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���� �� Ar, NH3 ��	
� �
 ����, �� ��� ��� �����. Ar ��	
� ����� � O/C�

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

�0 ���� �12 CO2� 34&5 ideal separation factor1 67 89:;< Ar ��	
� => 10 W-6 min12 ??

8.6744@10−10cm3(STP)cm/cm2AsAcmHg5 14.401�!, NH3 ��	
� => 50 W-8 min12 7.5922@10−10cm3(STP)cm/

cm2AsAcmHg5 17.644� B+�. C7 ���� �� DE$� FGH =>, ��	
 ��1 �I �
1 J$0 K$ L

M%N4 CO25� OP QR� � ��, N21 ��S CO2� MI TU$� � �S TU&5 34&  VW1 XY*Z

[4� \]O+�.

Abstract − The surface of polysulfone(PSf) membrane modified by Ar, NH3 plasma treatment is measured before and after

the treatment. The membrane modified by Ar plasma treatment is increased the O/C ratio and the hydrophilic group, by NH3

plasma treatment is increased the amine group and the amino group. The CO2 permeation and ideal separation factor of the

treated membrane measured good condition. The measurance of Ar-10 W-6 min plasma treatment is 8.6744×10−10 cm3

(STP)cm/cm2 · s · cmHg and 14.401, it of NH3-50 W-8 min plasma treatment is 7.5922×10−10cm3(STP)cm/cm2 · s · cmHg and

17.644. Having the wettability of polysulfone membrane, the polar functional groups of its surface interacted with CO2 increas-

ingly. Because of the soluble selectivity of membrane increased of CO2 than N2, polysulfone membrane improved both the per-

meability and the selectivity of CO2.
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�� ��� ��� ���	 
� �
� ��� ���� �� �

��� �� �����	 �� ����� � !" #$ 
� %&

� '()	 *�+
� �, -./
� 0�%1 2+, �3
 �

��4. �� ��� ��	 ��+ � 567 89 ��:;7 <� =

>, ?�7 ��� 567 (
 <� @A� �B�C D4. �� �

�� 56	 EF
�1 ��%G� %1 ��7 (
 -.�� HG,

0��� IJ %K, �L/ MN, �O/ P��, QR�� H,ST

U3�� VW X4. YZ[, ��	 0�N1 -.N� H,ST \�

]G, ̂ 
 0�N� H,ST -.N� \�_1 '`a%1 2+(trade

off)
� b%& c �d ��, ef7 ghfi1 56" jk%1l

1 
L� m4[1]. YZn� oS
 �p	 �� ���, jk%� q

r s�t� %u ddt	 AE" v�%1 �, wE%1l �" �

��(composite membrane)�[ `(x�(asymmetric membrane)�9

%G, 26 <� @A� �B�dG m4. �Z
 `(x�, wE%1

yz
� {d |}z(dip coating), ~t ��z(separation casting and

lamination), L� ��z(interfacial polymerization) �� mdg, ��

���	 ��+ S µm c�	 s�t, �d1 ���, wE%1 l

71 ���� m4[2]. �7, ��/ y�+�7� � s�, j�%�

[, s�7 ��� G��" ��%1 *� �9�� z� �3�G m

4[3, 4].

*� �9�� ��� �� yz
�1 ��p
 ��� 56[ s�

j� ��7 �3�K, �9�� ��� �9�� �� ��
� [�

4. �9�� ��	 �o ��X ���(organic vapor)� ��/ y�

7 	r k�
 �9��7 	r G�� s�7 �� �, ��fiG,

�9�� �� ��� `�� ��[ '�� ��7 non-polymerizable
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s�j� :�"  , S m4. �9�� �� ��� �9�� ��7

`r E¡� ¢£%G ¤'/
� `¥ ���� ¦§%d ¨� ©ª

7 �w/b «¬� m­7N �A%G �� ���, q
 � wE	

@A1 ®¯
 U��4[4].

�� ��3 ���
� °�1 &Z �p� G�� 56 �7� ±

�²³� 56 ��	 oS
 0�N´ 3µ��¶7 (r� P�%K

QR�� H� ©ª7 <� @A�]7 	r �����
��	 �p

�7 (r @A�� D4[5, 6].

