2

PCO2

l
---------- xP1 yP2–( )=

JN2

PN2

l
------- 1 x–( )P1 1 y–( )P2–[ ]=

Jtot JCO2
JN2

Ptot

l
--------=+ P1 P2–( )=

Ptot P1 P2–( ) PCO2
xP1 yP2–( ) PN2

1 x–( )P1 1 y–( )P2–[ ]+=
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JN2

--------- y
1 y–
----------=

y
1 y–
----------

PCO2
xP1 yP2–( )

PN2
1 x–( )P1 1 y–( )P2–[ ]
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Fig. 1. One dimensional permeation diagram of membrane separation.

Fig. 2. Structure of polyethersulfone(FS-1300) membrane.
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6. Q�F ß(°�(Ar-10 W-2 min, NH3-50 W-2 min)9< )�7À	

i>°�% ��A� 7À% ÔÄ ä^*²6.

4. ��
� 
 ��

4-1. ���� ��� �� ��
�

���¯	 ��)� f@% ̧ �*+ ß(	 °�
� ÐµD 10 W,

2 min	 Ar jklm z�? 50 W, 2 min	 NH3 jklm z�D «

��¬­® �% Xã*� :; c��Ñ% A^*²6.

Fig. 3� Ar� NH3 Ã �O ��9 	
 jklm z� `Î	 FT-IR

ATR	 �Ñ% å
 ¯æçè ���6. é/ C=C �� êL(peak)�

1,600 cm−1? 1,475 cm−19 ëO�ì Ðµí% ¸�� � p
}, 1,300�

1,150 cm−1 îz9 MNï êL3 `Ö(� S=O �� êL�6. 800-

600 cm−1 ±�9 MNï êL3 =CH aromatic OOP" MNð ©�6.

� Ç �O	 êL" ñò% ó ôË	 K>(intensity) !�" 1� õ

f	 ��� xÂ% ¸�� � p6. ³k< jklm z�� «��¬

­® �	 �L ��93 ö6´ ��% �O �Á6F � � p6.

Fig. 43 78 ��Õ ¿� �ÍO�< ÷�
�> z�` 16 ¸Z


 ���	 ��" ¸� � � p6. �3 Table 19 MNð ø9 	;

<> ¸�� � p6. �
 Ar jklm� z� A NH3 jklm16

ù ú� ���� >��ÞÂ% ¢ � p6.

Fig. 53 jklm z�D «��¬­®	 ESCA ̄ æçè% wide

scan
� MNð ©�6. jklm z� `	 �9 -
 êL" û ó

Fig. 3. FT-IR ATR spectra of plasma treated PES membrane.

Fig. 4. Contact angle images of plasma modified PES membrane. Fig. 5. ESCA survey scan of PES membranes.

Table 1. AFM measurements

Treatment gas RMS roughness(Å)

Untreated 5.87
Ar 49.9

NH3 16.6
HWAHAK KONGHAK Vol. 40, No. 6, December, 2002
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294 eV	 C 1s êL3 1,600	 electron count" 1�F, 541 eV	 O 1s

êL3 üA 1,600	 elecron count" MNð ©% û � p6. �? X

ã*+ Ar jklm z�" *²% ó3 C 1s êL	 electron count3

1,400
� ýt*F O 1s êL	 electron count3 1,800
� É�*²6.

�3 �þ1��	 É�� �
 ��� t��	 � c�% ���	

�e� ��Aÿ6F � � p6. NH3 jklm z�*²% ó> m�

�O� C 1s	 electron count3 ýt*F O 1s	 electron count3 É�

*²6. ù�� 402 eV9< MNï N 1s êL	 electron count� 400


� Ðµ�Þ6. �©� ¤¥ �3 ¤Í��	 ¨�% 	Í*3 ©
�

Ar jklm z�? ·� ����	 >�% ¸�*²6. � ��3 �

�Õ	 ¿���? ZÐí% ¢ � p6.

Fig. 6� z�`� Ar jklm z�? NH3 jklm z�9 	; ¾

�$ AFM �ÍO" MN2Þ6. Table 29<3 c�	 ¶� f×�"

RMS(Route Mean Square)� MN2ÞF, ÍÙ�	 ¶� =�" ��;

�Á6. jklm z�9 	
 «��¬­® �	 c�� z� `� X

ã*+ !�" û � p6. AÕ( �ÍO9<	 z� ��9 ³´ !

�" ¸7*� ¸�� �3 x
M, Table 29< jklm z�D «�

�¬­® �	 c�� Ar jklm z�	 »¼, �� �(9< f×�

(�)� 5.879< 49.9� É�*²F, ÍÙ�	 =�(�)3 60.89< 202

� É�*²6. NH3 jklm z�	 »¼9<> üA �� �(9<

f×�(�)3 11.69< 16.6
� É�*²F, ÍÙ�	 =�(�)3 60.8

9< 163� É�*²6.