· @A7�1 ±�²³ �7 (%& *� �9��" �3, ��	

�L/, �O/ P��� Y(� ¸d%��, 
�/b s� �9��

��" ¹
 0�º� -.N	 »�" ¼½%G, Ar(̀ �� ��)́

NH3('�� ��)� �9�� ��X ±�²³ �	 s� »�" contact

angle, ¾�%& ¿� YÀ	 ��7 8Á ̄ S� »�´ ESCA(Electron

Spectroscopy for Chemical Analysis)�Â
� s�	 Ã5�Â, +��

Â Y�G �º�Â, %Ä
K, AFM(Atomic Force Microscopy)" ¹

r s�	 �Å�´ ¤��/Q	 ®Æ� S" ¾�%& �9�� �

� Ç	 s� »�7 (
 �Â, SÈ%Ä4. ^
 ¤� ��
� �

�X ����(CO2/N2=30/70 vol%)	 0�N PCO2, PN2́  -.N(γ :

Actual Separation Factor)� É Ê�, ��f¢ �	 4Ë
 �9��

EF7 89 �ÌW »�%1d" ¼½%Ä4.

2. � �

Fig. 17�	 one-dimensional Í�� Î� �� ���� 3r-Ï�

�A� ���K, Fick	 zÐ7 8Á 0� ÑN !7 89 ��� $

ÈX4.

Upstream�
�	 ��X ��� ����¤ �o,

(1)

(2)

(3)

Ò (1)-(3)
�uÓ Ò (4)"  , S m4.

(4)

�n�

(5)

Ò (5)�uÓ Ò (6), ¸NÔ S m4.

(6)

89�,

(7)

Ò (7), Ò (4)7 (�%G ��%�,

(8)

y, 1−y1 GC7 	r ¾��K x, P1, P21 UÕEF7� ��$4. 89

� capillary column7� ¾�X Ptot�uÓ Ò (7), (8), �3%& PCO2
,

PN2
, L�Ô S m4.

Y�G �9�� ��X �	 �� �p, [ÖQ� qr ¤���

(CO2/N2=30/70 vol%)
� ��X ��" 0�f× -.N γ" A%&

�� �p	 »�" EØr ÙÚ
K, -.N1 4­	 Ò
� L�%

Ä4.

x: upstream concentration

y: downstream concentration

^
 α(ideal separation factor)" A%& γ́  `Û �Â%ÄG, -.

N α1 4­� Î4.

3. ���	 
 ��

3-1. ��

UÕ7 Ø3X polysulfone FS-1200 film(Tg=190oC, thickness=50µm,

Sumimoto, Japan)	 AE1 Fig. 2́  Î4.

�9�� �� UÕ �7 Ü­Ý ÊÞ�(REST-16HT)" Ø3%& ß

àS� 30�¢ ÊÞ%& $�+�7� FE%Ä
K, GáN Ar(99.999%),

NH3(99.999%)́  ����(CO2/N2=30/70 vol%)" Ø3%Ä4.

3-2. ���� �� 	


UÕ7 Ø3X �9�� «â1 PLASMA SYSTEM 440(Tepla Co.)

�ã ��ä� å�æ(microwave)1 �ÝS� 2.45GHzb magnetron7 	

r 600 Wçd k�fè S m
K, '��(chamber)Q	 quartz windows7

	r �éX4. ��� T2000 controller(Tepla Co.)7 	r w��K '

JCO2
PCO2

l
---------- xP1 yP2–( )=

JN2
PN2

l
------- 1 x–( )P1 1 y–( )P2–[ ]=

Jtot JCO2
JN2

Ptot

l
-------- P1 P2–( )=+=

Ptot P1 P2–( )
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xP1 yP2–( ) PN2

1 x–( )P1 1 y–( )P2–[ ]+=
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--------- y
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----------=

y
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-----------------------------------------------------------=
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Ptot P1 P2–( )
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Fig. 1. One dimensional permeation diagram of membrane separation. Fig. 2. Structure of polysulfone(FS-1200) membrane.
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fic
�� Q	 � � 2-stage rotary-vane pump7 	r 0.02 mbarçd ¸

d�G MKS capacitance cell(MKS instrument, Baratron type 122A)7

	r ¾�X4.

'��	 6�� êB®ë�K, Qu	 ä�(WìHìD)1 350ì350

ì350(mm)�4. Y�G ����	 ̧ º� MFC(Mass Flow Controller,

Brooks Co., 5850TR)7 	r Eí�î4. «â	 jïN1 Fig. 37 [

ÖQîG, �9�� �� EF� Table 1� Î4.

3-3. ��
�

�9�� �� Ç s�	 �O/ AE »�" ¼½%� qr ATR(Attenu-

ated Total Reflectance)yz
� FT-IR(Bio-RAD FTS6000), �3%&

�Â%Ä4. ATR	 �Â� �9�� �� Ç 4-5f¢ �Q7 È%Ä


K, fð1 �Â �çd $�FE�(vacuum desiccator)Q7 U�ñò�

ó� Ù¼%Ä4. �9�� ��X ±�²³ � s�	 ��ô(S.E.O

300A contact angle meter) U�7� ¾�%ÄG, s�7õd1 Girifalco-

Good-Fowks-Young Method7 	r L��î4. �9�� �� Ç ±�

²³ � s�	 d�N´ �Å�	 »� ö ¤� �/Q	 ®Æ� S"

¼½%� qr AFM(PSI Cp Type)" Ø3%& �Â%Ä
K, ESCA

(ARIESARSC-10 MCD-150)�Â� X-ray source�1 Mg(10 kV)� �

3�î4. Pm ö Pm(Max)� ôô 4ì10−10 torr, 2ì10−9 torr�î
K,

take off angle 45o, 23.5 eV́  350 W EF7� �9�� ��X ±�²

³ �	 Ã5, +��Â, %Ä4.

3-4. ���� 	


�� 0�UÕ� Stern �� ²L
 «â´ ¸Ø%W ²L÷w¡%&

SÈ%Ä
K, variable volume method7 	r ¾��îG, Fig. 47 [

ÖQî4[7].

Upstream(high pressure)�
� ��X ����1 porous steel7 G

��� m1 ±�²³ �, ¹r downstream(low pressure)�
� øùK,

0�X ����(CO2/N2=30/70 vol%)1 3-way valve" ¹r Jtot [cm3/cm2÷

s]" ¾�%� q
 capillary column(diameter: 0.05 cm, 1-propanol:  speci

gravity 0.802-0.807)u�� ��	 ��, �Â%� q
 gas chroma-

tography(Shimadzu, GC-14B)u�
� [�4. GC �Â71 Porapak Q

� ú�X 2 m long column, Ø3%ÄG, carrier ��1 He, Ø3%

Ä
K, column� TCD	 �NEF� ôô 70oC, 75oC�î4.

¸�X ��� 0�%1 cell	 ¸:�/� 19.6 cm2�K, rejectX �

�	 =>, \�G ûN �¿�" qr stage cut[θ], 0.01� %Ä4.

Y�G upstream�	 � , ¸d%� qr back pressure regulator"

@ü%Ä4[8].

0�UÕ� 7 atm, 50oC EF7� �++�� X Ç7 Uf%Ä
K,

�9�� ���  �$ ý/EF(Ar plasma-10 W, 6 min: NH3 plasma-

50 W, 8 min)%7� saturator" ²â%& dry þæÿb� wet þæÿb

	 0� ��, `Û �Â%Ä4.

4. ��
� 
 ��

4-1. ���� ��� �� �� 
�

����	 ��0� �e, Ïb%& ý/	 EF
� ¼½X 10 W,

6 min	 Ar �9�� ��´ 50 W, 8 min	 NH3 �9�� ��X ±

�²³ �, `Û%� qr s��Â, fÈ%Ä4.

4-1-1. FT-IR ATR

Fig. 51 Ar� NH3	 c �d ��7 	
 �9�� �� �Ç	 FT-

IR ATR	 �Â, ¹
 ���� ü��4. �* 3,100-3,100 cm−1, 2,800

-3,000 cm−1 =�(7� �ä(peak)]� ôô ��/b y>h(aromatic)

��¶� CH dyh ��¶	 �ä�K, 1,300-1,375 cm−1� ��/b

polysulfone	 S=O ü� �ä�K, 1,375-1,450 cm−1 ö 800-600 cm−1

=�(7� �ä]� CH3 ü�� aromatic OOP" [ÖQ1 �
� �

	 »�� �­, 	 S m4. YZn� �9�� ��� ±�²³ �

	 bulk property71 
4Á =>, �d ¨Ú4G Ô S m4.

4-1-2. Contact Angle

Fig. 6� Uw contact angle ¾� �®d�� �P
�N ��� Ù4

Ï@
 �S�	 »�" ÏbÔ S m4. ^
 Ar �9��� �� f

NH3 �9�� Ù4 � <� �S�� N��î­, ê S m4. Fig. 7

7� �� f contact angle 
� �5%G cosθ
� ß�%1 �>,

	 S m1l �1 ¯S�� >+�, [Ö�4. ̂ 
 Table 27 [Ö�

s�7õd	 »�7�N �� f s�7õd 
	 ß� �>
� ¯

S�� >+�, ÏbÔ S m4.