�
 �S
 f×�	 É�3 ��Õ� ýt*3 ��" Å�*}, �

3 �� ���	 �0% MNð6.

4-2. ���� ��� �� ���� ����

4-2-1. jklm z���? � Ç�9 ³´ ��

� Ç�3 jklm	 Ö�� IO9 �� � ��% ÍÌ3 ���

<, �,(
� � Ç�� É�*� jklm 0b9 p3 ����9

=� 	:	 9vO" �
Ô
�¬ jklm �>� É�*F, ��0

°ÕH� �; D )���	 `�, �i Ø �¯ ��H	 
�

(bombardment) �>� É�*+ z� tu9 -*+ ù � ��% Í

Ì� D6.

Fig. 7� � Ç�" ��� *+ ß(°�(Ar 2 min, NH3 2 min)	

���� )�>? &'>" MNð ©�6. Ar jklm� «��¬­

® �% z�*²% »¼, � Ç�� É���¡ )�>? &'>�

ýt*3 »�% MN2F, NH3 jklm z� »¼3 � Ç�� É

���¡ ·� É�*²
M, 60 W9 �þS<3 �P*fM ýt*3

»�% MN2Þ6.

�©� :9< �
 � Ç�	 É� óT9 
��>" =���¬

� c�9 ��(crack)% �
� )�>? &'>9 � �� ��% Í

Fig. 6. Atomic force micrographs of PES membranes.

Fig. 7. Effects of plasma power on the permeabilites for CO2 and ideal
separation factor in Ar, NH3 plasma treated PES membranes.

Table 2. Contact angle 

Treatment gas Contact angle(o)

Untreated 78.88
Ar �63.3

NH3 34.03
���� �40� �6� 2002� 12�
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Ì3 ©
� ±yD6.

4-2-2. jklm z�AË9 ³´ ��

Fig. 8� Ar jklm z�D �9 -; z�AË� � Ç�9 ³´ )

�>? &'>9 -
 ��% MNð ©�6. γ	 »¼ 30 W� z�


©16 10 W� z�
 ��� =� MN�% ¢ � p6. �� Ã »¼

�Ã z�`� Xã*+ &'>� =� MN2Þ6. z�AË� »�Ô

9 ³k &'>� ýt*3 »�% 1�3£ �3 z�AË� ���


� ;< �Õ(etching) ��� �
 ©
� ��D6. PCO2
? PN2

	 Q�

�" 1Á% ó3 10 W	 »¼ z�`� Xã*+ PCO2
3 É�í% PN2

ýtÔ% û � p6. ³k< «��¬­® �% Ar jklm z�� »

¼ w� � Ç�� �� z�AË�9< ß(	 °�% �¤s 
6.

Fig. 93 NH3 jklm z�D �9 -; z�AË� � Ç�9 ³

´ )�>? &'>9 -
 ��% MNð ©�6. γ	 »¼ 30 W� z

�
 ©16 50 W� z�
 ��� =� MN�% ¢ � p6. � »

¼> z�`� Xã*+ &'>� �Ã =� MN2ÞF, z�AË�

»�Ô9 ³k &'>� ýtÔ% û � pÞ6. PCO2
? PN2

	 Q��

" 1Á% ó PCO2
	 »¼ 50 W� z�
 »¼� =� MN2ÞF, PN2

	 »¼ �� �:29< ��í% û � pÞ6. «��¬­® �%

NH3 jklm z�� »¼3 Ar jklm z�?3 6þ� =� � 

Ç�? �� z� AË�9< ß(	 °�% �¤s 
6.

4-2-3. �°�� àá�	 Xã

Fig. 10� 11� Ar jklm? NH3 jklm z�9 ³´ �°��

àá� 0b9< ÕÕ	 γ? PCO2
" MNð ©�6. Ã »¼ �Ã àá

� 0b� ó &'>? )�>� =� Mi ©% ¢ � p6. �3 �

��� �9 	; â�  ó �°� 0b? Xã*+ &'>? CO2	

)�>� �0�ÞÂ% ¢ � p6. Contact angle ¿���9<> G0

�Þ! jklm z�9 	
 � c�	 ����	 É�� �
 &'>

Ø )�>	 É�3 ¤�? ·� �I9 ��
6F � � p6. � *

Fig. 8. Effects of plasma treatment time and power input on permeabili-
ties for CO2, N2 and actual separation factor in Ar plasma treated
PES membranes.

Fig. 9. Effects of plasma treatment time and power input on permeabil-
ities for CO2, N2 and actual separation factor in NH3 plasma treated
PES membranes.
HWAHAK KONGHAK Vol. 40, No. 6, December, 2002
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E� >��3 CO23 HCO3
−	  Öb� `��} �9 >�D ¤¥ Q

§ {	 ����� ¤�? ·� "#$%9 	; 2E,o% �
�6.