4-1-3. ESCA

Fig. 3. The schematic diagram of plasma treatment system.
1. Reactor 6. Mass flow controllers
2. Magnetron(rf=2.45 GHz) 7. Feed gases
3. Wave guide 8. Vacuum pump
4. Baratron 9. Vent gas
5. Main valve

Table 1. Typical experimental conditions of plasma treatment

Gas
(99.999%)

 Power
(W)

 Time
(min)

 Flow rate
(ml/min)

Pressure
(mbar)

Ar  10, 30  2-10  30  0.1-0.02
NH3  30, 50

Fig. 4. The schematic diagram of gas permeation apparatus.
A: Permeation cell E: Capillary column
B: Pressure gauge F: Saturator
C: Gas chromatography G: Feed gas
D: Back pressure regulator H: Thermostat
���� �40� �2� 2002� 4�
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f

Fig. 8� �9�� ��X ±�²³	 ESCA ����, narrow scan


� [Ö� ��4. 294 eV	 C1s �ä1 ���Ù4 45 ß�%Ä

G, 541 eV	 O1s �ä1 �9�� �� �Ç7 
4Á »�" Ù�d

¨Ú
K, 402 eV	 N1s �ä1 NH3 �9�� �� f �7 �W +

�
 �, Fig. 87� C1s, O1s, N1s	 �ä »�� ôô ÏbÔ S m

4. '� ���	 ü� 7õd	 � »�1 ¼½Ô S �4.

�´ Î� ESCA �Â, ¹r �9�� �� Ç ±�²³ � s�	

Ã5 ö +� �7 (
 �Â, 
 ü� Ar �9��� ��Ô © �S

��	 N�� Ïb�îG, NH3 �9��� ��Ô © ��� �®�

�	 N�� Ïb�î4. � ü�1 contact angle	 �5� b
 ¯S

� ß�	 ü�´N � ¤â
4.

4-1-4. AFM

Fig. 91 ���� Ar �9�� ��´ NH3 �9�� ��7 	r  

�$ AFM �®d" [ÖQî4. Table 37�1 s�	 Í� �Å�"

RMS(Route Mean Square)� [ÖQîG, ®Æ�	 Í� H�´ �/,

��r �Ú4. �9�� ��7 	
 ±�²³ �	 s�� �� ��

`Û%& !�" 	 S m4. fô/ �®d7�	 �� ��7 8Á !

�" ÏU%W ÏbÔ S1 �
[, Table 37� �9�� ��X ±�

²³ �	 s�� Ar �9�� ��	 �o, ¤� �/ 221.6µ27� �

Å�(�)� 11.67� 71.2� ß�%ÄG, ®Æ�	 H�(�)1 36.17�

319� ß�%Ä4. NH3 �9�� ��	 �o7�N �f ¤� �/

221.6µ27� �Å�(�)1 11.67� 42.6
� ß�%ÄG, ®Æ�	 H

�(�)1 36.17� 202� ß�%Ä4.

^
 �Z
 �Å�	 ß�1 contact angle� �5%1 ü�" Ü�

%K, �1 ü� ¯S�	 >+, [Ö�4.

4-2. ���� ��� �� ���� ����

�9�� ��7 =>, �1 b��1 �9�� �� ��	 �à,

�� �� ¸º, É  Ê�, �� f¢, '� �  ö '� �N �� m

4. �9�� ��7 8Á �	 0�N ö -.N	 »�" ¼½%� q

r�1 q	 »S]� 0�N UÕ EF7� ü���d1 »S]b 0

� �N, ����	 �  ö ¯�N &u� ��/
�  !��Jg


4.

4-2-1. �9�� �� ��´ É  Ê�7 8Á =>

�9�� ��3
� °�1 ��1 O2, N2, NH3́  Î� ��� H

�, G�� s�� "�/b '�, ¤
i1 '�� ��´ Ar, He,

CO2́  Î� �9�� #� Q7� �¸ 9$%, ��%& s�7 ®

Ê
 cross-linking, ¤
i1 `�� ��� [& S m4[9].

Fig. 5. FT-IR ATR spectra of plasma treated PSf membrane.

Fig. 6. Contact angle images of plasma modified PSf membrane.

Fig. 7. Effect of plasma treatment time on the water contact angle.

Table 2. Summary of changes of contact angle in plasma modifed PS
membranes

Time
(min)

 Ar  NH3

Angle
(o)

 Surface energy
(mJ/m2)

cosθ
 Angle

(o)
 Surface 

energy(mJ/m2)
 cosθ

Untreat  60.35  40.67  0.58  60.35  40.67  0.58
2  30.26  63.22  0.89  28.35  64.33  0.90
4 30.35 63.16  0.89  41.56  55.63  0.79
6  28.61 64.18 0.90  34.86  60.32  0.85
8  26.81  65.18  0.91  42.27  55.10  0.79
10  29.75  63.52  0.89  43.49  54.18  0.78
HWAHAK KONGHAK Vol. 40, No. 2, April, 2002
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É Ê�1 �9��	 ��� ¸d7 �« � =>, ®â1 b��

�, ¤'/
� É Ê�� ß�%� �9�� +�7 m1 �� ��7

H� 'q	 7õd" �éó
�� �9�� (N� ß�%G, )�+

Eô]� �rX 0���	 ��, �� ö �� ��]	 bombardment

*N� ß�%& �� 567 (%& � � =>, ®âW X4.