4-2-4. )�i>9 ³´ ��

���% å
 ��)�9< �� � ��% ÍÌ3 °�� )�i>

k � � p6. �3 �Ïâ&' C((chemical potential gradient)" C

@ 
� )3 X6�� �9<	 )��Ý� � 2E	 9vO !�

9 	
 �IEê(free volume)9 	; i>	 Ô�� MN2�O3 5

;-̧ q "#$%	 ÐJ�
� ­*�� óT�6.

Fig. 123 Ar jklm? NH3 jklm� z�D «��¬­® �	

)� &'> 7ÀA ,oi>9 ³´ γ? PCO2
	 ��" MNð ©�6.

Fig. 10. Effects of plasma treatment time on permeabilities and actual
separation factor in Ar plasma treated in 10 W power input wet
and dry PES membranes.

Fig. 11. Effects of plasma treatment time on permeabilities and actual
separation factor in NH3 plasma treated in 50 W power input
wet and dry PES membranes.

Fig. 12. Effects of temperature on the CO2 permeability and ideal separation factor in Ar, NH3 plasma treated membranes.
���� �40� �6� 2002� 12�
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of

e-

a,

of

).

k,
γ? PCO2
3 i>� 30oC9< 60oC� 0+Ô9 ³k &'>� ,�

�9> �C*F PCO2
> É��3 »�% û � p6. �3 CO2	 ¸

qJ�� i>� ,��9 ³k É�*F, �
 0-(
� N29 X;

CO2	 i>	-�� L63 ©% MNð6. ³k< �� °r09< F

�� �����	 2�� �: 29<	 i>°�% ��A�6� )

�>? &'>9< P.� P
 ��" ¾% � p% ©
� ¨ÕD6.

5. 
 �

ª /T9<3 jklm z�D «��¬­® �% �5*+ ���

�(CO2/N2=30/70 vol%)	 )� 7À% ^*²
}, jklm z� `

Î	 c� ��? )� &' ��9 ³´ jklm z�	 ��" Ðµ

*²6.

jklm z�Î	 FT-IR ATR �Ñ �� «��¬­®	 ¯æçè

� ö6´ !�" MN2O �Â
�¬ jklm z�	 ��� c�

9P �
í% ¢ � p
}, jklm	 c� z� Î c�	 ~t, 0

b {% ¸�*� :
 ESCA �Ñ9< Ar jklm� z�*²% ó

c�9 V�% 03 O/C	 X1� É�*+ ����	 >�� ¸��

ÞF, NH3 jklm� z�*²% ó ¤¥, ¤Í��	 >�� ¸��

Þ6. �S
 ��3 jklm z�� bulk �e	 ��" �O �F c

�P% deAÿÂ% ¸�� � p6. jklm z� Î ��Õ% ¿�

*+ ����	 >�� jklm z� `� Xã*+ É�D ��"

Ðµ� � pÞ6.

�
 jklm z� Î «��¬­® � c�	 ��( �e% ¢¤

1� :
 AFM �Ñ �� Ar, NH3 jklm z� Î c�	 f×�

� �Ã É�*²63 ±7% ¸� � � pÞ6.

jklm z� Î � c�	 ��3 jklm z���� &'D Ã

�Ê	 X[� ��� Ar? [���� NH3 jklmz�9 	
 c

�9<	 cross-linking, Etching ��? Ð2� p
}, �� �H	 »

3(� ÐJ9 	*+ �	 �� )�>? &'>9 4, Ë�(� ��

% 	6F � � p6.

CO2	 )�>? &'>9 -
 ß(°�� Ar jklm	 »¼93

10 W-2 min? 30 W-2 min�} NH3 jklm	 »¼93 30 W-2 min

? 50 W-2 min	 ��" ¾Þ6. � °�9< )�>? &'>3 Ar j

klm	 »¼ 10 W-2 min9< ÕÕ 13.19Û10−10cm3(STP)cm/cm2 · s

· cmHg? 20.12�}, NH3 jklm	 »¼ 50 W-2 min9< 15.40Û10−

10cm3(STP)cm/cm2 · s · cmHg? 20.06% ¾Þ6.

�	 �à�� IO  »¼, jklm z�9 	; c�9 Ö�D V

� Ý5�H� CO2?	 2E ,o� É�*F, N2 X*+ CO2	 5;

&'�� É�*+ &'>? )�>� @A9 �0�3 ��� MN56.

����

J : diffusion flux through membrane [cm3(STP)/cm2 · s]

l : thickness of membrane [µm]

P � mean permeability [cm3(STP)cm/cm2 · s · cmHg]

P1 � low pressure(downstream) [atm]

P2 � high pressure(upstream) [atm]

x � mole fraction at upstream feed side

y � mole fraction at downstream(permeation) side

���� � 

α � ideal separation factor for CO2 relative to N2 defined as PCO2
/PN2

γ : actual separation factor for CO2 relative to N2 defined as PCO2
/PN2

θ � stage cut defined by the ratio of the volumetric flow rate 

permeation to the sum of the volumetric flow rate of perm

ation and rejection

Barrer �10−10 [cm3(STP)cm/cm2 · s · cmHg] 

����
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