Fig. 10� �� ¸º 30 ml/min, '�� �  0.1 mbarb �9�� �

�7� ôô	 ��7 (%& ý/ EF	 f¢(NH3 8 min, Ar 6 min)

7 8Á ����	 0�N´ -.N(α)" [Ö� ��4. Ar �9��

� ±�²³ �, ��%Ä, �o, É  Ê� 10 Ẃ  20 W7�1 �

�� Ù4 0�N´ -.N	 ß�" ÏbÔ S m
[, 30 W[ 40 W

	 �o7�1 +,� ��� Ù4 �5
 �, ê S m4. �1 `�

� ��b Ar	 �o ¤� �N �+	 H� É  Ê�7�1 s�	

cross-linking� -C [�1 �
� �ôX4. NH3 �9��	 �o7

�1 +,� É Ê�� ß�ÔST 0�N´ -.N� ß�%4�

60 W7�1 �5%1 �>� [Ö.4. ^
 -.N´ 0�N� '`

a%1 �>� [Ö.
[, /í
 �9��	 ��1 -.N´ 0�N

" ef7 ghfè S m­, ÏbÔ S m4.

4-2-2. �9�� �� f¢7 8Á =>

Fig. 11� Ar �9�� ��� ��X �	 ��f¢� É Ê�7 8

Á CO2	 0�N´ -.N7 (
 =>, [Ö� ��4. γ1 ���

� `Û%& 2/
 ß�" Ù0, ê S m
K, PCO21 10 W7� 4

�� 6� ��	 �o" w1%G1 ��� Ù4 �5%Ä
K, PN21

É Ê�´ ¼L�� 2*%W �5%Ä4. �1 �¸ 9$%	 6ü�

7 8Á cross-linking	 �� ©ª�9 �ôX4. `�� ��7 	


cross-linking� CASING(Cross-linking by Activated Species of Inert Gases)


� 2� ê�$ s� �Û� ©ª
� Ù&$4[10].

Fig. 8. ESCA spectra(C1s, O1s, N1s) of PSf membranes.
(a) Untreated, (b) NH3 plasma treated, (c) Ar plasma treated.

Fig. 9. Atomic force micrographs of PSf membranes.

Table 3. AFM measurements

Treatment gas
 RMS roughness

(Å)
 Particle 

height(Å)
 Surface area

(µ2)

Untreated 11.6 36.1 221.1
Ar plasma(10 W, 6 min) 71.2 319 221.6
NH3(50 W, 8 min) 42.3 202 221.6

Fig. 10. Effect of plasma power on the permeabilities for CO2 and ideal
separation factor in Ar, NH3 plasma treated PSf membrane.
���� �40� �2� 2002� 4�
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Fig. 121 '�� ��b NH3 �9�� ��� ��X �	 0�N

UÕ ü��4. �f γ1 ���� `Û%& 2/
 ß�" Ù0, ê

S m
K, �1 �9�� ��7 	r N�X ���´ CO2 Ø�	

acid-base reaction7 	
 �� 	 ß�� 	
 ü�� rÂÔ S m4.

PCO2́  PN21 ��f¢� 3��ST \�_1l, �1 ��f¢� 3
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4[11].

Fig. 11. Effects of plasma treatment time and power input on perme-
abilities for CO2, N2 and actual separation factor in Ar plasma
treated PSf membranes.

Fig. 12. Effects of plasma treatment time and power input on perme-
abilities for CO2, N2 and actual separation factor in NH3 plasma
treated PSf membrane.

Fig. 13. Effects of plasma treatment time on permeabilities and actual
separation factor in Ar plasma treated wet and dry PSf mem-
branes at 10 W, 6 min.
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Fig. 14. Effects of plasma treatment time on permeabilities and actual
separation factor in NH3 plasma treated wet and dry PSf mem-
branes at 50 W, 8 min.

Fig. 15. Effect of temperature on the CO2 permeability and ideal sepa-
ration factor in Ar, NH 3 plasma treated membranes.
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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

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

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

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

permeation to the sum of the volumetric flow rate of permeation

and rejection

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